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Recently, we discovered a one pot, cheap, scalable method to convert a dozen Ti-
containing earth-abundant, non-toxic precursors (e.g., TiC, TiN) into TiO,-based
one dimensional (1D) nanofilaments, (NFs). Using high-resolution STEM images,
Raman, and XRD, we conclude the NFs have a TiO; lepidocrocite structure. With
some NF cross sections = 5 x 5A?, the specific theoretical surface areas of >1000
m?/g are anticipated. The latter can partially explain the remarkable properties
these materials already exhibit in photocatalysis, dye degradation, batteries, and
supercapacitors.

Discovery
A new material or phenomena

Hussein O. Badr, Francisco
Lagunas, Daniel E. Autrey, ...,
Robert F. Klie, Yong-Jie Hu,
Michel W. Barsoum

yh593@drexel.edu (Y.-J.H.)
barsoumw@drexel.edu (M.W.B.)

Highlights

Scalable, cheap, one pot facile
synthesis of titanium dioxide
nanofilaments (NFs)

Raman HRTEM and XRD indicated
the NF's structure is 1D TiO,,
lepidocrocite-based

TEM images suggest the smallest
NFs may have cross sections of the
order of 5 x 5 A2

NFs grow along [100] and self-
align in two directions, viz. in- and
out-of-plane

Badr et al., Matter 6, 128-141
January 4, 2023 © 2022 Elsevier Inc.
https://doi.org/10.1016/j.matt.2022.10.015



mailto:yh593@drexel.edu
mailto:barsoumw@drexel.edu
https://doi.org/10.1016/j.matt.2022.10.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2022.10.015&domain=pdf

¢? CellPress

On the structure of
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Hussein O. Badr,’> Francisco Lagunas,”> Daniel E. Autrey,® Jacob Cope,’ Takayuki Kono,*
Takeshi Torita,* Robert F. Klie,” Yong-Jie Hu,"* and Michel W. Barsoum'®*

SUMMARY

We recently reported on the synthesis of one-dimensional (1D) TiO,-
based nanofilaments, (NFs) by reacting water insoluble, earth abun-
dant, and non-toxic Ti-containing precursors, such as TiC, TiB,, and
TiSi,, among others, with quaternary ammonium hydroxides, mostly
tetramethylammonium hydroxide at near-ambient conditions. From
selected area diffraction, X-ray diffraction, and Raman spectros-
copy, we previously concluded that the NF’'s structure was
anatase-based. Herein, using high-resolution scanning transmission
electron microscopy, Raman spectroscopy, obtained using low laser
power, and density functional theory modeling, we conclude that
the actual structure is 1D titania lepidocrocite-based structure
with minimal cross sections of = 5 x 5 A% The NFs grow along
[100] with a and c lattice parameters of 3.78 + 0.01 A and 3.04 +
0.06 A. They tend to self-assemble/stack in two directions, viz. along
the b and c axes. And while in-plane and out-of-plane interfilamen-
tous distances are functions of the nature of the cations
surrounding the NFs, the band gap, at = 4 eV, is not.

INTRODUCTION

Nanostructured (NS) titanium dioxides, TiO,, have been, and remain, of significant
research interest due to their unique physical and chemical properties, as well as
their potential application in a wide range of fields including paint pigment, catal-
ysis, photocatalysis, photoluminescence, gas sensors, and solar and fuel cells,
among many others.”™"" One dimensional (1D) and two-dimensional (2D) materials
possess characteristics and properties that their three-dimensional (3D) counter-
parts do not. Arguably the most important difference is in their much higher surface
areas. In terms of properties, low-dimensional solids allow for quantum confinement
and more active catalytic sites.

Recently, we discovered a bottom-up, sol-gel based, one-pot, inexpensive, and
highly scalable process to make TiO,-based, 1D nanofilaments (NFs).'” In our
method, we simply immerse earth-abundant, non-toxic, water-insoluble binary or
ternary titanium carbides, nitrides, borides, etc., in tetramethylammonium hydrox-
ide (TMAH) aqueous solutions at temperatures in the 50°-85°C range for tens of
hours under ambient pressures. This procedure converts the precursors to 1D
NFs, which in turn self-assemble into quasi 2D flakes upon washing with water and
filtering."?

Based on a Raman spectroscopy anatase signature and selected area diffraction
(SAD) in a transmission electron microscope (TEM) that agreed with our X-ray

128 Matter 6, 128-141, January 4, 2023 © 2022 Elsevier Inc.
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Nanostructured titanium
dioxides, TiO,, remain of
significant research interest due to
their potential use in a wide range
of applications. Making such
nanostructures is typically slow
and/or hazardous, which renders
their bulk production challenging
and expensive. Recently, we
discovered a one pot, near-
ambient method for producing
one-dimensional (1D) TiO,
nanofilaments (NFs) at the
kilogram scale by reacting cheap
and earth-abundant precursors,
such as TiC, with common organic
salts, e.g., tetramethylammonium
hydroxide. In our first report, we
concluded that the NF's structure
was anatase. Herein, high-
resolution TEM, Raman, and XRD
results show that the NF's
structure is TiO, lepidocrocite
instead. The NFs grow along the
[100] direction, with the smallest
cross sections of the order of

5 x 5 A2, resulting in theoretical
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diffraction (XRD) patterns and, more importantly, with bulk anatase, we concluded
that the NFs were anatase-based.’” We also concluded, based on the location of
the arcs in the SAD patterns, that the NFs grow in the [200] and [110] directions of
anatase.

More recent results, discussed herein, show that the NFs actually crystalize in a 1D
lepidocrocite-based structure. The aim of this work is to present this new evidence,
which includes new Raman spectra and fast Fourier transforms (FFT) of high-resolu-
tion scanning transmission electron microscope (STEM) micrographs. Based on the
latter and starting with a density functional theory (DFT) generated structure we
unambiguously show that the structure of our 1D NFs is lepidocrocite-based, hence-
forth referred to as one-dimensional lepidocrocite, or 1DL. We also show that the
NFs only grow along the a, or the [100] direction, and stack along both b and ¢
directions.

RESULTS AND DISCUSSION

Figure 1A plots XRD patterns (on a log scale) for 2 samples that were synthesized by
reacting TiB, powders with TMAH at 80°C for 5 days. After reaction, the resulting
powders were washed with ethanol until the pH was =7. In one case, the powders
were dehydrated straight from ethanol at 50°C in open air (bottom blue curve in Fig-
ure 1A). In the other case, sediments were further stirred in a LiCl solution, then
rinsed with DI water before allowing the powders to, again, naturally dry in open
air (top red curve in Figure TA).

Vertical dashed lines in Figure 1A designate low-intensity unreacted TiB, peaks that
were used as internal standards. When the powders were washed with ethanol, the
XRD patterns were characterized by 7 basal reflections with a d-spacing of = 11.5 A,
due to the stacking of 2D flakes comprising in-plane alignment of 1DL (see below).
After washing with LiCl (see experimental procedures section), the d-spacing value
dropped to = 9.5 A confirming the replacement of TMA™ cations with Li* ones. The
yellow/green bands in Figure 1A denote lepidocrocite non-basal reflections, at 26
values of = 26°, = 48°, and = 62°. These peak positions are in excellent agreement
with our previous XRD patterns, as well as with rings previously observed in SAD pat-
terns in TEM."?

Figure 2A presents the Raman spectra of 7 samples processed in different ways out-
lined in Experimental procedures. In all cases, the spectra obtained were consistent
with lepidocrocite. In retrospect, it is now clear that the laser power used to obtain
our previous spectra'? was too high, which resulted in a lepidocrocite-to-anatase
transformation. This is best evidenced by the fact that when the laser power was
increased, the Raman spectra changed from one consistent with lepidocrocite to
one consistent with anatase (Figure 2B).

The next task is to reconcile the XRD patterns (Figure 1A) with the lepidocrocite
structure. This is important here because, apart from the (200) peak at = 48° 26
and possibly the peak at = 62° 20, all other peaks are not standard lepidocrocite
issue.”"* The latter is typically characterized by a strong (103) peak at =~ 26-28°
20, with a smaller (110) peak to its left.”"*"* Interestingly, Ma et al. published an
XRD pattern for lepidocrocite nanotubes in which they assigned the peak at 62°
20 to (002)."> Notably, their pattern included a large peak at 26 of = 30°, which
they assigned to (103). This is an important observation and suggests that the
XRD signature of 1DL is the absence of that peak. To date, over 200 different sam-
ples were produced and in none did we see a (103) peak.
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Figure 1. XRD patterns and DFT-generated 1DL structure

(A) XRD patterns of 2 samples: one washed with ethanol (bottom, blue), the other (red, top)
washed with ethanol and then a 0.5 M LiCl solution (see Experimental procedures section).
Positions of the (200) and (002) peaks at 20 = 48° and = 62°, respectively, are crystallographic
and processing invariant; the positions of all other peaks are processing dependent. Note log
scale on y axis. Yellow/green bands outline the 3 arcs/rings observed in SAD patterns of 2D flakes
in TEM. Vertical dashed lines designate low-intensity unreacted TiB, peaks used as internal
standards.'”

(B) Schematic of DFT-generated structure with TiO; ribbons stacked normal to b axis. Also traced
by inclined red and blue are all non-basal planes predicted. Rectangle on bottom right denotes a
unit cell with lattice parameters a and b. Note ais crystallographic but b depends weakly on spacing
between ribbons, here chosen to be 7.5 A. The same is true of stacking along 00L.

(C) Schematic of (001) plane assuming it is 2 Ti atoms wide. Spacing between 2 adjacent Ti atoms,
along ¢, or doga, is = 1.5 A, which gives rise to peak at = 62° 20 seen in XRD and SAD patterns.'? Also
shown in (B) and (C) are the approximate thicknesses—measured from outermost O to outermost
O—of 2-atom-thick Ti ribbons according to DFT calculations. Note that DFT results assume a 2D
structure where the width of the ribbon in along cis infinite.

To illustrate the atomic structure of the observed self-assembled NFs, we
made use of DFT calculations of a monolayer 2D lepidocrocite structure.
Specifically, 2-Ti-atom-thick ribbons were cut from the DFT-relaxed 2D
sheets and periodically stacked along the b direction (Figure 1B). Half the O atoms
are 4-fold coordinated; the other half are 2-fold (excluding the O atoms at the
ribbon edge). The unit cell corresponding to a perfect alignment of these NFs
is shown by a black rectangular box in Figure 1B. The (200) peak in the XRD pat-
terns is due to vertical plane labeled as such in Figure 1B. As discussed below, the
planes responsible for the peak at 62° 26 are shown in Figure 1C and indexed as
(002). In our coordinate system (Figure 1B), the peak at = 26° 20 is ascribed to
the (110) planes (Figure 1B). Most of the other peaks are 002 peaks characteristic
of 2D materials. Note that in the ethanol-washed samples (blue pattern in
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Figure 2. Raman spectra of 1 DL samples
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(A) Samples were washed in media noted on panel (see Experimental procedures section). In all cases, the resulting spectra were consistent with those
of lepidocrocite. All samples are shaker-processed except the two bottom ones, TiB,-derived (brown curve) and TiC-derived (magenta curve), which are

magnetic stirrer-processed.

(B) Effect as a function of laser power. At high power, the material transforms from lepidocrocite (lower black spectrum) to anatase (top blue spectrum).

The 10%, 50%, and 100% laser powers correspond to 6, 29, and 52 mWem ™2, respectively.

Figure 1A), the order along the stacking direction is higher than in their LiCl-
washed counterparts.

Figure 3 presents an annular bright field (ABF) STEM image of a TiB,-derived bundle
of NFs, together with an FFT of the center of the micrograph outlined by black
dashed square. The high-angle annular dark field (HAADF) STEM image of this re-
gion shows crystalline contrast (see Figure S1).

To simulate the FFT, we again started with the same 2D DFT-generated lepidocro-
cite structure'® and tilted it so the c axis was the zone axis. The lepidocrocite layers
were stacked along the b axis (Figure 1B) such that the growth direction was [100]
and, importantly, coincided with the bundle axis (middle lower inset in Figure 3).
The stacking distance between the 2D layers was adjusted to match the (010) and
(020) spots on the FFT (top right inset in Figure 3). The interlayer distance, hence-
forth referred to as dg10, chosen was 7.5 A. The other spots (bottom right inset in Fig-
ure 3) were generated by the single-crystal diffraction module of the Crystal Maker
software. Unless otherwise noted, only one adjustable parameter was used.

The agreement between the FFT spots and our simulated SAD—red circles in upper
rightinsetin Figure 3—is excellent and suggests that the 110 and 200 d-spacings are
3.6Aand 2.1 A, respectively. The corresponding distances, derived from the XRD
patterns for the (110) and (200) planes—henceforth referred to as di19 and dago,
respectively—were 3.5 + 0.8 A and 1.89 + 0.01 A."? Such a discrepancy in the d-
spacings is not unexpected, especially when an FFT of an atomic-resolution STEM
image is used. The position of the “diffraction spots” in the FFT is based on calibra-
tion of the underlying STEM image, which is affected by the accuracy of the under-
lying image calibration, scan distortions, and image pixel size. The fact that in the
DFT calculations we model 2D lepidocrocite while experimentally we are dealing
with 1DL could play a role. Also, the fact that our material may contain C,'? but
the DFT model does not, could prove important as we better understand where
the C atoms reside. Needless to add, the XRD results are more accurate, but the
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Figure 3. ABF STEM micrograph of a bundle of individual 1DL NFs oriented along the fiber axis
Lower right inset is FFT of region outlined by black square. Lower middle inset shows schematic of
lepidocrocite layers (not to scale) stacked along the b axis. Growth direction is along [200], which
coincides with bundle axis. Superimposed on FFT (upper right inset), as red circles, are the indices
predicted from the lepidocrocite DFT structure assuming spacing along b is 7.5 A. Agreement
between DFT-generated FFT and experiment is excellent. Planes (1,n,0) outlined in Figure 1B are
denoted by blue and yellow arrows. Precursor was TiB,, reacted in TMAH for 5 days at 80°C.

symmetry of the diffraction peaks is consistent. Based on the d5qq value, the a lattice
parameter is 3.78 A, which is in slightly smaller than the 3.803 A reported by Tomi-
naka et al.,"”” who also used TMAH to make 2D lepidocrocite.

In our previous work, we evidenced the 1D nature of our product by XRD, high-res-
olution TEM and SAD patterns, some of which were in the shape of arcs.'” Coinci-
dentally, the d-spacing obtained from the innermost arcs corresponded to an XRD
peak = 26° 20, characteristic of anatase. This, together with the Raman results,
convinced us that we were dealing with the anatase structure.

In the bright regions, where Ti-atomic columns presumably stack, it is possible to
discern (as shown in Figures 4A and 4B) a zigzag pattern to the Ti-atoms that is
consistent with schematic shown in Figure 1B.

Using the Scherer formula, we estimated the domain sizes along [110], [200], and
[002] to be 4.2, 7.3, and 3.4 nm, respectively. These dimensions are small compared
to the scale in the micrographs shown in Figures 3, 4, and 5, and suggest that the
order is on a finer scale than the relatively larger features observed —viz. 2D flakes,
fiber bundles, etc.

And while the crystalline regions were key for us to decipher the structure, it is also
true that a good fraction of the bundles, or 2D flakes, were poorly crystallized. Fig-
ure 5 delineates two regions enclosed by a blue and a green square. The FFT pattern
of the blue region (top inset in Figure 5) is clearly amorphous. The corresponding
FFT (lower inset in Figure 5) of the green area resulted in a pattern that is the
same as that shown in Figure 3, but significantly less sharp.

At this juncture it is important to critically assess our proposed structure. Based on
DFT calculations, the thickness of the 2 Ti atom-thick ribbons, from outermost O
to outermost O, is = 4.1 A (Figure 1B). If the total interlayer distance is 7.5 A,
then the intergallery space is = 3.4 A. This space is too small to accommodate a
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Figure 4. Low angle annular dark field STEM micrograph of sample shown in Figure 3

Sample shown at (A) low magnification and (B) higher magnification of region enclosed in green
square in (A). Scale barin 5 nm. Zigzag and 2-layered nature of Ti atoms in the NFs in area enclosed
by red circle are clearly shown.

TMA cation. Consequently, the space must be filled with water and possibly surface
terminations. Indirect evidence for this conclusion is that the change that occurs
when the TMA™ is replaced by Li™ in the (O0L) peaks is of the order of 2 A, which is
significantly larger than the changes in dimensions that occur to dqqo (Figure 1A).

Why the (Oh0) peaks, which are clearly seen in the FFT (Figure 3), are missing from the
XRD patterns is a mystery at this time. The origin of all other non-basal peaks can be
traced to planes where the Ti atoms in one ribbon, or unit cell, are connected to an
ever-increasing number of Ti atoms (numbered in Figure 1B) in adjacent ribbons as
shown in Figure 1B. In our coordinate system, the first of these inclined planes is
(110), with a d-spacing 3.5 that is consistent with an XRD peak at = 26° 26.

The d-spacing of the = 62° 26 peak does not match any of the (1,n,0) planes (Fig-
ure 1B) and does not appear in simulated FFT shown in top left inset in Figure 3. It
thus must be associated with the ¢ axis. The DFT c-lattice parameter (LP) is =
3.01 Aandits (002) d-spacing, dog2, would be 1.5 A, with a 20 of = 62.2°. Experimen-
tally in XRD patterns, this peak appears at 61.0 + 0.4°,"? corresponding to a c-LP of
3.04 + 0.06 A. We thus ascribe this crystallographic peak to (002) reflections. As
noted above, Ma et al. also reached the same conclusion.”® Note that there are
two (002) reflections; the first is associated with the stacking of the NFs along the
c axis at 26 < 20° (Figure 1A); the second is crystallographic, and stems from the
X-rays reflecting off the top of the ribbons shown in Figure 1C, and appears at =
62° 26. In Figure 1C, the ribbons’ widths along the c axis—like those growing along
the a-direction (Figure 1B)—are assumed to also be 2 Ti atoms thick. This is the min-
imum width possible and does not preclude wider ribbons.

In many of our SAD patterns of NFs self-assembled in various ways, but 3 rings were
usually outlined.’? We erroneously associated them with the (101), (200), and (204)
planes of anatase seen in the XRD patterns.'? These rings can now be ascribed to
the (110), (200), and (002) planes of lepidocrocite. The d-spacings of these planes
are in total agreement with their corresponding peaks highlighted yellow/green in
Figure 1A.

Based on the aforementioned results, we identified 2 of the 3 planes of our 1DL NFs;
(100) and (001). What about the third surface, (010)? In that surface, the Ti and O
atoms are co-planar (Figure 1C). If that surface is cut such that only 2 Ti layers remain,
they would also project a zigzag pattern (Figure 1C), that would be quite difficult to
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Figure 5. ABF STEM micrograph of same sample as in Figure 3, but focusing on different regions
Top inset is FFT produced from blue square showing diffuse rings with no clear diffraction spots.
Lower inset is FFT taken from green square showing clear diffraction spots indicating the region is
largely crystalline.

differentiate from the (001) surface that also results in a zigzag pattern (Figure 4). This
comment notwithstanding, from the TEM image shown in Figure 3 and others, one
can tentatively conclude that cross sections of the ribbons are in the 5 x 5 A% range,
which is a rounding off of their DFT widths of 4.1 (Figure 1B) and 4.5 A (Figure 1C)
and allows for possible surface terminations. Had this dimension been much wider,
itis unlikely that the relatively homogeneous microstructure shown in Figure 3 would
have been possible. As importantly, if relatively large crystalline segments existed,
they would have been easily discernable in the TEM. These comments notwith-
standing, we cannot at this time preclude the presence of wider segments along
the c direction.

Along the same lines, it is well-established in MXene'® and other 2D materials liter-
ature that it is non-trivial to find multilayers (ML) that are oriented “edge-on,"” since
most of the 2D flakes lie with their basal planes parallel to the surface.'? Typically, itis
mostly at multilayer edges that flakes turn upwards, exposing their basal planes in an
edge-on configuration.'® Herein, the opposite is true; most regions are either poorly
crystallized, amorphous, or exhibit an edge-on formation (Figures 3, 4, and 5). When
2D lepidocrocite, with strong (101) peaks in XRD, is imaged in a TEM, relatively large
islands and lattice fringes are not difficult to find."’*° Their absence here strongly
suggests they do not exist and what we have instead are 1DL NFs that self-assemble
into 2D flakes. This is important because if the NFs seen herein are truly 1D, then we
are dealing with NFs that are = 5 x 5 A? in cross section. It is important in this
context to emphasize that we are not implying that 2D layers do not exist; the
XRD patterns are clear. In other words, we are saying that the 2D flakes are
composed of 1DL NFs that self-assemble into layers.

Figure 6 shows a HAADF STEM image of a loose bundle of NFs that bolsters the
conclusion that we are dealing with NFs at least in some of the areas that appear
amorphous. In this TiC-derived sample, individual NFs can be readily discerned
(inset in Figure 6A).

While regions that aligned themselves along the [100] direction showed clear signs

of crystalline contrast (Figure 3), the sample contained many regions where no
atomic contrast could be observed. In a TiC-derived sample—prepared on TEM
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Figure 6. STEM characterization of TiC-derived NFs, as well as unreacted particles

(A) HAADF image of a loose bundle of NFs. Inset shows higher magnification image. Regions of
reduced intensity without visible atomic contrast are likely NFs not oriented along a low zone axis.
(B) Integrated line scans show the intensity of these regions scale as integer multiples of intensity
measured in line scans denoted in (A) by respective numbers.

(C) LAADF image of an unreacted TiC particle surrounded by a web-like structure composed of
NFs; thickness estimates based on EELS spectra maps are shown to be 4.1 nm for web-like structure
and 41.8 nm for unreacted TiC particle. Precursor was TiC, reacted in TMAH for 5 days at 80°C.

grids with no carbon support—the lack of crystalline contrast (Figure 6A) most prob-
ably arises from misoriented NFs instead of amorphous material. Considering the
larger cross sectional area, we suspect that these NF are aligned along [001] and
increased contrast arises from quanta (1, 2, 3, etc.) of stacked NFs. To support this
conclusion, we integrated regions from the HAADF image shown in Figure 6A. Since
the contrast from the HAADF images arises from mass thickness, the intensity
measured from the integrated line scans correlate with specimen thickness in that
region. White arrows in the HAADF image (Figure 6A) point to three regions where
line scans were collected and plotted in Figure 6B. Despite a low signal to noise ra-
tio, there are visible plateaus in the scan profiles. To better visualize these plateaus,
we smoothed the profiles using a Savitzky-Golay method with the points of window
setto 15. These smooth profiles are shown as lines in Figure 6B, while the raw data is
overlaid as a scatterplot. Taking the thinnest region as a single layer, we see the
other plateaus fall within integer multiples of this value.

And while these line scans provide a relative measure of thickness, we used EELS

spectra to estimate the absolute thickness of various regions. The LAADF image
(Figure 6C) shows a region with an unreacted TiC particle at its center, surrounded

Matter 6, 128-141, January 4, 2023 135



¢? CellPress

by a web of NFs. In this same region, we collected simultaneous core and low loss
spectra maps, shown in Figures S2A and S2B, respectively. From measurements of
the intensity of the zero-loss peak in the low-loss spectra and an estimate of the
effective atomic number from the elemental compositions calculated from
core loss spectra, we estimated the thicknesses at different regions of the EELS
maps. The calculated thickness in the NF web area—outlined with dashed blue
box—was 4.1 nm. Coincidentally or not, this value is close to the 3.4 nm average
domain size along [001] calculated by the Scherrer formula. To test the validity of
this value, we measured the absolute thickness in the region of the unreacted TiC
particle (Figure S2A). Considering the particle is roughly 50 nm in diameter and
cubic, the estimated thickness of = 42 nm appears a reasonable estimate. These es-
timates were conducted using the built “Elemental Quantification” in GMS
6.50.2584.00. (For details of the elemental compositions and models for thickness
estimates, refer to Supplemental information.).

It is important at this juncture to validate the conclusions reached above. Of the 3
distances, daoo, dooz, and di10, only the first 2 are crystallographic. Itis for this reason
that for all materials produced to date—over 200 separate runs—the locations of the
200 peaks, at = 48° 20, never changed (Figure 1A)."? The same is true of the = 62°
20 peaks.12 The locations of the (110) peaks, on the other hand, are a function of the
surrounding cations (Figure 1A) and thus cannot be crystallographic. Anotherimpor-
tant observation consistent with this notion is that the distance between NFs along
the yellow line plotted in Figure 3 is = 7 A, which is comparable to the 7.5 A used to
adjust theory to the FFT patterns.

Compared to 2D materials with 1 stacking direction, here there are two; one along
the (010) direction or b axis (lower left inset in Figure 3); the other is out-of-the plane
of the page (along the caxis) that is responsible for the low angle reflections labeled
(009) in Figure 1. Not much information can be gleaned from the STEM images about
the c axis spacing or stacking. Not surprisingly, that spacing is also a function of the
nature of the cations surrounding the NFs as shown by peaks labeled (00%) in Fig-
ure 1. Note, most of the peaks, and the strongest ones, are (008) peaks. This is espe-
cially manifest when the y axis is plotted linearly and not logarithmically.

Lastly, while the washing protocol changes the spacing between NFs, these varia-
tions do not affect the band gap. Tauc plots (Figure 7) confirm the presence of as in-
direct band gap at = 4 eV. Averaging 10 different runs reported on earlier'” and
those measured herein, the average band gap is found to be 4.0 £ 0.1 eV. We
note in passing and as discussed in our previous work,'? this band gap energy is a
record for a TiO,-based material made via a bottom-up approach and is an indepen-
dent confirmation of a quantum confinement effect. There are numerous reports in
the literature on 1D TiO,-based materials. As far as we are aware, however, none of
them report a quantum size effect on the band gap.

Before concluding it is worthwhile to review the energies of different 2D titania-
based structures. Table 1 summarizes our and others’ DFT results. At 0 K, DFT
calculations show that bulk anatase is more stable than 2D sheets of TiO; lepidocro-
cite. We calculate an energy difference (4H,e/) between the two structures to be
0.055 eV/atom (last row in Table 1). Avalue of 0.052 eV/atom is reported in the liter-
ature.”’ Furthermore, the 2D lepidocrocite structure is more stable than all other
common 2D TiO, polymorphs, including the (101) anatase cuts of various thick-
nesses as shown in Table 1. The structures with 2 O replaced by one C can be found
in our previous work.'? Here we are modeling pure 2D TiO, lepidocrocite. This is a
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Figure 7. Tauc plots as a function of various synthesis and washing procedures shown on each
panel

Also see the Experimental procedures section.

crucial result and explains why the polymorph we observe is lepidocrocite-based
and not 2D anatase. Note the DFT calculations assume 2D sheets rather than 1D
NFs. We are currently working on modeling 1DL NFs.

Conclusions

In conclusion, the 1D NFs produced by reacting TiB, and TiC powders in TMAH at
80°C for 5 days crystalize in a lepidocrocite TiO; structure. The NFs grow in the
[100] direction and stack along the b-direction in the plane that the NFs self-
assemble to either create bundles (Figure 3) orlarger 2D flakes shown in our previous
work.'? And while the crystalline regions are key for us to understand the structure, it
is also true that a good fraction of the bundles, or 2D flakes, are poorly crystallized.
Some areas appear amorphous.

Regardless of how well the NFs are self-assembled, their theoretical specific surface
area, assuming a density of 4.25 g cm® and a minimal thickness of 0.45 nm, is of the
order of = 1,000 m?/g. This is an extraordinary number for a Ti-containing material
and partially explains some of the remarkable properties these materials exhibit. The
fact that the process to make them is inexpensive, highly scalable—we routinely
make 100 g batches in a laboratory setting—and the precursors powders, such as
TiC, TiBy, Ti-containing MAX phases, are earth abundant, and non-toxic bodes
well for their large-scale application in myriad fields.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Michel W. Barsoum (barsoumw@drexel.edu).
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Table 1. Summary of experimental and DFT results for bulk anatase, 2D anatase, and

lepidocrocite"21-23
Structure ao (A) bo (A) Co (A) AH,. (€V/atom)
Bulk anatase Experiment 3.782% 9.502” 0
Theory-ref 3.78"" 9.64""
3.807" 9.70%"
This work 3.805 9.729
(101)-2D anatase”  Experiment 3.76° 10.45°
2-layer Ti This work 3.538 10.476 0.140
4-layer Ti 3.732 10.447 0.079
6-layer Ti 3.750 10.429 0.059
Lepidocrocite This work and Orzali et al.”*  3.78 (exp)
3.72% 3.02%
Theory-ref 3.75% 3.02°"  0.052%
3.75" 301" 0.05"
This work 3.75 3.03 0.055

“See our previous work.'?
Last column lists energy difference between various 2D titania structures and bulk anatase.

Materials availability
All structural data and information generated in this study are available from the lead
contact.

Data and code availability
This study did not generate datasets and code.

Materials synthesis and processing

Samples of 1DL NFs prepared by shaking TiB, (Thermo Scientific, —325) powders with
tetramethyl ammonium hydroxide aqueous solution, TMAH (Alfa Aesar, 25 wt % in DI
water, 99.9999%) at 80°C for 5 days using a temperature-controlled shaking incubator
(Labnet 211DS, 49L, 120V, NJ). In all cases, the Ti:TMAH mole ratio was kept at 0.6. Af-
ter reaction, the resulting powders were washed with ethanol (Decon Lab Inc., 200
proof) until pH was = 7. The powders were then dehydrated in open air at 50°C over-
night. To explore any potential effect of the drying temperature, another sample, from
the same batch, was dehydrated at room temperature, RT, instead.

To assess the capability of ion exchange, ethanol-washed sediments were further
stirred, while wet, 3 subsequent times each of 6 h in one of the following salt
solutions: LiCl 0.5M, LiCl 5M, NaCl 0.5M, or NaCl 5M and then rinsed with DI water
3 times to remove any unreacted salt or reaction products. All salts were purchased
from Alfa Aesar with >99% purity. The LiCl- and NaCl-washed powders were then
air-dried at 50°C, similar to above.

To compare shaker-processed samples to those produced using magnetic stirring, '
in some cases TiB; or TiC powders were magnetically stirred, at 300 rpm, in a TMAH
solution following the above-mentioned conditions of mole ratio, temperature, and
time. After reaction, the resulting slurry was washed é times with ethanol until pH
was = 7, redispersed in DI water, shook for 5 min, then centrifuged at 3,500 rpm
for 30 min. The resulting colloidal suspension was then filtered using vacuum-assis-
ted filtration to produce a filtered film that was dried at 50°C in open air overnight.

The Raman spectra shown in Figure 2 were obtained for the following seven sam-

ples: ethanol washed, LiCl 0.5M, LiCl 5M, NaCl 0.5M, NaCl 5M solutions and the
magnetically stirred TiB,- and TiC-derived samples.
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X-ray diffraction, XRD

XRD patterns were acquired using a diffractometer (Rigaku MiniFlex) operated with
Cu K, radiation (40 kV and 15 mA) in the 2-65° 26 range with step size 0f 0.02° and a
dwell time of 1 s. All XRD patterns were obtained from powders dried overnight at
50°C in open air.

Raman spectroscopy

Two sets of Raman spectra were obtained in two different labs. At Drexel University,
Raman spectra were collected at room temperature in air. Measurements were done
with an inverted reflection mode Renishaw InVia (Gloucestershire, U.K.) instrument
equipped with 63x (NA = 0.7) objectives and a diffraction-based room temperature
CCD spectrometer. An Ar'* laser (514 nm) was used, and the laser power was kept in
the ~0.1-0.5 mW range.

In another set, obtained at Fayetteville State University, suspensions of TiB,-derived
material with a concentration of 10 mg/mL were prepared with ethanol (>99.7%, Sigma
Aldrich, St. Louis, MO) and were drop-cast onto a microscope slide and allowed to air
dry at RT, for 24 h. Raman spectra were collected atRT using an XploRA PLUS confocal
Raman microscope (Horiba Scientific, Piscataway, NJ, USA) with a 250 mm focal length
spectrometer in a backscatter geometric configuration. The spectrometer was first cali-
brated using a silicon chip with excitation by an air-cooled 532 nm solid state laser
(100 mW) and using a 100x (NA = 0.9 and WD = 0.21 mm) objective to obtaina 1 um
spot size. A 1200 gr/mm grating was used, and the scattered light was collected with
a thermoelectrically (TE) air-cooled charge-coupled device (CCD) detector with
1024x256 pixels for a spectral resolution of 1 cm™". A neutral density (ND) filter wheel
was used to attenuate the laser power to 10%, 25%, 50%, or 100%, and spectra were
acquired at a lower power (10%) or higher. Raman spectra were collected in the 75—
1200 cm ™" range with 2 s integration time and é4 accumulations. The LabSpec 6 soft-
ware was used to fit the collected Raman spectrum according to the Gaussian-
Lorentzian function to obtain the peak positions and their intensities.

Transmission electron microscopy

Atomic scale characterization was conducted using an aberration-corrected,
cold-field emission TEM (JEOL ARM200CF) operated at a 200kV primary electron
energy.”” Imaging was conducted with the emission current at 15 pA and an
electron probe semi-convergence angle of 24 mrad, resulting in an electron
probe size of approximately 80 pm. Annular bright field (ABF) imaging,?”?°
which is a coherent imaging technique, was conducted using an outer angle of 23
mrad and an inner angle of 11 mrad. For low angle annular dark field (LAADF) imag-
ing the inner and outer angles were 30 and 120 mrad, respectively. HAADF images?’
were collected with 68 and 280 mrad inner and outer detector angles, respectively.
The primary contrast mechanism for HAADF imaging is related to the square of the
average atomic number and the total thickness of the atomic columns.?®

The TEM samples were prepared by dispersing nanofilament powders in 5 mL
of methanol. The solution was drop cast onto a 3 mm copper mesh coated with
a lacey carbon film and allowed to dry for an hour. The TEM grid was then loaded
onto a plasma cleaned double tilt holder and inserted into the microscope column.

Electron energy-loss spectroscopy (EELS)

EELS measurements were conducted using a post-columns Gatan Continuum GIF
ER spectrometer, with an electron probe semi-convergence angle of 17.8 mrad
and a collection angle of 53.4 mrad.
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Density functional theory calculations

First-principles calculations were carried out to study the atomic structures and
ground state energies of bulk anatase and several polymorphic structures of 2D
TiO,. The calculations were performed using the projector-augmented wave
(PAW) method as implemented in the Vienna Ab initio Simulation Package
(VASP).?”% The exchange-correlation functional was depicted by the general
gradient approximation from Perdew, Burke, and Ernzerhof (GGA-PBE).®" The cutoff
energy of the plane wave basis is set to be 600 eV. Brillouin zone integration was
performed using the Gaussian smearing method, with a smearing width of 0.10
eV, and an automatic k-point meshing scheme implanted in VASP with a Ry length
of 45 A. The convergence criterion of the electronic self-consistent loop was set as
107 eV. The input supercells were fully relaxed until the Hellmann-Feynman forces
on each atom were smaller than 5 meV/A.

The calculations for the 2D-TiO, were all performed for a monolayer sheet by intro-
ducing a 15 A vacuum region along the normal direction of the sheet surface to elim-
inate the interactions between the 2D sheets with their periodic images.

To generate the atomic structure illustrations in Figures 1B and 1C, a 1D ribbon
structure with a thickness of two Ti-O polyhedral was cut from the relaxed structure
of the 2D lepidocrocite along the [100] direction. Then, the ribbon structure is peri-
odically stacked along the [010] direction with a chosen separation distance of 7.5 A
Note that first-principles relaxation calculations were not performed for the 1D rib-
bon structure.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.10.015.
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