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Titanium Oxysulfate-Derived 1D Lepidocrocite Titanate
Nanostructures

Sukanya Maity,* Mohamed Ibrahim, Hussein Badr, Treesa Reji, Mary Q. Hassig,
Tongjie Zhang, Christopher Li, Johanna Rosén,* and Michel W. Barsoum*

Nanostructured titania, TiO2, holds significant importance in various
scientific fields and technologies for their distinctive properties and
multipurpose characteristics. In this article, the facile, economical, and
scalable synthesis of 1D lepidocrocite, 1DL, titania nanostructures derived
from a water-soluble Ti precursor, titanium oxysulfate (with oxidation of Ti+4)
at temperature <100 °C under atmospheric pressure is discussed. Titanium
oxysulfate with tetramethyl ammonium hydroxide, TMAH, is simply reacted
to yield individual lepidocrocite titania-based chain-forming nanofilaments,
NFs, 6 × 6 Å2 in minimal cross-section and aspect ratios of ≈20 1DLs. If only
ethanol is used for washing, the 1DL self-assemble into ≈10 μm, porous
mesostructured particles, PMPs. If water is used, quasi-2D sheets form
instead. Characterization of the resulting powders showed them to be quite
similar to those derived from TiB2, and other water-insoluble Ti precursors.
The 1DL bandgap energies are ≈4 eV, due to quantum confinement. They
adsorbed rhodamine 6G. The latter also sensitized the 1DLs and allowed for
dye degradation using only visible light. Used as electrodes in
supercapacitors, the 1DLs can be cycled over 1.6 V and result in high power
densities (300 W kg−1). Stronger birefringence started to appear in samples
with concentrations >15 gL−1 indicating the formation of a liquid crystal
phase. This new synthesis protocol enables the cheaper scalable production
of 1DLs with significant implications across various fields.
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1. Introduction

Titania, TiO2, nanostructures have been,
and remain, of great research interest
because of their physical properties and
chemical structures. Their wide range
of potential applications, such as paint
pigment, gas sensors, solar and fuel
cells, energy storage, catalysis, photo-
luminescence, and photocatalysis, ren-
der them of significant research and in-
dustrial relevance.[1–3] 1D and 2D mate-
rials have unique properties compared
to their 3D counterparts, importantly in
terms of the higher specific surface areas,
SSAs, electronic properties, and if small
enough quantum confinement.[4,5] Com-
mercially available TiO2 nanostructure,
that is, P25, stands out for its exceptional
photocatalytic activity and is considered
the gold standard for catalytic applica-
tions. However, its relatively expensive
synthesis process (flame pyrolysis) is one
of its major drawbacks.[6–8] P25 is also
not stable for extended times in water.[9]

Titania nanoparticles can be derived
from Ti sulfate precursors using several
methods, such as sol-gel, hydrothermal,
precipitation, microwave-, ultrasonic-
assisted synthesis, etc.[10–13] The sol-gel

and precipitation methods are relatively simple and do not re-
quire sophisticated instruments but may result in lower con-
trol over particle size and high chance of impurity compared to
hydrothermal and microwave-assisted synthesis. However, hy-
drothermal and microwave or ultrasonic-assisted synthesis re-
sults in the rapid, uniform synthesis of nanoparticles but re-
quires specialized reactors and equipment, which makes them
expensive to synthesize. Lithium titanate microparticles were
synthesized from titanium oxysulfate via several hydrothermal-
calcination processes by Hong et al. and applied as anode ma-
terial for Li-ion batteries.[14] Further, Xiao et al. and Szilágyi et
al. used the chemical treatment of Ti sulfate with H2O2 to pro-
duce thin titania films[15] and titanium dioxide precipitates,[16]

respectively.
In 2022 we reported on a simple, facile, scalable, low-

cost, one-pot, solution-precipitation scheme to produce a
number of nanostructured oxides.[17] The method entails re-
acting various precursor powders in tetramethylammonium
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Figure 1. Schematic of, A) isometric view of 1DL intercalated with TMA+. Water of hydration is not shown for clarity’s sake.; B) Typical aspect ratio of
one strand (drawn to scale). 1DLs grow along a- or [100] direction and stack along b- or [010]. Width is along c- or [001]. The smallest width is 2 TiO6
octahedra wide. Minimal final cross-section of 2 × 2 edges shared TiO6 octahedra.

hydroxide (TMAH) aqueous solutions at temperatures <100 °C,
under ambient pressures. In one case, several Mn-containing
precursor powders (e.g., Mn3O4, Mn3O2, MnB, etc.) were
reacted with TMAH aqueous solution in the 50–85 °C tem-
perature range for several days.[18,19] The resultant 2D bir-
nessite sheets ≈2 ± 0.4 nm thick, were remarkably crys-
talline and demonstrated electrochemical activity toward
O2 electrocatalysis and supercapacitor applications.[20,21] In
another study, we reacted Fe-containing compounds with
TMAH and other alkali aqueous solutions to synthesize Fe3O4
nanoparticles.[22]

More germane to this work is the reaction ofmore than a dozen
Ti-containing insoluble precursors (e.g., TiC, TiN, TiB2, etc.) –
with Ti oxidation states <4 – with TMAH. Here again, the re-
action conditions were <100 °C for tens of hours, h, at 1 atm.
In this case, the end result was 1D lepidocrocite titanate-based
nanofilaments, NFs, henceforth referred to as 1DLs sketched in
Figure 1. The NFs grow along the [100] direction and stack along
the [010] direction (Figure 1A). Their minimal cross-section was
determined to be in the 6 × 6 Å2 range.[23–27] If the 1DLs in one
gram are stacked, end to end, they would span ≈600 million kilo-
meters. It is important to note here that there are many litera-
ture claims for the formation of 1D titania.[28] However, as far as
we are aware, none fulfill the quantum definition of 1D, wherein
quantum confinement is observed. In sharp contradistinction to
all other claims of 1D titania, our 1DL’s bandgap energy, Eg, is
≈4 eV, which is a record for a titania-based material. This en-
hancement in Eg is strong, albeit indirect, evidence for our ex-
treme dimensions.
Using several characterization techniques, including X-ray

diffraction, XRD, Raman spectroscopy, and high-resolution
transmission electron microscopes (HRTEM), we now have a
decent understanding of the 1DL structure. The latter is that of
lepidocrocite, which grows in the a-direction and stacks in the
b-direction (Figure 1A). Remarkably, the minimum cross-section
is 2 × 2 edge-sharing TiO6 octahedra in the b and c-directions.

Based on HRTEM images we established that typical 1DLs are
10–50 nm long. Figure 1B sketches, to scale, a typical 30 nm long
snippet. Themain takeaway here is the extreme aspect ratio from
which much evolves.[23,24,26] These relatively short snippets can
be described in several ways. The simplest is as linear polymer
chains with a [Ti15O32]n

4− chemistry, and n values that depend on
their lengths. At 30 nm, n is ≈10 (Figure 1B). These short chains
self-assemble into larger elementary fibrils, or protofibrils, that
self-assemble into microfibrils that, in turn, self-assemble into
fibers, with lengths on the micrometer scale. Using fibrils in our
context is deliberate to make the connection between our work
and cellulose. In cellulose short polymer chains, [C6H10O5]n,
self-assemble into protofibrils that grow in microfibrils,
etc.[29]

Figure 2 summarizes our process in which plastic bottles
are used as reaction vessels that are heated to various temper-
atures under 1 atm pressure. In previous work, using TiB2 as
our Ti-precursor, the reaction is complete in tens of hours, af-
ter which the reaction mixture is washed with ethanol to pH
≈7 (Figure 2B). What happens next depends critically on post-
processing. If the ethanol is simply allowed to evaporate, the
1DLs self-assemble into porous mesostructured particles, or
PMPs (Figure 2F). At that stage, TMA cations are intercalated be-
tween the NFs (Figure 2G).
If, after reaching a pH of 7, the ethanol is exchangedwith water

(Figure 2C), a highly stable transparent colloid is formed that,
when filtered, results in self-standing films comprised of quasi,
or pseudo, 2D flakes (Figure 2D). The latter are labeled quasi,
q-2D because, as shown below, they are comprised of jumbled,
overlapping fibrils, not unlike a plate of spaghetti.
Our 1DL nanofibers consistently outperformed commercial

anatase, P25, in various applications. In photocatalytic water
splitting, the 1DL nanofibers achieved an apparent quantum
yield of 11.7% and remained stable in aqueous environments for
over six months, including 300 h of continuous illumination.[30]

For dye degradation, these nanofilaments enabled the
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Figure 2. Schematic of bottom-up synthesis route to produce 1DLs starting with TiOSO4 and TMAH, A) using a hot plate and stirrer. B) Ethanol washes
to pH 7. C) The addition of water leads to a transparent suspension D) when filtered yields a transparent white film. E) SEM micrograph showing
pseudo-2D character of 1DLs. F) To prepare PMPs, the washed solid is directly dried without adding water.

photodegradation of dyes within the visible spectrum, a task
at which P25 was ineffective.[9] The 1DL-based nanomaterials
used in water purification absorbed up to 424 mg of uranium
(U4+) per gram of 1DL, effectively converting contaminated
water into potable water.[31] In the field of energy storage, elec-
trodes made from these 1DL nanofibers demonstrated robust
performance in both lithium-ion and lithium-sulfur systems.[27]

Moreover, composites incorporating our 1DLs with a dynamic
covalent thiol-yne network showed significant improvements
in mechanical properties, resulting in a 500-fold increase in
the modulus at 60 wt% filler when compared to the neat
polymer.[17]

Somewhat surprisingly, 1DL production is quite simple: we
react earth abundant non-toxic, Ti-containing precursors, such
as TiC or TiB2, with TMAOH for tens of hours at tempera-
tures <100 °C and ambient pressures (Figure 2A). It is during
the reaction stage that the short chains form. In our work to
date, the Ti-precursors were insoluble Ti-compounds on the hy-
pothesis that a solid/liquid interface was needed for 1DL nucle-
ation. And while we obtained effective results with TiB2,

[26] the
questions posed were: Can water soluble and cheaper precur-
sors be used? If such salts are used, will the conversion to 1DLs
be faster? Herein we show that the answer to all questions is
yes.
In this work, we start with TiOSO4, an inexpensive, water-

soluble, Ti-salt, and react it with TMAH in the 60–95 °C tem-
perature range for times ranging from 3 hours, h, to 5 days, d
(see Table 1). We also explored the effect of the Ti:TMAH molar
ratio, R, on the final products and kinetics. Lastly, we character-

ized the reaction products and showed them all to be 1DL. This
method transcends the limitations of our previous approaches,
leveraging a solution precipitation process fine-tuned for lower
temperatures and minimal reagent use. It results in a faster ki-
netics, cost-effective, time-efficient, and scalable approach perfect
for industrial applications. The syntheses and characterizations
were carried out in two labs: One in Sweden (Lab 1) and one in
the USA (Lab 2). Table 1 summarizes the runs carried out. In Lab
2, R was fixed at 0.2.

Table 1. Summary of runs carried out in this work. The Ti:TMAH molar
ratio, R, in lab 2 was set at 0.2. The other runs were carried out in Lab 1,
with various R values.

Molar ratio
[Ti:TMAH]

Temperature
[°C]

Time
[h/day]

TMAH Concentration
[wt%]

Lab

0.2 80 3 h 25 2

0.2 80 12 h 25 2

0.2 80 22 h 25 2

0.2 95 3 h 25 2

0.2 95 12 h 25 2

0.2 95 22 h 25 2

0.2 80 2 d 25 1

0.3 60 3 d 20 1

0.5 70 4 d 15 1

0.2 80 5 d 10 1

0.6 80 5 d 25 1
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2. Experimental Section

Materials: Lab 1: Titanium (IV) oxysulfate, TiOSO4
(≥ 29% wt% Ti, anhydrous basis, powder) and TMAH (25 wt%),
potassium hydroxide (KOH), polytetrafluoroethylene (PTFE)
were procured commercially (Sigma Aldrich). Polyvinylidene
(PVDF), carbon black, and N-methyl-2-pyrrolidone (NMP) were
also procured commercially (ThermoFisher Scientific). Ethanol,
EtOH, 200 proof, and sulfuric acid, H2SO4, were obtained from
VWR Chemicals. Lithium sulfate (Li2SO4) and sodium sulfate
(Na2SO4) were procured from Alfa Aesar.
Lab 2: The TiOSO4 was procured commercially (Thomas Sci-

entific≥29%wt% Ti) and TMAHwas purchased fromAlfa Aesar
(25 wt% in DI water, 99.9999%). Ethanol, EtOH, 200 proof.
Themajor variable explored by Lab 1 was the TMAH/1DL ratio

or R-value. In lab 2, R was fixed at 0.2 and themain variables were
the reaction times and temperatures (Table 1).
Experimental Details: A schematic of the one-pot, method to

make 1DLs is shown in Figure 2. In short, the reactants were
mixed in plastic bottles that were then heated to various temper-
atures for predetermined times (Figure 2A). As just noted, a sum-
mary of runs carried out herein are listed in Table 1. The experi-
mental techniques in Lab 1 and 2 were slightly different and are
described below separately.
Lab 1: The synthesis involvesmixing the TiOSO4 powder in the

TMAH solution in R values that ranged from 0.22 to 0.6 at tem-
peratures that ranged from 60–80 °C. First, TiOSO4, in powder
form, was added to the TMAH solution in polyethylene bottles
into which a hole was poked (inset in Figure 2E) to prevent any
pressure buildup. The system was kept on a magnetic stirrer in
an oil bath for 2 d or more (Table 1).
When the TiOSO4 dissolved in the TMAH a clear solution was

obtained. After the reaction, a white sediment (Figure 2B) was
obtained that was in turn washed with EtOH several times until
the pH was ≈7 (Figure 2B) and then centrifuged at 2500 rpm un-
til the supernatant was clear. After discarding the supernatant,
the precipitate was dispersed in DI water and shaken until a
clear, transparent colloid was formed at all colloidal concentra-
tions (Figure 2C). The latter was then vacuum filtered to obtain
free-standing filtered films, FFs, (Figure 2D,E) that were air dried
and characterized.
If the reaction products are washed with EtOH – to remove

excess TMA+ cations – and air dried (i.e., without dispersing in
water), spherical, free-flowing, PMPs (Figure 2F) were obtained
and characterized. Note that at that stage the TMA+ cations re-
main between the 1DLs (Figure 2G).
Lab 2: Samples were prepared by reacting TiOSO4 (Thomas

Scientific, 29% Ti) with TMAH (Alfa Aesar, 25 wt% in DI water,
99.9999%) at 80 °C in polyethylene bottles in which two 23G nee-
dles were inserted to prevent any pressure buildup. The reactants
were stirred using a magnetic stir bar. The Ti:TMAOH mole ra-
tio was kept at 0.2 (Table 1). After reaction, the product was then
poured into a 50 mL centrifuge tube, centrifuged (Sorvall ST 16
Langenselbold, Germany) at 3500 RPM for 2 min, and the result-
ing supernatant was discarded. The remaining solid was washed
several times with ethanol until a neutral pH, as indicated by pH
strips. Subsequently, the supernatant was discarded, leaving only
a white sediment in the tube. Then, water was added, and the
material was suspended by vortex shaking resulting in the for-

mation of a highly stable, again transparent, colloid. Upon vac-
uum filtration, this colloid yielded pseudo 2D free-standing films
(Figure 2D). At this juncture, the protocol employed resulted in
a final morphology as that obtained in lab 1.
Caution: TMAOH is highly toxic, so all reactions and washing

were conducted in a fume hood with caution, using appropriate
personal protective equipment (e.g., face shield, safety goggles,
lab coats, gloves, etc.) to prevent any skin contact.
Yield: The 1DL reaction yield was calculated by comparing the

actual weight of the dried 1DL PMPs obtained after synthesis –
assumed to be TiO2 – to the theoretical yield. Since 1 g of TiOSO4
yields 0.5 g of TiO2, we assume:

Yield =
Weight of dried 1DL

0.5 g Tio2
1 gm Tioso4

(1)

Prior to the yield calculation, the synthesized powder was
heated to 400 °C for 4 h in air to remove water and the TMA
cations. This temperature was chosen because TGA results (not
shown) indicate there was no more weight loss beyond 400 °C.
Characterization: Lab 1: The structures and crystallinities

were analyzed from powder X-ray diffraction, XRD (Panalytical;
model: X’pert, Netherlands) patterns. Scans were conducted in
the 5 to 80° 2𝜃 range, with a step size of 0.02° and a scan rate
of 0.5 s/step. The radiation used was CuK

𝛼
(40 kV, 40 mA). The

PMPs were washed with ethanol and air-dried in RT before XRD
analysis.
The resulting morphologies were imaged in a field emission

scanning electron microscope, SEM (Zeiss; Model: Sigma 300,
Germany) at varying magnifications. The chemistries of the 2D
films and PMPs were qualitatively analyzed using an energy-
dispersive X-ray spectroscope (EDS) (Oxford Instruments X-Max,
80 mm2 equipped with a silicon drift detector) attached to the
SEM. The air-dried PMPs were dispersed on carbon tape and
sputtered with a carbon coating before SEM analysis. For cross-
sectional imaging of FFs, the latter were fractured into small sec-
tions and mounted on a sample holder. To view individual 1DLs,
a colloidal suspension was diluted to 10−6 mg ml−1 before drop
casting onto a carbon mesh.
A Raman system, integrated with an inverted microscope

(Nikon Ti-E, Japan) with a 60× air objective (Nikon, NA = 0.7),
was used to obtain Raman spectra. A 532 nm DPSS (diode-
pumped solid-state) laser (𝜆-beam, RGB Photonics, Germany)
was used for excitation with the output power set to 5 mW. A
spectrograph (Andor Kymera 328i, UK) with a 600 mm−1 diffrac-
tion grating (blazed at 500 nm) was used for analysis. The signal
was collected using an EMCCD camera (Andor NewtonDU970P-
BVF, UK).
UV–vis spectroscopy (Shimadzu, model: UV-2600, Japan) was

used to obtain absorption spectra of the colloids and the PMPs.
The latter were dispersed in water (concentration 0.1 mg ml−1)
through stirring and poured into quartz cuvettes (Fisher Scien-
tific). This was only done, however, after a background measure-
ment was carried out for the baseline correction to set the blank
as the zero-absorption reference. For the 1DL colloid suspension,
an appropriate concentration (0.1 mg ml−1) was maintained for
accruing spectra according to the instrument’s sensitivity range.
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For electrochemicalmeasurements, the activematerial, PMPs,
was mixed with PVDF and acetylene black in an 8:1:1 weight ra-
tio and a slurry was prepared with the help of an NMP solution.
The slurry was then drop-cast onto a carbon cloth (mass load-
ing of the active material to the carbon cloth is 6.36 mg cm−2).
All runs used glassy carbon electrodes (CHI instruments, China)
as current collectors and glass microfiber membranes as sep-
arators (Whatman, General Electrics, USA). Activated carbon,
AC, discs – with 10 wt.% PTFE binder – were used as the
counter electrodes. The reference electrodes were Ag/AgCl and
Hg/HgO for acidic/neutral and basic electrolyte media, respec-
tively. The fabricated electrodes were then subjected to a battery
of electrochemical characterizations, for example, cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD), among
others.
Lab 2: XRD patterns were acquired using a diffractometer

(Rigaku MiniFlex, Japan) operated with Cu K
𝛼
radiation (40 kV

and 15 mA) in the 3–65° 2𝜃 range with a step size of 0.04° and a
dwell time of 1 s. All XRD patterns were obtained from powders
dried overnight at 50 °C in open air.
A SEM (Zeiss Supra 50 VP, Carl Zeiss SMT AG, Oberkochen,

Germany) was used to obtain micrographs. The SEM was set in
the in-lens detector mode, with a 30-mm aperture, and an accel-
erating voltage of 3–5 kV.
A VersaProbe 5000 (Physical Electronics, Chanhassen, MN,

USA) X-ray photoelectron spectrometer, XPS, was used to ob-
tain XPS spectra. Samples were mounted on the XPS stage using
carbon tape. Monochromatic X-rays from an Al-K

𝛼
source with a

pass energy of 23.5 eVwere used to irradiate the sample’s surface.
Using a spot size of 200 μm, the spectra were acquired by scan-
ning with a step size of 0.05 eV. CasaXPS v.2.3.21PR1.0 software
was used for peak fitting and chemical-composition analysis. A
Shirley background was used. The spectra were calibrated by set-
ting the C─C peak to 285.0 eV.
The transmission electron microscope, TEM, images, and se-

lected area electron diffraction, SAED, patterns were acquired
with a TEM (JEOL 2100F, Tokyo, Japan) equipped with a Schot-
tky field emission electron source. After washingwith EtOHuntil
pH is 7, ≈3 μL of the colloid were drop cast onto a carbon-mesh
grid sample holder. These specimens were then left to air-dry at
RT overnight before imaging them in the TEM.
To explore the liquid crystal domains of our 1DL suspensions,

a concentration of 40 g L−1, was diluted to concentrations of 0.1, 1,
10, 15, 20, 28, and 35 g L−1. This dilution process involved adding
deionized, DI, water under vigorous stirring. Next, 20 μL of each
1DL suspension was cast onto pre-cleaned glass slides through
sonication in anhydrous isopropanol (Sigma Aldrich, ≥99.5%).
The thicknesses of the deposited suspension were controlled by
employing ≈34 μm-thick polyethylene spacers. Following the de-
position, a cover slide was delicately positioned over the 1DL
droplet. All solutions were stored in dark ambient environments
to avoid evaporation and photodegradation and were degassed
by bath-sonication for 2 min before deposition. A polarized light
microscope, (PLM) (Olympus BX51) microscope equipped with
a digital camera (Diagnostic Instruments SPOT Insight model
3.2.0) was used to image the slides. Subsequent processing of all
images was performed using advanced image acquisition soft-
ware. The polarizer was positioned perpendicular to the analyzer
in all acquired images.

The rhodamine 6G, photodegradation was monitored with a
UV–vis spectrophotometer (Cary 60, Agilent, Santa Clara, CA,
USA) in the 200 to 500 nm range, with a scan rate of 60 nmmin−1

in quartz cuvettes.

3. Results and Discussion

3.1. Crystallinity

Figure 3A,B plot select XRD patterns of the various reaction prod-
ucts obtained herein. Figure 3A plots the XRD patterns – on a
semi-log scale – of samples made in Labs 1 and 2, at R = 0.2, as
a function of reaction times at 80 °C. Figure 3B plots the XRD
patterns, on a semi-log scale, obtained as a function of R, after
reaction at 80 °C for 24 h. From the totality of these results, it is
clear that, at least at the XRD level, the reaction product is nei-
ther a function of R, reaction time, nor laboratory location. Said
otherwise, the reaction product is quite forgiving in terms of R
and time.
As noted in the introduction, 1DLs grow in the [100] direction

and stack in the [010] direction (Figure 1A).[22] The low-angle peak
labeled (020) and its associated d-spacing, d020 = 11.5 Å, denotes
the center-to-center distance between two neighboring 1DLs. The
peak at a 2𝜃 of ≈48° is indexed as (200); the peak at 2𝜃 of ≈62°

is indexed as a (002) peak. The lattice parameters a, and c cal-
culated from these peaks are Å 3.78 Å and 2.96 Å, respectively.
These values are in excellent agreement with our previous 1DL
work and, as importantly, previous 2D lepidocrocite work in the
literature.[24,26] Table S1 compares the d-spacing obtained herein
(first column) with those obtained previously when starting with
TiB2 (last column).[24]

From the XRD patterns, we reach the following conclusions:

1) In all cases, 1DLs are produced. This is an important conclu-
sion because it implies that 1DLs can be made with water-
soluble precursors.

2) The locations of the various peaks are independent of reaction
times, temperatures or R values (Figure 3A). It follows that
the reaction product is a weak function of these factors which
bodes well for scaling up.

3) Because previously we did not obtain 1DLs starting with TiO2
powders, we assumed that part of the transformation required
an oxidation step. The results shown here belie this assump-
tion since here the initial Ti oxidation state is 4+.

4) In the FF XRD patterns (linear scale, Figure 3C), the inten-
sities of the 0k0 peaks are significantly stronger than the
others. This confirms that the 1DLs stack along the b di-
rection as shown in Figure 1A. It is worth noting that in
very dilute colloid suspensions, the 1DLs separate from each
other. With increasing concentrations, they start to coalesce,
or self-assemble, in the c direction forming quasi-2D layers
(Figure 2E) that are normal to the XRD plane.

5) In the TiB2 case, it is difficult to totally rid the reaction product
of TiB2. Even after 5 d at 80 °C.11 Here no peaks belonging to
TiOSO4 were observed (Figure S4, Supporting Information).
Since these XRD results were carried out on EtOH washed or
FFs after drying it follows that either the TiOSO4 was washed
away and/or it is present in an amorphous state. As discussed
below, XPS results suggest that it is all washed away.
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Figure 3. Effects of reaction times and R values at 80 °C, on XRD patterns on a, A) Semi-log scale of PMPs— for samples reacted at times ranging from
3 to 40 h, all at R = 0.2. All samples were washed with ethanol before drying at 50 °C in air overnight, B) Semi-log scale as a function of R indicated on
panel, C) Linear scale for FF.

3.2. Morphology and Microstructure

In the introduction, we mentioned that if the reaction product is
washed to pH 7 in EtOH and dried, PMPs were obtained. The
SEMmicrographs, shown in Figures 4 and S1 (Supporting Infor-
mation), demonstrate the same occurs here. The self-assembly
of the NFs into PMPs results in free-flowing, non-agglomerated,
powders. Figure 4A and Figure S1A (Supporting Information)
show good powder dispersions with some aggregation with par-
ticle sizes that range widely in size, from submicrometer, to some
that are 100 μm in diameter. The latter are probably agglomerates
of the finer particles (Figure 4B).
At even higher magnifications (Figure 4C), the PMPs appear

to be comprised of wispy/fluffy nanoparticles comprised of small
1DL snippets. The PMPs obtained here are less porous than the
ones obtainedwhenTiB2 is the precursor.

[25] It is hereby acknowl-
edged that what determines the particle size distribution, PSD,
of the PMPs is unclear at this time. Understanding what affects
this distribution, and how to control it, is an important question
that is beyond the scope of this work, but one we are currently
addressing.
SEM-EDS maps of these particles (Figure S2, Supporting In-

formation) confirm that the only elements present are Ti and O.
The same is true of filtered films (Figure S3, Supporting Informa-
tion). Table S2 (Supporting Information) summarizes the EDS
results.
Typical cross-sectional SEM micrographs of FFs are shown in

Figure 5A to C at differentmagnifications. The 1DL self-assembly

results in planer, 2D-like structures.
To image the 1DLs themselves, the water colloid suspension

was diluted to 0.001 gL−1 before casting a drop onto a TEM grid
mesh. Typical SEMmicrographs (Figure 6A–D), leave little doubt
as to the 1D nature of our material. As the 1DL concentration
increases, the “pores” in Figure 6B disappear as more 1DLs are
deposited in the same region. The resulting material is thus a
q-2D one (Figure 5). The resulting material has an open and dis-
ordered appearance that is strikingly similar to a messy spider
web (inset in Figure 6C).[32] To further probe the structures ob-
tained, we combined SEM and TEM micrographs of diluted col-
loids (Figure 6). Figure 6A,B are those of a material reacted for
3 h at 80 °C at two different magnifications. At lower magnifi-
cation (Figure 6A), here again, the structures are reminiscent of
a disordered spider web. They are also reminiscent of cellulose
microfibers (inset in 6D).[33]

From the higher magnification SEM micrographs, the small-
est 1DL diameters are of the order of 2 nm (inset of Figure 6A).
Essentially, the same microstructures were obtained with other
colloids. For example, Figure 6C,D shows the 1DLs obtained af-
ter reaction at 80 °C for 48 h. The resulting material has an open
and disordered appearance that is again strikingly similar to a
messy spider web shown in the inset of Figure 6C. The twisting
and entwining characteristics of the 1DLs are most obvious in
Figure 6D.
Figure 6E shows a typical TEM micrograph, with SAED pat-

terns, of an ordered region. Note that in some locations, amor-
phous and ordered regions co-exist. This micrograph is identical

Adv. Mater. Interfaces 2024, 2400866 2400866 (6 of 14) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Typical SEM micrographs of PMPs, at A) low, B) intermediate, and C) highest magnification.

to those previously seen.[26] The arcs in the SAED pattern (inset
in Figure 6E) are unimpeachable evidence for the 1D character
of our materials. The 1DLs grow in the [200] direction and stack
the [010]. The results are also consistent with the XRD patterns
shown in Figure 2. Figure S5 (Supporting Information) indexes
the SAED pattern, including the arcs. The table in Figure S5B
(Supporting Information) compares these d-spacings with those
obtained from the XRD patterns showing excellent agreement.
As importantly, the results shown in Figure 6B we can now

shed light on a paradox encountered in our previous work,[26]

namely, that the 2D flakes were TEM amorphous, but still re-
sulted in XRD peaks such as the ones shown in Figure 3. As
the q-2D layers thicken by the self-assembly of 1DL, their over-
lap and twisting (e.g., Figure 6D) results in the extinction of any
SAED patterns but not XRD peaks.
Table S2 tabulates the EDS results obtained in the SEM, reveal-

ing that at 1:1.86 ± 0.15, the Ti:O ratio, respectively, is <2, which
is consistent with our previous work.[17] The <2 ratio also con-
firms that what we produce is not titania, but rather a titanate. At
0.5 wt.%, the sulfur, S, EDS signal was quite low, which serves as
a testament to the effectiveness of our post-synthetic purification
methods.

To confirm some of these conclusions, we carried out a XPS
study on FF, the results of which are shown in Figure 7. The C 1s
spectrum (Figure 7A) presents a prominent peak at 285 eV that
corresponds to the binding energy, BE, typically associated with C
atoms in a C─C bond environment. This peak was used for cali-
bration. Adjacent to this are two other peaks that can be attributed
to carbon–oxygen (C─O) and carboxyl (C═O or COOH) func-
tional groups, respectively. These peaks suggest a complex chem-
ical environment with multiple carbon-containing species on the
surface of the material. This is in complete agreement with our
previous 1DL work.[23]

The O 1s spectrum (Figure 7B) displays a pronounced peak
observed at a BE of ≈530.0 eV, which is a signature of O atoms in
a metal-oxide configuration. The sharp and well-defined nature
of this peak points to a consistent and predominant metal-oxide
bonding environment, reinforcing the material’s oxide character
of TiO2.

[34] In the Ti spectrum (Figure 7C), the Ti 2p3/2 peak,
which is the most pronounced in this region located at BE of
≈458.5 eV, is typically indicative of titanium in a Ti(IV) oxidation
state, associated with titania. Another peak corresponds to Ti 2p

1/2 having a BE ≈464.1 eV also exists. These two peaks and their
BEs agree with those previously published 1DL spectra.[34]

Adv. Mater. Interfaces 2024, 2400866 2400866 (7 of 14) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Cross-sectional SEM micrographs of FFs comprised of 1DLs at, A) low B) intermediate, and C) high magnifications.

Consistent with titanate chemistry, at 1:2.4, the oxygen to Ti
molar ratio, respectively, obtained fromXPS is>2.Why this value
is different than the 1.86 value, measured by EDS is unclear
at this time, but possibly indicates that the surfaces are more
oxygen-rich than the bulk.
Lastly, the S 2p spectrum (Figure 7D) is quite noisy and, if any

S is present, it has to be miniscule, confirming the absence of S
within the PMPs and is a testament to the efficacy of our washing
protocol in riding the 1DLs of S. There was also a small N signal
(not shown) that emanates from TMA+ cations.

3.3. Optical and Electronic Properties

A typical Raman spectrum of q-2D film derived from vac-
uum filtration of the 1DL colloid (Figure 8A) is fully con-
sistent with the lepidocrocite structure.[24,35] For Raman, nine
vibrations were detected ≈178, 269, 373, 434, 661, 738,
824, 895, and 931 cm−1, which fairly matches layered lep-
idocrocite titanates. The Raman bands from 600–940 cm−1

are assigned to Ti-O vibrations.[36] Three Ag modes (269, 434,

and 824 cm−1) indicate a well-developed layered structure of
lepidocrocite.[37]

To measure Eg of our 1DLs, we carried our UV–vis opti-
cal absorption measurements in the 200–800 nm wavelength
range on 1DLs colloid and PMPs. At this juncture, it is not
fully clear whether the 1DL bandgap is direct or indirect. DFT
calculations for the 2D lepidocrocite in the literature predict a
direct bandgap,[5] but most experimental work assumes it is
indirect.[23,24] Until this important aspect is clarified, we plot Tauc
plots assuming:

(𝛼h𝜈)1∕n = C ×
(
h𝜈 − Eg

)
(2)

where 𝛼 is the absorption coefficient, h𝜈 is the photon energy,
Eg is the optical bandgap and C is a constant. n = 1/2 or 2 de-
note direct or indirect bandgap, respectively.[38] Figure 9A,B plot
the results assuming direct or indirect bandgaps, respectively. A
perusal of these results indicates that: i) Not surprisingly, the Eg
values obtained depend weakly on whether the material is a di-
rect or indirect semiconductor. ii) For the direct case, (Figure 9A),
Eg is ≈3.9 to 4 eV. For the indirect case (Figure 9B), Eg is ≈3.7 eV.

Adv. Mater. Interfaces 2024, 2400866 2400866 (8 of 14) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. A,B) Typical STEM image of 1DL colloid drop cast on lacey C at different magnifications; the 1DL sample synthesized at 80 °C for 3 h, and
Ti/TMAH molar ratio of 0.2. C,D) microstructure of 1DLs synthesized at 80 °C for 48 h, and Ti/TMAH molar ratio of 0.2; (Insets: C) messy spider web,
D) Cellulose microfibers). E) The high-resolution TEM images confirm the nano-bundles’ uniform assembly along the [200] growth direction and their
alignment in the [010] stacking direction, similar to structures observed in TiB2-derived 1DLs. Insets: SAED patterns with clear rings, validating the
crystallinity of the 1DLs, which corresponds with XRD findings.

iii) Eg is more or less independent of whether the measurements
were carried out on solid PMPs, or 1DL colloidal suspension as
shown in red and blue lines in Figure 9, respectively. However, if
one makes the reasonable assumption that the Eg values should
not depend on whether the material is in colloid or solid form,
then these results support the direct bandgap assumption. Lastly,
the presence of a peak in the Tauc plots for the colloidal suspen-
sions only is quite intriguing. Such a prominent peak has to date
not been observed. At this time its origins are unknown. More
work, outside the scope of this paper, is needed to understand its
origins.

3.4. Electrochemical Properties

The electrochemical behavior of the PMPs derived from TiOSO4
was tested in various aqueous electrolyte media (e.g., acidic: 1 m

H2SO4, basic: 1 m KOH, and neutral: 1 m Na2SO4, 1 m Li2SO4).
The CV profiles (Figure 10A) of the MPPs at varying scan rates
(5–100 mVs−1) in 1 mH2SO4 exhibit reversible redox peaks, indi-
cating strong faradaic behavior. The electrode delivers a capacity
of 55 Fg−1 at a 5 mVs−1 scan rate in a 1 to – 0.9 V operating win-
dow. The GCD (Figure 10D) was performed at various current
densities (0.3–3 Ag−1) in the same potential range. Non-linear
changes in potential over time imply typical pseudocapacitance
caused by reversible redox reactions at the electrode-electrolyte
interface. The highest capacity of 19.3 Fg−1 was calculated with
the specific energy and power of 9 Whkg−1 and 261 W kg−1, re-
spectively, at a 0.3 Ag−1 current density.
The PMPs in 1 m KOH medium show a broad rectangular

CV profile (Figure 10B), indicating a dominating double-layer
charge storage in the −1 to 0.5 V potential window. The shape
of the voltammogram almost remains consistent throughout
the variation in scan rates (5–100 mVs−1), implying good rate

Adv. Mater. Interfaces 2024, 2400866 2400866 (9 of 14) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. High-resolution XPS spectra of 1DL FF, synthesized at 80 °C for 12 h and R of 0.2, revealing the chemical states and bonding environments
of, A) C, B) O, C) Ti, D) S. Spectra demonstrate a clear absence of S.

capability of the electrode. The highest specific capacitance of 3.2
Fg−1 was assessed with a specific energy of 1.0Whkg−1. The GCD
response (Figure 10E) in the alkaline medium exhibits a linear

Figure 8. Raman spectra of 2D film comprised of 1DLs. All peaks belong
to lepidocrocite.

charge-discharge profile which further confirms the double-layer
charge storage at the electrode surface. Figure 10e shows a de-
crease in coulombic efficiency with decreasing current densities
(0.3 Ag−1). The highest specific capacitance of 0.61 Fg−1 was cal-
culated with specific energy and power of 0.2 Whkg−1 and 210
Wkg−1 at a 0.3 Ag−1 scan rate.
Figure 10C plots the CV profile of the PMPs in 1 m Na2SO4

in a −1 to 1 V potential window. Interestingly, in these neutral
aqueous media (Li2SO4 and Na2SO4), the PMPs show a faradaic
charge storage mechanism with a prominent anodic redox peak.
The specific capacity of 14 Fg−1 with a specific energy of 9Whkg−1

was calculated at a 5 mVs−1 scan rate. The GCD was carried out
at varying current densities (0.3–3 Ag−1), shown in Figure 10F.
The charge-discharge response exhibits a dual charge storage re-
sponse: a) double-layer charge storage is dominant in the 1 V
to -0.5 V potential range, whereas b) pseudocapacitance is ob-
served in the −0.5 to −1 V operating window. The highest spe-
cific capacity of 5 Fg−1 was calculated at a 0.3 Ag−1 current den-
sity with specific energy and power of 3 Whkg−1 and 300 Wkg−1,
respectively.
In the Li2SO4 electrolyte (Figure S6, Supporting Information),

the PMPs display similar CV and GCD responses as for the
Na2SO4 medium. The specific capacity from GCD was evaluated
at≈22 Fg−1 at a 0.5 current density with specific energy and power
of 12 Whkg−1 and 214 Wkg−1, respectively. The PMPs show a

Adv. Mater. Interfaces 2024, 2400866 2400866 (10 of 14) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Tauc plots of UV–vis. absorbance spectra of 1DL colloids and PMPs assuming, A) direct, and B) indirect bandgap semiconductors.

wide working potential window and high-power output. Capaci-
tance and energy can be further enhanced throughmodeling and
customization.
To shed some light on what is occurring during cycling, we

obtained XRD patterns of the electrodes both before and after
conducting the CV tests. The results, shown in Figure S7 (Sup-
porting Information), clearly show the disappearance of the lower
angle peak (020) at ≈8° after cycling. It follows that the only in-
formation we can glean from these results is that order along the
stacking b-direction is lost during cycling. Needless to add more
work – beyond the scope of this paper where the emphasis is on
processing – is needed to fully understand what is occurring dur-
ing electrochemical cycling.

3.5. Photocatalytic Properties

In a recent paper, we showed that 1DLs synthesized starting with
TiB2 adsorbed considerable amounts of rhodamine 6G, R6G, and
crystal violet, CV, dyes in the dark.[9] At 1850 and 1930 mm kg−1,
respectively, these values are higher by a factor of ≈2 than high
surface area clays.[9]

When the simulated sun was turned on, the dyes were photo-
chemically degraded even under visible light only. In other words,
the dyes sensitized the 1DLs.[9] Typical results obtained previ-
ously on TiB2-derived 1DLs are reproduced in Figure 11B, by a
lower red curve.[9] We repeated the experiment (R6G dye in a sto-
ichiometric 1:1 ratio with catalyst) with 1DLs synthesized here.

Figure 10. CV curves of the PMPs in (a) 1 m H2SO4, (b) 1 m KOH, (C) 1 m Na2SO4, and GCD curves of the PMPs in (d) 1 m H2SO4, (e) 1 m KOH,
(f) 1 m Na2SO4.
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Figure 11. Time dependencies of TiOSO4-1DL synthesized at 80 °C for 12 h at R = 0.2 of, A) UV–vis scans for 1:1 mass ratio 1DL to Rh6G. With time
under light, the peak amplitudes drop monotonically, (B) Normalized dye concentration. Red symbols were taken from ref. [26] for colloids made with
TiB2. Labels and graph colors are coordinated.

The time dependence of the absorbance results are plotted in
Figure 11A; the changes in concentration with time are plotted
in Figure 11B. From these results, it is clear that the 1DLs made
here are also photochemically active but adsorb less dye than the
TiB2-based 1DLs in the dark.[9] Why this is the case is unclear
at this time. The rates of degradation under light, however, are
comparable.

3.6. Liquid Crystals

Figure 12 shows a polarized light microscope, PLM, and mi-
crographs of 1DL aqueous solution at different concentrations
at a magnification of 10X. The same results, at a magnifica-
tion of 20X, can be found in Figure S8 (Supporting Informa-
tion), and are essentially identical to those at 10X. The isotropic
phase is seen when the concentration is <10 gL−1. Stronger
birefringence started to appear in samples with concentrations
>15 gL−1 indicating the formation of liquid crystals. The Sicil-
ian texture is most visible in Figure 12E,F, where the concentra-

tions are 20 and 28 gL−1, respectively indicating a lyotropic ne-
matic phase is formed, similar to our previous observations,[39]

and for other 1D nanomaterials.[40–45] In our previous work with
TiB2, the critical concentration was between 1 and 10 gL

−1. The
higher concentration herein possibly reflects shorter 1DL seg-
ments which is consistent with the fact that the colloids are all
transparent.

4. Conclusion

Herein we react an inexpensive water-soluble Ti-containing pre-
cursor, TiOSO4, with TMAHand convert it into 1DLswith diame-
ters of≈6 Å. The work shows that the resulting 1DLs chemistries
and structures are weak functions of the R values, times – be-
tween 3 and 48 h – or temperatures between 60° and 95 °C.Under
the conditions tested herein, we can convert 50% of the TiOSO4
in 12 h at 80 °C and 80% at 95 °C. Somewhat surprisingly, there
is very little S in our final product. We obtain different morpholo-
gies depending on the washing solvent. If only ethanol is used,
PMPs form; if water is used, in the last step, quasi-2D flakes

Figure 12. Polarized optical microscope images of colloidal suspensions deposited on a glass slide at 10X. Concentrations are as follows: A) 1, B) 5, C)
10, D) 15, E) 20, F) 28, G) 35 and H) 40 g-L-1.
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comprised of 1DLs form instead. Also in agreement with our pre-
vious work, Eg is ≈4 eV. Interestingly, the aqueous colloids are, at
all concentrations, transparent. This is an intriguing and new re-
sult and strongly suggests that the size of the scatterers is much
smaller than the wavelengths of visible light, that is, <<200 nm.
The 1DLs adsorb R6G in the dark and also degrade them under
visible light only which implies the dyes sensitize the 1DLs.
The pristine PMPs underwent testing for supercapacitor ap-

plications. They exhibited prominent faradaic behavior in acidic
and neutral aqueousmedia, while mostly displaying double-layer
behavior in basic medium. PMPs were capable of wide working
potential and high power density (300 Wkg−1).
Moreover, the 1DL colloids self-assemble into liquid crystals at

concentrations >15 mg mL−1.
In our previous work, we assumed that the precursor had to

be insoluble in TMAH and the Ti oxidation state had to be <+4.
This work proves that neither is required which is quite impor-
tant because, i) we can now start with much cheaper precursors
and readily, and Scalably, convert them to 1DLs, and ii) increases
the precursor chemistries – that are already quite large (>15) in
the water-insoluble case – to water-soluble Ti-compounds such as
chlorides, sulfates, nitrate, acetates, etc. The commercial/scale-
up implications are not insignificant.
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the author.
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