¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Top-down surfactant-free electrosynthesis

".) Check for updates‘
of magnéli phase TigO;7 nanowirest

Cite this: Mater. Adv., 2024,

> 2368 Peter M. Schneider, (&) 7 Christian M. Schott,* Dominik Maier,?

Sebastian A. Watzele,? Jan Michali¢ka, 2 Jhonatan Rodriguez-Pereira,
Ludek Hromadko, 2 Jan M. Macak, {2 *°< Volodymyr Baran,® Anatoliy Senyshyn,®
Arnaud Viola, (29 Frédéric Maillard, @ Elena L. Gubanova (2 ** and

Aliaksandr S. Bandarenka (2 *@"

bc

TiO, nanowires have proven their importance as a versatile material in numerous fields of technology
due to their unique properties attributable to their high aspect ratio and large surface area. However,
synthesis is an enormous challenge since state-of-the-art techniques rely on complex, multi-stage
procedures with expensive, specialized equipment, employing high-temperature steps and potentially
toxic precursor materials and surfactants. Hence, we elucidate a simple and facile top-down
methodology for the synthesis of nanowires with non-stoichiometric Magnéli phase TigOy7. This
methodology relies on the electrochemical erosion of bulk Ti wires immersed in an aqueous electrolyte,
circumventing the use of environmentally harmful precursors or surfactants, eliminating the need for
high temperatures, and reducing synthesis complexity and time. Using multiple techniques, including
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transmission electron microscopy, X-ray photoelectron spectroscopy, and X-ray diffraction, we provide
evidence of the successful synthesis of ultrathin nanowires with the crystal structure of non-
DOI: 10.1039/d3ma00968h stoichiometric TigO;7; Magnéli phase. The nanowire width of ~5 nm and the Brunauer—Emmett-Teller

surface area of ~215 m? g~ make the nanowires presented in this work comparable to those synthe-
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Introduction

Titanium dioxide (TiO,) is a widely used class of transition
metal oxide materials with many different fields of application.
These reach from energy storage systems, such as batteries'
and supercapacitors,” over a variety of sensor systems,’ to
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sized by state-of-the-art bottom-up techniques.

photocatalysis,* which has gained ever-growing research inter-
est since Fujishima and Honda discovered photocatalytic water
splitting on TiO, using ultraviolet light in 1972.° Besides
photoelectrochemical water splitting, composites of CeO,/
TiO, showed remarkable photocatalytic activity for the degra-
dation and mineralization of tetracycline at room temperature.®
Furthermore, Ti-based materials have gathered increasing
interest as micro- or nanoporous layers in electrolyzers for
efficient hydrogen production due to their unique properties
of minimizing interfacial resistance between the catalyst and
gas diffusion layer.” Besides this, nanostructured TiO, holds
great potential in other branches of heterogeneous catalysis,
either directly as a catalyst® or, most importantly, as a catalyst
support material.” For the former, Ni/TiO, catalyst systems, as
an example, revealed high catalytic activity and stability for
undiluted methane decomposition under high-temperature
conditions."® The latter functions as a framework to which
catalysts can attach. As a result, the catalyst support material
can contribute to the total catalyst stability and activity by
preventing agglomeration and maximizing the accessible num-
ber of the catalyst’s active surface sites. Therefore, support
materials must exhibit a large surface-to-volume ratio; hence
nanostructured morphologies are indispensable.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0009-0004-3028-6967
https://orcid.org/0000-0001-6231-0061
https://orcid.org/0000-0001-6501-9536
https://orcid.org/0000-0001-9540-5833
https://orcid.org/0000-0001-7091-3022
https://orcid.org/0000-0002-4933-3127
https://orcid.org/0000-0002-6470-8900
https://orcid.org/0000-0003-3375-9833
https://orcid.org/0000-0002-5970-4315
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00968h&domain=pdf&date_stamp=2024-02-05
https://doi.org/10.1039/d3ma00968h
https://doi.org/10.1039/d3ma00968h
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00968h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005006

Open Access Article. Published on 27 January 2024. Downloaded on 7/14/2025 10:33:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Various classes of support materials exist to date, of which
mesoporous materials,'" conductive polymers,'* carbon-based
materials,"® and metal oxides'* are the most important ones.
Metal oxides, such as tungsten oxide (WO;), cerium oxide
(Ce0,), and TiO,, offer significant advantages compared to
the other support materials classes. Apart from excellent
mechanical, thermal, and chemical stability, they profit from
the strong metal-support interaction (SMSI), which stabilizes
the active metal catalyst and improves the catalytic activity.'®
TiO, nanowires meet these requirements and thus belong to
the state-of-the-art support materials in the class of metal
oxides due to their excellent chemical stability under catalytic
conditions, resistance to corrosion and oxidation, mechanical
strength, and large surface area.'® Moreover, Ti is one of the
most abundant, non-toxic, and environmentally friendly mate-
rials, making TiO, nanowires an ideal candidate for a sustain-
able catalyst support material.'"” However, the toxicity of
nanomaterials, such as nanoparticles or nanowires, has been
shown in various studies and should be addressed.'® Never-
theless, nanomaterials have become indispensable in modern
technologies. Obeying standard health and safety protocols for
handling nanomaterials allows the synthesis, handling, and
application of novel nanomaterials, such as the TigO;7; nano-
wires presented in our study. Besides TiO,, non-stoichiometric
titanium oxides with the general formula Ti, O, (4 < x < 10)
have been reported to show distinctive properties, such as great
stability until almost 2000 K, and superior corrosion stability in
acidic and alkaline environments." Their unique structure,
consisting of rutile layers separated by shear planes, leads to a
high electronic conductivity compared to TiO,.>° Due to the
superior properties of non-stoichiometric TiO,, these so-called
Magnéli phases are a promising class of materials for applica-
tion in the field of electronics or energy systems, i.e., as catalyst
support material in (electro) catalysis, compared to classical
TiO,.”' Magnéli-phase Ti,O,,_; revealed significant durability
as a support material for palladium catalysts in alkaline direct
ethanol fuel cells** and platinum catalysts in formic acid
electrooxidation.”® In addition, the Magnéli phase proved to
be an excellent candidate for thermoelectric applications."*>*

However, the production of nanostructured titanium oxides
(TiO,) poses a severe challenge despite the diverse variety of
synthesis methods available to date. The most common
approaches include, among others, sol-gel, hydrothermal, sol-
vothermal, microwave-assisted, surfactant-assisted, and sono-
chemical methods, as well as chemical and physical vapor
deposition.?® Nonetheless, the synthesis of TiO,-like nanowires
usually relies on complicated multi-step approaches at elevated
temperatures or pressures utilizing additives, such as surfac-
tants, which can be harmful to the environment. For example,
in physical and chemical vapor deposition, Ti vapor condenses
at the surface of a substrate and forms a solid-phase nanos-
tructure. However, raw Ti first needs to be brought to its vapor
phase requiring high temperatures in the range of 500-700 °C,
making it an environmentally unfavorable technique. The sol-
gel method is a common bottom-up approach to producing
inorganic ceramic and glass materials but usually requires a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mixture of precursor solutions with subsequent stirring, drying,
and heating at high temperatures of up to several 100 °C for
several hours to obtain the final TiO, nanowires. As another
standard bottom-up synthesis technique for TiO, nanostruc-
tures, the hydrothermal method covers the heterogeneous
reactions of Ti precursor mixtures in aqueous solutions.'®
Unfortunately, several synthesis steps at elevated temperatures
and pressures, usually for several hours or days, are necessary
to form the desired nanostructures. In contrast to hydrother-
mal, solvothermal approaches use organic solvents instead of
aqueous ones. This utilization of organic solvents results in
temperatures and pressures even higher than for the hydro-
thermal method, which enables better control of the TiO, size
and morphology. Still, it also requires more energy during the
synthesis process.

The addition of surfactants demonstrates a standard procedure
to control the growth of nanostructured TiO, synthesized by the
bottom-up approaches mentioned before.>® However, the addition
of surfactants during the synthesis constitutes several concerns.
Primary and secondary toxicity, biodegradability, eco-friendliness,
and environmental pollution remain immense problems.””
In addition, surfactant residues at the surface of the nanomaterial
after synthesis are detrimental to its performance as they can block
the nanomaterial’s surface and, therefore, impair its unique
properties. Consequently, we present a novel, alternative, top-
down approach to synthesizing Magnéli phase TiyO;, nanowires
without needing elevated temperatures or using environmentally
harmful substances, such as surfactants, called electrochemical
erosion. Even though reported by Bredig and Haber as early as the
end of the 19th century,”® this approach only gained increasing
interest in recent years as the groups of Li and Koper employed it
to successfully fabricate various metal nanostructures including
Bi, Pt, Rh, Au, Cu, Ag, Ni, and Si, among others.”® In previous
studies, our group explored the synthesis of platinum-lanthanide
nanoparticles and the influence of the synthesis parameters on Pt
nanoparticles.*

Experimental
Synthesis

To fabricate ultrathin non-stoichiometric TigO;; nanowires
with a high surface area, two Ti bulk wires (@ 0.25 mm,
99.6%, MaTecK, Germany) were immersed in a saturated
KOH solution (85%, Griissing, Germany) and subjected to an
alternating current (AC) signal to initiate electrochemical ero-
sion using a VSP 300 potentiostat (Bio-Logic, France). The
influence of the AC signal frequency and solution composition
on the nanostructure size, morphology, and composition is
further elucidated in the ESI.{ Using a sinusoidal voltage signal
with an amplitude of 25 V and a frequency of 200 Hz, we eroded
the bulk Ti wires into ultrathin TigO;; nanowires. The for-
mation of TigO;; nanowires occurred immediately during the
synthesis process in the saturated KOH electrolyte through
oxidation, indicated by a change in the color of the eroded Ti
from dark grey (Ti) to white (TigO;; nanowires). Subsequently,
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the saturated KOH electrolyte containing the TigO,; nanowires
was diluted, filtered, washed with ultrapure water (18.2 MQ cm,
Merck Millipore, USA) and ethanol (EMSURE® ACS, ISO, Reag. Ph
Eur, Sigma Aldrich®, USA), and dried in a furnace (Heraeus,
Germany) at 60 °C in air to obtain TiyO,, nanowires. More detailed
information on the synthesis procedure and materials can be found
in the ESL{ Here, we highlight the simplicity of our approach,
which can be carried out in one pot within one step with
subsequent filtering, washing, and drying at low temperatures.
No surfactants, precursor solution mixtures, complicated multi-
stage synthesis protocols, or elevated temperatures are needed
compared to other state-of-the-art approaches mentioned before.

Characterization methods

Adsorption measurements. Adsorption measurements with
N, at —196.15 °C were carried out on a 3Flex Physisorption from
Micromeritics Instrument Corp., which uses a manometric
method to determine the amount adsorbed under equilibrated
gas pressure. Adsorption data were processed using the 3Flex
Software Version 5.01 by Micromeritics Instrument Corp. and
plotted in OriginPro 2021b by OriginLab Corp. Samples were
transferred into pre-weighed sample tubes and capped with
Micromeritics CheckSeals. Samples were subsequently acti-
vated again at room temperature for 12 h under a dynamic
vacuum of ~10 ® mbar using a SmartVac Prep by Micromeri-
tics Instrument Corp. to ensure the absence of unwanted
adsorbates and identical pre-measurement states of all sam-
ples. The mass of the adsorbent was then recorded, generally in
the range of 25-100 mg. A liquid nitrogen bath is used for the
measurements at —196.15 °C. The surface area of the materials
was derived using the Brunauer-Emmett-Teller (BET) model,
hence given as the ‘BET surface’ and based on N,-isotherms
measured at —196.15 °C. To determine the apparent BET area —
or more precisely: BET capacity — for microporous materials,
care was taken to adhere to the Rouquerol criteria.

Transmission electron microscopy (TEM). The morphology,
structure, and chemical composition of the TiO, nanowire
network was studied in nanoscale with a Cs image-corrected
transmission electron microscope TITAN Themis 60-300
Cubed (Thermo Fisher Scientific, USA). The high-resolution
imaging with sub-Angstrom resolution, selected area electron
diffraction (SAED) acquisition, and scanning TEM- energy dis-
persive X-ray spectroscopy (STEM-EDX) elemental mapping was
conducted with an acceleration voltage of 300 kV. STEM-
electron energy loss spectroscopy (STEM-EELS) elemental map-
ping was conducted with 120 kV and an electron beam current
of ~100 pA to mitigate electron beam damage during the
probing of single nanowires. Additional TEM images were
taken using a JEOL 2010 microscope bearing a LaBg filament
and operated at 200 kV (resolution 0.19 nm). EDX spectroscopy
was performed with a Super-X detector and elemental maps
and chemical composition measurements in atomic percentage
(at%) were acquired and processed in the software Velox
utilizing a standard Cliff-Lorimer (K-factor) quantification
method. EELS was performed with Gatan GIF Quantum ERS
spectrometer and EEL spectrum images and elemental maps
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were acquired and processed with the software GMS3 utilizing a
model-based quantification.®* A sample for TEM analysis was
prepared from a dispersed solution made of TiO, powder and
pure ethanol, which was drop-casted onto a copper TEM grid
coated with a carbon holey membrane.

X-Ray photoelectron spectroscopy (XPS). The surface
chemical composition and electronic state of the TiO, nanos-
tructures were determined by XPS (ESCA2SR, Scienta-Omicron)
using a monochromatic Al K, (1486.7 eV) X-ray source operated
at 250 W. The samples were fixed in the sample holders with
carbon conductive adhesive tape. The measurements were
carried out in the analysis chamber with a pressure of around
1 x 107° mbar. The surface charge compensation of the
samples was controlled with a charge neutralizer (CN 10). The
binding energy (BE) scale of the spectra was corrected taking
the adventitious carbon at 284.8 eV as a reference. The data
analysis was performed with the CasaXPS software (Casa soft-
ware Ltd) using the elemental sensitivity factors provided by the
manufacturer. For the fitting procedure, a Shirley baseline was
used together with the Gaussian-Lorentzian function (70-30).

Structural studies. A series of structural studies applying
synchrotron radiation were performed at ambient temperature
using the beamline (P02.1) at PETRA III, DESY. Fixed photon
energy of 60 keV (1 = 0.20723 A) was used.>” Diffraction patterns
were collected using a VAREX area detector at two distinct
sample-to-detector distances of 350 mm and 2200 mm, corres-
ponding to the pair distribution function (PDF) and high-
resolution diffraction (XRD) modes, accordingly. Exposure
times for each diffraction pattern were 20 min and 1 min in
PDF and XRD modes, respectively. Azimuthal data integration
was carried out using pyFAI applying LaBe (NIST, SRM660c) as a
reference.*® Powder samples were contained in sealed glass
capillaries with 0.7 mm diameter, where diffraction data collec-
tion was performed under constant capillary spinning. Analysis
of obtained XRD patterns was performed by the full profile
analysis\decomposition using FullProf program package.** To
model the peak profile shape, the pseudo-Voigt function in
Thompson-Cox-Hastings setting was chosen. Background con-
tribution was determined using a linear interpolation between
selected data points in non-overlapping regions and subtracted
from the dataset. Total scattering data were reduced using
PDFGetX3 software.>> The accessible range of momentum
transfer was Q = 31.8 A%, whilst due to obtained signal-to-
noise and instrumental geometry the meaningful Qmax.inst and
Qmax limits were set to 20 A™* and 16 A™*, accordingly.

Scanning electron microscopy (SEM). The morphology of the
prepared samples was examined by SEM (JEOL JSM 7500F,
Japan) with a field-emission cathode. The samples were
observed without any conductive coating.

Results and discussion
Nanowire morphology and BET surface analysis

The ultrathin nanowires synthesized in saturated KOH are
characterized via TEM in Fig. 1. The TEM images were used

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A set of TEM characterizations of nanowires synthesized in saturated KOH. (a) Overview image of a nanowire network. (b) TEM image showing an
encircled volume of a SAED aperture for diffraction analysis and (c) a resulting electron diffraction pattern with rings corresponding to lattice planes of the
TigO17 crystal phase. (d) HR-TEM image of a nanowire network with atomic resolution and (e) an FFT pattern of nanowires observed in HR-TEM revealing
spots from lattice planes of the TigO;7 phase. (f) HR-TEM image showing in detail the atomic structure of a single nanowire marked in (d) and revealing the

(002) lattice plane stacking with a d-spacing of 0.73 nm.

to estimate the width of the nanowires, which corresponded to
approximately (5.0 £+ 0.6) nm. Furthermore, the nanowires
showed high isotropy, forming a complex nano-structural net-
work. The length of the nanowires is estimated to be in the
range of micrometers. We determined the surface area of the
ultrathin nanowires to be (215 &+ 15) m> g~* from adsorption
and desorption isotherms via BET measurements, as shown in
Fig. 2. The isotherms resulting from the BET analysis of various
other nanostructures synthesized with different parameters are
illustrated in Fig. S2a and b (ESIt). The determined BET surface
area competes with reported values for TiO, nanowires synthe-
sized via more traditional methods, such as anodic oxidation,
electrospinning, hydrothermal, and one-pot solvothermal, for
which the BET surface areas correspond to (12-89) m* g,
(68-95) m* ¢! (112-232) m® g ', and 672 m> g,
respectively.>® Obtaining state-of-the-art BET surface areas with
this simple and facile electrochemical erosion approach is
advantageous, as it does not use environmentally harmful
substances, like organic additives. Furthermore, the inset in
Fig. 2 displays the pore size distribution of the nanowires
revealing micropores in the sub-nanometer regime, indicated
by the peak at ~0.8 nm pore width. In addition, we observed
bigger pores with sizes in the range of ~3 nm to ~40 nm. The
rather continuous behavior of the pore size distribution in this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 N, adsorption (black) and desorption (green) isotherms of the
TigO17 Nnanowires synthesized in saturated KOH via electrochemical ero-
sion. The inset shows the pore size distribution with a strong peak around
~0.8 nm.

region arises most likely due to the mesoporous character
of the highly isotropic nano-structure network of the TigO;-
nanowires, contributing to the high BET surface area.

Mater. Adv,, 2024, 5, 2368-2376 | 2371
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Structural TEM characterization of TiyO;; nanowires

A SAED analysis of a broader region containing a large number
of nanowires, as shown in Fig. 1b and c, gives insights into the
lattice structure of the nanowires. An evaluation of lattice
spacings and ring intensities from the SAED pattern and a
comparison of obtained results with crystallographic standards
for Ti (hep) and various TiO, titanates indicated that the
nanowires synthesized by electrochemical erosion have the
structure of a non-stoichiometric TigO,- with triclinic P1 lattice,
a so-called Magnéli phase of TiO,.>” The presence of any other
crystal phases can be excluded based on the SAED analysis. The
same results are confirmed by HR-TEM, and fast Fourier
transformation (FFT) characterization of the nanorod network
imaged with atomic resolution, shown in Fig. 1d and e, where
FFT patterns also reveal d-spacings in good agreement with the
Tiys0,7 lattice planes. In addition, HR-TEM imaging reveals the
presence of crystal lattice plane stacking along the length of
nanowires. This lattice stacking is characteristic of the synthe-
sized nanowires, which is demonstrated in Fig. 1f at a detail of
a nanowire marked by a yellow rectangle in Fig. 1d. The
measured value of ~0.73 nm matches with (002) lattice planes
of the TigO, crystal structure. Interestingly, minor differences
in lattice plane d-spacings were revealed occasionally, for
example, between the (002) planes when measurements of
either SAED or FFT patterns showed a d-spacing of ~0.76 nm,
which is slightly larger than the standard value. It suggests a
presence of strain in the lattice, possibly resulting from the
electrochemical synthesis of the nanowires.

In the following part, we discuss the results obtained by
multiple techniques, including XPS, EDX, high-resolution XRD
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(HR-XRD), PDF, and EELS to confirm the findings made by the
HR-TEM imaging with SAED and FFT characterization.

XPS examination of TiyO;; nanowires

The XPS results, depicted in Fig. 3a and b, display the 2p,,, and
2pss, doublet peaks for titanium (Ti 2p) and oxygen (O 1s),
respectively. From region quantification, we assess the atomic
concentration ratio of potassium, oxygen, and titanium to
correspond to ~1:6:2. This ratio indicates traces of potassium
within the investigated sample, likely a residue component of
the saturated KOH synthesis electrolyte during electrochemical
erosion. Furthermore, the significant oxygen concentration
implies that the nanowires are not composed of elemental
titanium but rather consist of its oxidized form. Further ana-
lysis confirms the presence of various oxidation states of Ti
within the material, primarily including Ti**, Ti**, and a
neglectable amount of non-stoichiometric Ti®". For the Ti*"
and Ti** oxidation states of titanium, we quantified the respec-
tive ratio Ti*": Ti*" to 1:16. From XPS results, we assume that
our fabricated nanowires consist largely of titanium in a Ti**
oxidation state, i.e., a TiO,-like composition, which is close to
the non-stoichiometric TigO;; compound determined by the
TEM characterization.

Elemental composition of Tiy0,; nanowires

In agreement with the XPS results, STEM imaging with a high-
angle annular dark-field detector (STEM-HAADF) complemen-
ted with EDX elemental mapping identified titanium, oxygen,
and potassium, as displayed in Fig. 3c-f. Quantification of the
EDX spectra, summarized in Fig. S4 (ESIt), reveals a Ti: O ratio

(d)

(a) And (b) XPS spectra of the synthesized nanowires with the 2p,,, and 2psz,, doublet peaks for Ti 2p and O 1s, respectively. The peaks indicate the

presence of Ti with different oxidation states. (c) STEM-HAADF image of a nanowire network. (d), (e) and (f) corresponding STEM-EDX elemental maps of

nanowires for Ti-K, O-K, and K-K, respectively.
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of 1:2, supporting the presence of a TiO,-like structure of the
nanowire network, ie., the oxidation state Ti'', as well as a
small amount of potassium of about 3-5 at%. From XPS and
EDX evaluation, we hypothesize the synthesis of ultrathin TiO,-
like nanowires by our simple, facile, and environmentally
friendly methodology without any surfactants or additives,
employing electrochemical erosion.

Diffraction experiments of TisO;, nanowires

To gain more precise information about the structure of the
nanowires, diffraction experiments in HR-XRD and PDF mode
were performed, shown in Fig. 4a and b, respectively. The HR-
XRD pattern can be modeled using a superposition of contribu-
tions from the non-stoichiometric compound TigO;; and two
side phases, namely KTiO,(OH) and metallic (hep) titanium.*'"*
Both side phases have been found to exhibit coherent scattering
lengths comparable with the resolution limit of the diffracto-
meter (~100 nm), while an average crystallite size of 74 A was
determined for TigO,. This suggests a rather large crystal struc-
ture of the two side phases, which does not coincide with the
ultrathin nanowires with a diameter of ~5 nm examined by the
TEM characterization. Therefore, we assume metallic (hcp) tita-
nium and KTiO,(OH) to be side products in the synthesized
sample in low amounts, which could not be entirely avoided,
despite extensive washing procedures after the synthesis. Fig. 4b
displays the pair distribution function G(r) obtained from the
PDF mode for the synthesized nanowires. The damping of G(r) at
increased correlation distances r is primarily caused by the low
momentum transfers Qmaxinst aNd Qmax limits set, making the
correlation length above the effective detection limit. The dashed
vertical lines showcase the maximum peaks, and the small tick-
marks illustrate the interatomic distances in the parent titanium
oxides rutile, anatase, and TiO. From this, it is evident that Ti**
cannot be found in the bulk, and the maximum peaks align
rather well with the tickmarks of the parent anatase form of TiO,.
This confirms the presence of a TiO,-like phase of our nanowires,

(a)
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Fig. 4
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or more accurately, a non-stoichiometric Magnéli phase TisO;
structure according to HR-XRD, FFT, and SAED. Fig. S6 (ESIt)
shows the difference in the crystal structure between rutile,
anatase, and TiyO,;, which serves as the basis for the model
used to describe the TigO,, structure via HR-XRD. In addition, the
small tail observed at ~2.85 A can be identified as Ti-Ti or K-O
distances most likely arising from KTiO,(OH) and metallic (hcp)
titanium phases, in agreement with the conducted HR-XRD
mode. Besides this, a weak correlation at 7 ~ 1.45 A can indicate
weak carbon contamination (C-C bond), which is always present
when working under atmospheric conditions.

Elemental mapping of single TiyO,; nanowires

The results obtained from XRD and PDF average the structural
information over many nanowires due to the large probing
area. Nevertheless, in addition to the STEM-EDX, chemical
analysis within the volume of single nanowires can be per-
formed by using STEM-EELS measurements with higher sensi-
tivity than the previously used EDX technique. Fig. 4a shows a
single nanowire with the respective line-scan position where
the chemical composition profile was measured. Furthermore,
Fig. 5a illustrates elemental maps of potassium, oxygen, and
titanium of the probed nanowire. Quantification of EEL spectra
then provided percent composition (at%) profiles in Fig. 4b of
the three elements across the nanowire shown in Fig. 4a.
Remarkably, the atomic concentration profile indicates that
the core of the nanowire contains ~3-4 at% of potassium,
which is in agreement with STEM-EDX. Following the discus-
sion of the XRD results, the sharp peaks in Fig. 4a correspond
to relatively large KTiO,(OH) crystallites as only a small amount
of potassium was detected via EELS in the core of the nano-
wires within dimensions of a few nm. Therefore, we exclude
KTiO,(OH), found via XRD, as a potential candidate for the
crystal structure of the nanowires and hypothesize the presence
of TiyO,, nanowires. From the line-scan profile in Fig. 5b, we
calculated an averaged Ti:O ratio of 0.63 £ 0.08, which
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(a) Background-subtracted, high-resolution XRD pattern of ultrathin nanowires synthesized in saturated KOH solution via the electrochemical

top-down approach with modeling results. Contributions from different phases are displayed by color, and vertical tickmarks correspond to the
calculated Bragg reflection positions. (b) Pair distribution function G(r) determined from diffraction data in PDF mode. Dashed vertical lines correspond to
the maximum peaks for the TigO;7 nanowires, and small tickmarks illustrate interatomic distances in parent TiO, rutile, anatase, and TiO.
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Fig. 5 STEM-EELS analysis of the chemical composition of single nano-
wires synthesized in saturated KOH. (a) HAADF-STEM image of a probed
single nanowire and corresponding STEM-EELS elemental maps calcu-
lated from intensities of Ti—L, O-K, and K—-L edges. (b) Chemical composi-
tion profile of the elements after quantification to atomic concentrations.
The position of the profile is marked by the orange arrow in (a). The orange
rectangle depicts the used integration width for each profile to denoise the
data output.

approximates the expected Ti:O ratio of TigO;; and thus
confirms the presence of nanowires with TigO,; crystal struc-
ture. Another interesting finding from EELS mapping is that
potassium is present only in the core of the nanowires. It can
indicate the beneficial role of synthesis in saturated KOH. K"
dissolved in the saturated electrolyte could serve as a scaffold or
seed for the growth of the nanowires. However, a more funda-
mental examination of the synthesis procedure needs to be
conducted to prove these assumptions and reveal the origin of
the formation of nanowires via electrochemical erosion.

Conclusions

In this work, we presented a novel top-down approach, called
electrochemical erosion, to synthesize Magnéli phase TigO;
nanowires as a versatile material with promising potential for
future advancements in electronics and energy technologies.
This simple and facile one-pot technique yields ultrathin
nanowires with a diameter of ~5 nm and a large BET surface
area of ~215 m? g ', comparable to state-of-the-art TiO,
nanowires. Comparative measurements, including a range of
analytical TEM techniques in combination with XPS and state-
of-the-art HR-XRD and PDF characterizations, provided deep
insights into the structure, morphology, and composition of
ultrathin, isotropic nanowires with a non-stoichiometric crystal
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structure close to TiO,, namely TiyO;;. These Magnéli phase
nanowires could provide a promising opportunity to boost
catalyst performance in (electro) catalysis as a stable, conduc-
tive, and high-surface area support material, which needs
further investigation for particular applications. Furthermore,
STEM-EELS measurements revealed not only a TiO,-like
chemical composition of single nanowires but also revealed
that the core of nanowires seems to contain a small amount of
potassium. This could stem from the electrolyte used during
the synthesis and could be crucial for the formation of nano-
wires. However, further in-depth investigation is necessary to
determine the role of potassium in the synthesis of TigO;-
nanowires. We want to highlight the great advantage of our
synthesis approach, i.e., we can prevent environmental and
health concerns by avoiding harmful precursor solutions or
surfactants and eliminating complex, multi-step synthesis
routes containing high-temperature profiles compared to con-
ventional synthesis techniques. It is important to note again
that standard health and safety precautions have to be obeyed
when handling nanostructured materials, such as TigO;, nano-
wires, due to their nano-size-related toxicity in order to guar-
antee the fabrication and application of these novel materials.
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