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ABSTRACT In recent years, conversion chemical reactions, which are driven by ion diffusion, emerged as

an important concept for formation of nanoparticles. Here we demonstrate that the slow anion diffusion in

anion exchange reactions can be efficiently used to tune the disorder strength and the related electronic

properties of nanoparticles. This paradigm is applied to high-temperature formation of titanium oxynitride

nanoribbons, Ti(O,N), transformed from hydrogen titanate nanoribbons in an ammonia atmosphere. The

nitrogen content, which determines the chemical disorder through random 0/N occupancy and ion vacancies

in the Ti(O,N) composition, increases with the reaction time. The presence of disorder has paramount effects

on resistivity of Ti(O,N) nanoribbons. Atypically for metals, the resistivity increases with decreasing

Resistance

Temperature

temperature due to the weak localization effects. From this state, superconductivity develops below considerably or completely suppressed critical

temperatures, depending on the disorder strength. Our results thus establish the remarkable versatility of anion exchange for tuning of the electronic

properties of Ti(0,N) nanoribbons and suggest that similar strategies may be applied to a vast number of nanostructures.
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onversion chemistry has emerged

as an important field for the guided

formation of nanoparticles. Frequently,
the chemical conversion in nanoparticles is
driven by the ion diffusion processes, as is
the case with the nanoscale Kirkendall
effect’'® or anion exchange, which is
also often accompanied by the Kirkendall
effect.”’'* The nanoscale Kirkendall ef-
fect typically yields hollow metal nanostruc-
tures, for example, in the transformation of
nanoparticles from solid Co into hollow
CoS,"” the oxidation of nickel nanoparticles,®
or the synthesis of copper oxide nanotubes.’
On the other hand, in anion exchange reac-
tions, the morphology of the nanoparticles
may be less affected, although it requires
long reaction times and high reaction tem-
peratures because anions generally diffuse
slowly.” Both types of reactions stem
from the considerable difference in diffu-
sion rates of ions and ion vacancy migration,
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which balances the directional flow of mat-
ter and creates voids in nanoparticles. As
such, these reactions inevitably introduce
disorder, and one can propose that by
stopping the conversion at different stages,
one would control not only the morphology
but also the disorder strength and the re-
lated structural and electronic properties of
nanoparticles.

Titanium nitride, TiN, is a ceramic with
metallic conductivity and is mostly utilized
as a hard coating material because of its
hardness and chemical stability.'® Interest-
ingly, TiN is also a conventional supercon-
ductor with the critical temperature, T, of
5.6 K when measured in high-quality bulk
samples.'® The critical temperature depends
on the degree of disorder,'” ~2° which canin
thin films trigger the disorder-driven super-
conductor-to-insulator transition.?’** Dif-
ferent degrees of disorder thus provide a
plethora of electronic states, in which the
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structural and electronic flexibility of TiN structures
opens up new possibilities for switching from the
insulating/semiconducting to the metallic/supercon-
ducting state in a systematic and controllable way,
purely by tuning the disorder strength.

Numerous TiO, and titanate phases, which can be
easily prepared in the form of nanoparticles, are pro-
totypical wide-gap semiconductors and may even dis-
play room-temperature ferromagnetism upon doping.>~
TiO, transforms to titanium oxynitride, Ti(O,N), in a dynamic
ammonia atmosphere at temperatures above 600 °C.%
Moreover, the nitridation of potassium titanate nano-
wires in an ammonia atmosphere leads to formation
of Ti(O,N) nanotubes,®® which may imply that the
transformation proceeds via the nanoscale Kirkendall
mechanism. Since hydrogen titanate nanoribbons
(HTiNRs) can be easily prepared in a very pure form
and in macroscopic quantities,?>*° they are the ideal
starting material for the transformation to the Ti(O,N)
nanostructures in an ammonia atmosphere.>° Here
we report that this transformation is indeed based
on anion exchange possibly accompanied by the
Kirkendall effect. By varying the reaction conditions,
such as the reaction time and the ammonia flow, we
can achieve nearly continuous variation of the nitrogen
content, which defines the degree of disorder through
random O/N occupancy and concentration of ion
vacancies in the Ti(O,N) chemical composition—both
serve as an efficient disorder—strength control of the
electronic ground state. The presence of disorder is
reflected in a suppressed density of states and the
weak localization corrections®'3? to the nanoribbon's
resistivity. Whereas superconductivity at reduced T is
still observed in Ti(O,N) nanoribbons with weak dis-
order, a disorder-driven transition to a non-supercon-
ducting poorly conducting state is observed as the
disorder becomes stronger with the decreasing nitri-
dation level. This central finding of our work offers an
intriguing possibility for research of disorder-con-
trolled interplay between antagonistic insulating and
superconducting orders in nanoparticles.

RESULTS AND DISCUSSION

Transformation to Titanium Oxynitride Nanoribbons. Crys-
talline hydrogen titanate nanoribbons?®3° (HTiNRs,
Figure S1) of average thickness, width, and length of
20 nm, 40—250 nm, and 0.5—3 um, respectively, were
used as the precursor material for the synthesis of
titanium oxynitride nanoribbons (Ti(O,N) NRs). The
reaction in NHs(g) flow proceeds in two stages. In the
first stage, thermally unstable HTiNRs at 800 °C com-
pletely transform to TiO; (i.e., H;TisO5(s) — 3TiOy(s) +
H,0(g); Figure S2). During this transformation, the H,O
molecules that leave the structure create mesopores
with diameters in the range of a few nanometers in
the nanoribbon.2%33 In the second stage, that is, the
nitridation stage, TiO, converts to titanium oxynitride,
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Ti(O,N), (x & 1), by substituting oxygen with nitrogen
atoms: TiO,(s) + NH3(g) — Ti(ON),(s) + H,0(g).>*

Since the nitridation process is a nitrogen-diffusion-
controlled reaction,?®3>3¢ the nitrogen content in
Ti(O,N) nanoribbons can be controlled by varying the
reaction parameters. Therefore, we set the same tem-
perature of 800 °C for all nitridation reactions but used
different values of NHs(g) flow while systematically
changing the reaction times (Table S1). We note at
this point that the prepared samples were labeled as
TiON-t/f, where t refers to the reaction time in hours
and f to the value of NH3(g) flow in mL/min. Samples
treated for 4 h or more in 25 mL/min NHs(g) flow show
powder X-ray diffraction (XRD) peaks (Figures 1a
and S2) that are all indexed to the cubic Ti(O,N) struc-
ture (space group Fm3m). No traces of titanate or
titania peaks were noticed in the measured XRD
patterns, confirming the complete transformation to
the titanium oxynitride phase. The minimum required
time for a complete conversion to Ti(O,N) structure
decreased to 3 h if a higher NHz(g) flow of 30 mL/min
was used. The time was even shortened to 40 minin a
control experiment with the highest flow rate of
150 mL/min (Table S1).

With increasing reaction times, a noticeable shift of
diffraction peaks toward lower 26 values is observed
(Figures 1b and S2). The extracted cubic lattice param-
eter systematically increases with the increasing nitri-
dation time and with the NHs(g) flow (Figure 1c and
Table $2) approaching the largest value of a = 4221 A
for the sample treated for 30 h in the NHs(g) flow set to
30 mL/min, TiON-30/30. However, even for this sam-
ple, the lattice parameter is still significantly smaller
than the corresponding value of the cubic TiN (Aldrich),
a = 42374 A. At shorter nitridation times, a becomes
comparable to that of TiO (JCPDS card no. 08-117),
a = 4177 A, being thus consistent with the lower N
content in the structure of the Ti(O,N) nanoribbons.
Strikingly, the samples nitridated for the shortest
times, for example, at reaction times between 4 and
7 h (TiON-4/25, TiON-6/25, and TiON-7/25), have an
even smaller lattice parameter than that for TiO (Table S2).
The early stage incomplete nitrogen substitution at
the oxygen sites of TiO, creates many ion vacancies,*”
which are, with an increasing reaction time, gradually
occupied by the slowly incoming nitrogen species. The
samples nitridated for the shortest times thus show a
considerable degree of disorder associated not only
with the random O/N occupancy but also with the off-
stoichiometry—the samples are indeed best described
as TIONN, with x + y ~ 1.

During the transformation from TiO, (anatase) to
Ti(O,N) phase, the nanoribbon morphology is retained
(Figure S1). However, the average nanoribbon dia-
meter increases with increasing reaction time, as can
be deduced from the statistical analysis of transmis-
sion electron microscopy (TEM) images (Figure S3).
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Figure 1. Evolution of titanium oxynitride structure with the reaction time. (a) Room-temperature powder X-ray diffraction
profile of the TION-30/25 sample, which was treated for 30 h in 25 mL/min NHz(g) flow at 800 °C. The 26 scale is expanded around
the centers of the three main peaks, corresponding to (111), (200), and (220) reflections of the Fm3m structure. (b) Evolution of
the three powder X-ray diffraction peaks, measured as a function of the reaction time ranging from 4 to 30 h. For all samples, the
reaction took place in 25 mL/min NH3(g) flow and at the set temperature of 800 °C. (c) Dependence of cubic lattice constant on
the reaction time for experiments in 25 mL/min (purple dot), 30 mL/min (orange dot), 100 mL/min (tan dot), and 150 mL/min (red
dot) flow of NH3(g). Solid lines are guides for the eye. Dotted horizontal lines mark the lattice constants of TiN and TiO structures.

Figure 2. Morphology evolution of the Ti(O,N) nanoribbons with the reaction time. Scanning electron microscopy images of
the precursor hydrogen titanate nanoribbons (a) and titanium oxynitride nanoribbons derived after calcination at 800 °Cin a
flow of ammonia of 30 mL/min for 4 h (b) and 30 h (c). The nanoribbons with similar diameters of about ~250 nm were

selected for easier comparison.

The well-defined crystal facets of the parent material
(Figure S1c) were also affected during the thermal
treatment as numerous channels protruding nano-
ribbons, with diameters in the range of 20—50 nm,
can be clearly seen (Figure 2). Moreover, their size
increases with longer reaction times for the set of
samples synthesized at the same value of NH3(g) flow
(Figure 2). The presence of ion vacancies found in the
XRD studies indicates that the diffusion rates of oxide
and nitride anions are different. If a smaller oxide anion
has a higher diffusion rate compared to that of a larger
nitride anion and if the exchange of these two species
proceeds through the surface of mesopores, which
emerge at the first stage of the transformation of
hydrogen titanate to TiO, phase,>***® then the ion
vacancies will supersaturate and finally coalesce to
create the larger channels.

By calculating the Fourier transform of patterns in
the marked areas of the high-resolution transmission
electron microscopy images (Figure S4), we find that
the d spacing values (TiON-30/30), which correspond
to the (200) plane of the cubic Ti(O,N), slightly vary
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between 2.10 and 2.12 A. The observed difference
confirms the variation in local O/N composition at
the selected areas. Moreover, the local Ti/O/N variation
in stoichiometry, which was studied by chemical map-
ping of Ti, O, and N over given regions of interest of an
individual nanoribbon (Figure S5), demonstrates that
the relative oxygen concentration increases in the
thinnest regions of the nanoribbon (Figure S5c). Typi-
cally, due to the passivation,?”*® a higher oxygen con-
centration is detected near the surface of the cavities,
disclosing a lower nitridation level compared to that of
the thicker (bulk-like) regions of the nanoribbon, where
titanium and nitrogen atoms prevail (blue and pink
colors in Figure S5e) over oxygen.

In the gas phase, because of NHs(g) thermal de-
composition at 800 °C, N,(g) and H,(g) are also present.
Reactions at the surface, Ti** reduction (Figure S6) and
nitridation, thus probably involve both NH; and H,
species.>® The initial channels in the nanoribbons may
emerge either from the lattice mismatch between the
parent TiO, (anatase) and the emerging Ti(O,N) phase
or due to the ion diffusion processes. After 4 h of
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Figure 3. Dependence of the nitridation level on the reaction conditions. (a) Nitrogen 1s X-ray photoelectron spectroscopy
spectra of titanium oxynitride nanoribons that were treated for 3, 8, and 30 h in 30 mL/min NH;(g) flow at 800 °C. The spectral
deconvolution reveals the presence of the N—Ti—O linkage in regions with incomplete substitutional N doping (solid red lines),
the Ti—N bonds of fully nitridated regions (solid blue lines), and N bonded to O in the oxygen-rich amorphous regions (solid green
lines). (b) Dependence of the N/Ti ratio on the reaction time for two different values of the NH(g) flow, 25 mL/min (purple dot)
and 30 mL/min (orange dot), respectively. We note that the nitridation level also increases with the increasing ammonia flow, as
can be deduced from the control experiments (Table S2). The N/Ti ratio of 1.11(5) was already achieved after 4 h or even after
40 min when higher ammonia flows of 100 mL/min (tan dot) and 150 mL/min (red dot) were used in the reaction. (c) Variation of
the lattice constant with the N/Ti ratio for two different values of the NH;(g) flow, 25 mL/min (purple dot) and 30 mL/min (orange
dot), respectively. Solid purple and orange lines are guides for the eye, whereas the solid green line shows the dependence of the
lattice constant, which would follow Vegard's law. Dotted horizontal lines mark the lattice constants of the TiN and TiO structures.

reaction in NHs(g) flow set to 25 mL/min, a porous TiON-8/30, and TiON-30/30) are compared in Figure 3a.
single Ti(O,N) phase is obtained (Figures 1 and S2 and In all cases, three components were required to fit the
Table S2). For longer reaction times, the nitridation N 1s peak. The low-intensity broad component centered
process is controlled by the diffusion of oxide and at 398.5 eV is recognized as N bonded to O, which is
nitride anions and ion vacancies. The increase in formed by the terminally bound nitrogen released dur-

nanoribbons' porosity in this reaction time window ing the nitridation of the Ti—O sites, most likely in
(Figure 2) is probably due to the diffusion of ion the oxygen-rich amorphous regions near the surface
vacancies and their coalescence. The diffusion- of the nanoribbon cavities (Figure S5).3° Since it is

controlled reaction together with the presence of ion extrinsic to the Ti(O,N) phase, it will not be further dis-
vacancies, the formation of large channels, and the cussed here. The component centered at 396.0 eV is
observed increase in the average diameter of the assigned®*“*® to the N—Ti—O linkage, whereas the com-
nanoribbons during the reaction may be suggestive ponent at 397.0 eV originates from the photoemission
of the anion exchange through the Kirkendall effect.' of N 1s core level electrons in the fully nitridated TiN
Moreover, occasionally, nanoribbons with a hollow structure.”’ The Ti—N peak systematically increases in
structure (Figure S7) are found, which is another char- intensity with increasing reaction time at the expense of
acteristic of the nanoscale Kirkendall effect. We note the N—Ti—O peak. The analysis of the relative Ti—N and
at this point that there are different factors that may N—Ti—O peak intensities (Figure 3a) shows that the N/Ti
prevent the formation of a perfect hollow core in all ratio (Figure 3b) increased from 0.75(5) when the reac-
nanoribbons, such as specific geometry or richness in tion was terminated after 3 h to 1.10(5) after 30 h of
defects.” In order to unambiguously determine the reaction. This finding fully corroborates the smooth
conversion mechanism that applies to the studied sys- increase in the nitridation level with the reaction time
tem, in situ microscopy study of the transformation of and thus accounts for the increase in the lattice param-
TiO, nanoribbons to Ti(O,N) via heating at high tem- eter (Figure 1). Complementary analysis of the O 1s XPS
peratures in an NHs atmosphere has to be conducted. data enables us to extract the oxygen amount (Table S3).
Disorder and Electronic Properties of Titanium Oxynitride However, we stress that these values are severely af-
Nanoribbons. The N 1s X-ray photoelectron spectroscopy ~ fected by the surface passivation.?”=®
(XPS) spectra recorded on three characteristic samples When plotting the lattice parameter versus the nitrida-
prepared at reaction times of 3, 8, and 30 h (TiON-3/30, tion level N/Ti (Figure 3c), we find that all experimental
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Figure 4. Superconducting transition at suppressed critical
temperatures in the Ti(O,N) nanoribbons. (a) Comparison
of temperature dependences of the magnetic suscepti-
bility, x(T), measured for the TiON-4/30 (green dots) and
the TiON-30/30 (blue dots) samples. The data are corrected
for the diamagnetic core contributions of Ti, O, and N. The
weak ferromagnetic-like increase in x(7) and a splitting
between data measured with the zero-field- and field-
cooling protocols are noticed for the TiON-4/30 sample.
Inset: Magnetic hysteresis loop measured at 5 K corrobo-
rates the weak ferromagnetic response for the TiON-4/30
sample. (b) Low-temperature dependence of the super-
conducting TiON-30/30 magnetization measured in differ-
ent magnetic fields up to 30 kOe. Please note the suppres-
sion of the superconducting critical temperature with the
increasing magnetic field and a complete suppression of
superconductivity for the highest field of 30 kOe. (c) Tem-
perature dependence of the critical field, which separates
the low-temperature superconducting phase from the dis-
ordered metallic phase in TION-30/30.

points markedly deviate from Vegard's law. With pro-
longed reaction time, the discrepancy becomes smal-
ler, thus correlating with the decreasing concentration
of ion vacancies. The presence of ion vacancies ac-
counts for the chemical pressure, which reduces the
lattice parameter for a given N/Ti ratio. The difference
between the lattice parameter calculated from
Vegard's law, ay, and the experimental lattice parameter,
A = ay — a, is therefore a direct measure of the disorder
strength associated with ion vacancies.

The presence of ion vacancies and the chemical
disorder shown by the N/Ti ratio must dramatically
affect the electronic properties of nanoribbons, so we
next study the magnetic and transport properties of
the Ti(O,N) nanoribbons. The room-temperature sus-
ceptibilities, y, of the Ti(O,N) samples are in the range
of ¥(300K) =4 x 107> t0 9.5 x 10™° emu/mol (Figures 4a
and S8). The largest x(300 K) is measured for TiON-4/30
(Figure 4a). For this sample, (T) marginally increases with
decreasing temperature down to T & 220 K, but upon
further cooling, ¥(T) is suddenly enhanced before it

saturates again between ~150 and ~40 K at y =
2 x 10~* emu/mol. The low-temperature Curie-like en-
hancement of x(T) detected below ~40 K is attributed
to localized paramagnetic defects, which are presentin
all samples. Fitting x(7) at low temperatures to Curie
law yields the Curie constant C=1.7 x 10~ *emu-K/mol,
which corresponds to the concentration of localized para-
magnetic defects of about ~450 ppm in TiON-4/30.
Moreover, we observe the splitting in x(T) when mea-
suring under the zero-field- and the field-cooled pro-
tocols and the hysteresis loop in the magnetization
measurement at 5 K (inset to Figure 4a). Similar beha-
vior, which is indicative of weak ferromagnetic com-
ponent, is also found in other strongly disordered
Ti(O,N) samples prepared at short reaction times,
showing a small lattice parameter a < 419 A and a
large deviation from Vegard's law A > 0.04 A (Figure 3c
and Tables S1.and S2). We stress that the ferromagnetic
response is completely absent in the diamagnetic
parent titanate material,?® so it was introduced during
the transformation in the NH(g) atmosphere. The weak
ferromagnetism is also not detected in the samples
prepared at longer reaction times and with a > 4.19 A
and A < 0.04 A. However, since the magnitude of the
ferromagnetic response depends on the thermal history
of the sample, it is not yet clear whether its origin is
truly intrinsic to disordered Ti(O,N) phase or whether it
is extrinsic, resulting from surface magnetism asso-
ciated with the oxygen-rich regions near the surface of
the channels (Figure S5).

In the strongly nitridated TiON-30/30 sample, x(7)
is nearly temperature-independent at y = 5.7 x 107>
emu/mol between room temperature and ~25 K,
which is the hallmark of a Pauli spin susceptibility
and of a metallic state of the Ti(O,N) nanoribbons with
alow density of states at the Fermi level of only Np~ 1.7
states/eV per formula unit. For comparison, standard
bulk TiN has a significantly higher Pauli spin suscept-
ibility of ¥ = 1.1 x 10~* emu/mol (Figure S8) and a N¢
value larger roughly for a factor of 2. Below ~25 K, x(T)
of TION-30/30 increases slightly because of the weak
Curie-like contribution (C = 84 x 107> emu-K/mol),
but then it sharply drops below the critical tempera-
ture T. = 3.5(1) K as it becomes diamagnetic and thus
signals the emergence of a superconducting phase
(Figure 4b). We note that the superconducting re-
sponse cannot be simply attributed to the possible
traces of elemental titanium, which has much lower T,
of about 0.5 K, nor to any of the parasitic titania phases,
which are all wide-gap semiconductors. The measured
T. < 3.5 Kvalues are lower compared to those in bulk
TiN (T. ~ 5.6 K)'%"” or even to stoichiometric TiN films,
where it is about 4.5 K.'®~2° With application of a mag-
netic field, the superconducting response is rapidly
suppressed and T, decreases to 2.1 K in the magnetic
field of 15 kOe (Figure 4c), yielding the superconduct-
ing coherence length®® £(2.1 K) ~ 15 nm, which is
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Figure 5. Weak localization effects and superconductivity
of a single Ti(O,N) nanoribbon. (a) Temperature dependence
of the resistance R(T), as measured on a single nanoribbon
selected from the TiON-4/30 (green dots) and TiON-30/30
(blue dots) batches. The thick white line is a fit of TION-30/30
data to R(T) = Ro(1 + AT ) with a power-law exponent of p =
0.35(1) and Ry = 24(1) Q. This model is consistent with weak
localization effects, where the temperature-dependent
phase-breaking length is determined by the dephasing via
weakly inelastic electron—electron collisions in one dimen-
sion. Inset: Resistance was measured on a single nanoribbon
with a 144 nm x 680 nm cross section and a length that
exceeds 3 um. The distance between the two central Pt
electrodes is 1.34 um. Thus, the room-temperature resistance
R(300 K) = 241 Q thus yields a resistivity of p = 1760 Q2 -cm.
(b) Low-temperature resistance measured in different mag-
netic fields between 0 and 9 T, where the rapid drop of R(T)
due to the onset of superconductivity systematically shifts to
lower temperatures. For fields B> 1.5 T, the superconducting
transition escapes out of our experimentally accessible tem-
perature range.

comparable to a typical cross section of nanoribbons.
In the fields of 30 kOe or higher, T, is so low that no
superconducting response is observed within the ex-
perimentally accessible temperature range (T = 1.9 K).
The rapid suppression of the superconducting T, with
the magnetic field and the very small difference be-
tween the zero-field-cooled and field-cooled measure-
ments below T, suggest that TION-30/30 is a type |
superconductor, in agreement with the literature data
on bulk analogues.'®

The suppression of superconductivity in the Ti(O,N)
samples is correlated with the degree of disorder. One
immediate observation is that the superconductivity is
completely suppressed in the disordered samples with
A > 0.04 A. Since susceptibility measurements reveal
very low density of states as well as a presence of
localized moments, we next studied how this is man-
ifested in the transport properties. An example of an
isolated nanoribbon of the superconducting TION-30/30
sample together with four deposited Pt measuring
contacts is shown in the inset of Figure 5a. The room-
temperature nanoribbon resistivity of p = 1760 42 -cm
is significantly higher than the typical resistivity of
TiN films (o ~ 100 #2-cm®). For a nanoribbon from
a non-superconducting TiON-4/30 batch, the room-
temperature resistivity is even higher, p =9670 u€2-cm
(Figure 5a). Strikingly, unlike in simple metals, the
resistance of the superconducting TiON-30/30 nanor-
ibbon first increases with decreasing temperature
(Figure 5a). The moderate increase in resistance cannot
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be accounted for by the Arrhenius behavior R(T) o<
exp(To/T), characteristic of a hopping type of conduc-
tivity. Instead, an excellent fit of R(T) is obtained by
considering the weak localization corrections of the
resistance Ro with R(T) = Ro(1 + (pe€®/27hS)L,,). Here L,
is the temperature-dependent phase-breaking length,
Sis the nanoribbon cross section, and p is the impurity
scattering limited value of the resistivity.>'*? Uncon-
strained fit of the TiON-30/30 data between 300 and
50 K yields L, o< TP with a power-law exponent
p = 0.35(1), which matches the expected p = 1/3 for
dephasing via weakly inelastic electron—electron colli-
sions in one dimension.***> We notice that L,, saturates
at low temperatures, a feature common for most one-
dimensional nanostructures.3>*® Therefore, both the
magnitude and the temperature dependence of R(T)
clearly speak for the pronounced effects of disorder
leading to weak localization effects even in the nomin-
ally superconducting samples.

A sharp drop in resistance due to the superconduct-
ing transition is observed below the critical tempera-
ture T. = 2.8 K (Figure 5b) for TION-30/30. On the other
hand, the transition is completely absent until 1.5 K for
the non-superconducting TiON-4/30 nanoribbon, where
R(T) continues to increase with decreasing temperature
(Figure 5a). The superconducting transition temperature
for the TiON-30/30 nanoribbon is rapidly suppressed in
the magnetic field, thus mimicking the behavior ob-
served in the magnetization measurements and affirm-
ing the superconducting origin of the resistivity drop. We
note at this point that the critical temperature of the
measured nanoribbon is slightly lower compared to the
superconducting onset temperature of 3.5 K, deduced
from the magnetization measurements. The variation of
T. among different nanoribbons from the same batch
(Figure S9) could explain the width of the superconduct-
ing transition observed in magnetization measurements
(Figure 4). However, it cannot explain why the resistance
of a single nanoribbon does not drop to zero, as expected
for a conventional superconductor. A nonvanishing
low-temperature resistance in very thin nanoribbons®’
or in certain granular metal thin films*® was asso-
ciated with thermal and quantum fluctuations of
the order parameter. Alternatively, the residual low-
temperature resistance can be also due to the con-
version of the current conducted by normal elec-
trons in the metallic lead to a current of Cooper pairs
in the superconductor via Andreev reflection.** ' A
more detailed discussion of these possibilities will be
published elsewhere.

CONCLUSIONS

The comprehensive experimental results allow us to
propose a phase diagram for the Ti(O,N) nanoribbon
samples (Figure 6), where we use the lattice parameter
as an empirical control parameter of the electronic
ground state. We stress that the lattice parameter is
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Figure 6. Effect of disorder on the electronic properties of
the Ti(O,N) nanoribbons. Electronic phase diagram of oxyni-
tride nanoribbons (bottom panel) showing the evolution of
superconducting critical temperatures, T, (purple dots), as a
function of the lattice parameter. No superconductivity has
been observed for the samples with a < 4.19 A. With
increasing lattice constant, the N/Ti ratio deduced from the
XPS data systematically increases (middle panel). However,
the N/Ti ratio is also NH5(g) flow-dependent (compare purple
and orange dots, which represent the experiments with
ammonia flows of 25 and 30 mL/min, respectively), as the
NHs(g) flow additionally affects the concentration of ion
vacancies at different stages of transformation. The deviation
of the experimental lattice constant from the values calcu-
lated from Vegard's law, A, is a direct measure of the disorder
strength related to the concentration of ion vacancies (top
panel). The superconducting samples are those where the
disorder is sufficiently weak, i.e., in samples with A < 0.04 A.

implicitly dependent on two key structural parameters,
both controlled by the anion and the ion vacancy
diffusion: the level of nitridation and the concentration
of ion vacancies. The XPS study proves that the nitrida-
tion level monotonically increases with the increasing
reaction time and ammonia flow as nitrogen gradually
substitutes oxygen in the Ti(O,N) structure. As a result,
the lattice expands (Figure 6, middle panel). However,
the variation of the N/Ti ratio is still very limited in
range—for most samples, it ranges between ~0.9 and
1.1. Therefore, the level of nitridation alone cannot
explain the enormous span of lattice parameters,
which are in some cases even smaller than those for

METHODS

Sample Preparation. The Ti(O,N) nanoribbon samples were
prepared by calcination of 225 mg of hydrogen titanate nano-
ribbons (HTiNRs) in a mixture of NHs(g)/Ar(g) flow at 800 °C for
different reaction times. The flow ratio of NHz(g)/Ar(g) was set to
either to 25/15 mL min~" or to 30/10 mL min~". Additionally,
two samples were prepared at higher values of NHs(g) flow,
100 and 150 mL/min. The samples' labels and exact reaction
conditions are summarized in Table S1. The first number in the
samples' labels, for example, in TiION-4/30, indicates the reac-
tion time (4 h), while the last number refers to the value of the
ammonia flow (30 mL/min). In addition, TiO, nanoribbons were

SLUBAN ET AL.

the TiO standard. The other key parameter is the
presence of ion vacancies. Because of the small nitride
anion diffusion rate, samples prepared at short reac-
tion times contain a large concentration of ion vacan-
cies. With extended reaction time, these ion vacancies
either diffuse to the surface or are slowly occupied by
incoming nitrogen species. As a result, the concentra-
tion of ion vacancies decreases and the lattice param-
eter approaches Vegard's law values close to the
optimal TiN composition. It is thus not surprising that
A rapidly decreases as a function of a (Figure 6, top
panel). The final question that remains is, which of the
two parameters controls the superconductivity and
which develops from the highly disordered metallic
state. The answer is found by comparing the samples
prepared in different ammonia flows, which show a
nominally nearly identical N/Ti ratio but still have
remarkably different lattice constants, for example,
the TiON-10/25 and TiON-8/30 samples with a = 4.181
and 4.207 A (Table S2). These samples differ only in the
concentration of ion vacancies and exhibit drastically
different A of 0.058 and 0.032 A, respectively. Yet, the
former sample shows no superconductivity, whereas
the latter is a superconductor with T. = 2.5 K. We thus
conclude that the suppression of superconductivity in
the Ti(O,N) nanoribbons is mainly caused by the injec-
tion of ion vacancies during the chemical conversion to
the oxynitride structure. We note that these findings
are directly relevant for the observed disorder-driven
direct superconductor-to-insulator transition in two-
dimensional TiN thin films®"2 since ion vacancies are
defining the disorder strength and driving this highly
intriguing transition.

The present study demonstrates that anion ex-
change can be a very efficient tool for controlling the
chemical composition and the disorder strength of
nanomaterials. Here we manipulated Ti(O,N) nanorib-
bons to switch them from a highly disordered metallic
state to a superconducting state. However, such an
approach to control the electronic state of nanoparti-
cles may be much more versatile and could be applied
to a number of semiconducting and metallic nano-
structures where ion and ion vacancy diffusion drive
the chemical conversion process.!

also synthesized from HTiNRs (m = 225 mg) by calcination in
NH;(g)/Ar(g) flow as follows. When the calcination temperature
reached the highest temperature of 800 °C, the sample was
immediately cooled back to the room temperature in Ar(g)
flow set to 10 mL min~". The reference TiN bulk powder was
purchased from Sigma-Aldrich.

Measurements. The structural analysis was performed on a
cut surface by X-ray powder diffraction using Cu Ka radiation
(A =1.5406 A) and a Sol-X energy-dispersive detector (Endeavor
D4, Bruker AXS, Karlsruhe, Germany). The angular range 26
was set from 5 to 60° with a step size of 0.02° and a collection
time of 3 s.
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The morphology of the parent HTiNRs and prepared Ti(O,N)
nanoribbons was investigated with field emission scanning
(FE-SEM, Jeol, 7600F) and transmission (TEM, Jeol 2100) electron

and Lattice Contraction in Nanocatalysts: A New Strategy
to Enhance Sustainable Activity. J. Am. Chem. Soc. 2011,
133,13551-13557.
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