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TiO2 nanotubes (TiNTs) and surface active maghemite
nanoparticles (SAMNs).

After its thermal treatment at 800 °C, a novel KFTO
hollandite was obtained and thoroughly characterized by
Fourier-transform infrared spectroscopy (FTIR), �-Raman
spectroscopy (MRS), atomic force microscopy (AFM),
transmission electron microscopy (TEM), scanning trans-
mission electron microscopy (STEM), dynamic light scattering
(DLS), and X-ray powder diffraction (XRPD), showing a
hollow cylindrical morphology, submicron size, and out-
standing colloidal stability in water.

The synthesis presented in this work could expand the range
of hollandite technological opportunities. In fact, besides the
general properties that convey interest in these materials,
synthetic hollow nano- and micromaterials represent elective
platforms to develop nanoreactors. The latter have an
enormous potential for a wide range of applications, from
environment remediation to energy storage,33 mimicking the
way nature fabricates functional compartments to perform
complex biological processes. For example, compartmentaliza-
tion for nanoreactor applications can be obtained by confining
active chemical species into well-defined volumes through
“postdecoration approaches” which consist in the internal-
ization of a variety of metal particles (e.g., noble metal
particles) in the preformed cavity while controlling their
combination, number, and population density.34 Among such
approaches, the “ship-in-a-bottle” process is the most
representative, and it involves the growth of the incorporated
precursors into larger nanocrystals through reduction or
assembly reactions, so that the active material is captured

inside the cavity.35 The combination of colloidal stability and
nanosized volumes makes the holey submicron rods, proposed
in this work, good candidates for the fabrication of nano-
reactors through the “ship-in-a-bottle” strategy. In fact, while
their stability in water enables them to carry out reactions in an
aqueous milieu, the submicrometer size allows their separation
by centrifugation from nanosized colloidal particle excess. The
present results are expected to stimulate the use of nanoma-
terial hybrids as a precursor for novel materials with emerging
properties.

On this rationale, electrostatically stabilized hybrids were
developed by a self-assembly reaction, simply mixing colloidal
suspensions of TiNTs and SAMNs, as described in the
Materials and Methods section (see Supporting Information).
Figure 1A−C illustrates the morphology of the TiNTs and
SAMNs. TiNTs suspension’s zeta potential (�) was −37.9 ±
0.4 mV (conductivity = −0.053 mS cm−1 in water at 25 °C),
while SAMNs displayed a positive � above +30 mV, as
extensively reported elsewhere.36 The TiNTs anisotropic
hydrodynamic size is reported in Figure S1A.

The electrostatic interaction between TiNTs and maghemite
nanoparticles is expected to be pivotal to the development of
the KFTO hollandite and, for this reason, potassium was
assumed to have the double role of hybrid formation-
promoting agent as well as an elemental component of the
new synthetic material.

Optimal synthetic conditions were investigated by screening
KCl concentrations in the range between 1 and 50 mM and
varying the TiO2/Fe2O3 mass ratio (w/w) from 4 to 0.2. The
binding efficiency as a function of SAMN and KCl

Figure 1. Self-assembly wet reaction between TiNTs and SAMNs. (A, B) TEM bright field (BF) and AFM images of parent TiNTs. (C) Higher
magnification TEM-BF image showing TiNT multiwalled structure, inset: HR-TEM image of isolated SAMNs. (D) Percentage of magnetically
captured TiNTs as a function of magnetic nanoparticle concentration and 10 mM (red line), 20 mM (blue line), or 50 mM (yellow line) KCl.
Error bars represent standard deviations; measurements were performed in triplicate. (E) TEM-BF image of TiNTs-SAMNs hybrids obtained
through the self-assembly reaction in the presence of an excess of maghemite and (F) TEM-BF image of TiNTs-SAMNs hybrids obtained from the
incubation of 100 mg L−1 of TiNTs and 25 mg L−1 of SAMNs.
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concentrations after incubation and magnetic separation is
shown in Figure 1D. Stability tests were conducted by
repeatedly incubating the magnetically separated materials
with fresh KCl solutions, where bound TiNTs were estimated
as the difference between the initial and unbound nanotube
concentrations by UV−vis absorption measurements, consid-
ering both the incubation and washing of supernatants (for
detailed procedure descriptions and accompanying experimen-
tal results, see Materials and Methods).

At KCl concentrations below 10 mM, binding was
completely reversible and the nanoconjugate separated into
its parent components (Table S1), corroborating the assumed
electrostatic nature of the interaction. Conversely, the loss of
bound nanotubes was minimal when the ionic strength
exceeded 10 mM KCl. The binding efficiency, expressed as
the fraction of bound nanotubes, increased with nanoparticle
concentration, following an exponential trend and reaching a
plateau at approximately 25 mg L−1 of SAMNs (Figure 1D).
The percentage of binding during the hybridization process is
reported in Table S1. However, as the nanoparticle
concentration was further increased, the occurrence of
SAMN aggregation phenomena became progressively more
relevant (Figure 1E). Thus, 25 mg L−1 of SAMNs is an ideal

threshold at which colloidal coagulation is still hampered in
favor of a more homogeneous distribution of single iron oxide
nanoparticles onto the TiNT surface. Figure 1F shows a TEM-
BF image of iron oxide nanoparticles nicely decorating the
titanium oxide nanotube surface after incubation in 50 mM
KCl.

After the binding process, samples were cured at 600 or 800
°C and subjected to XRPD analysis (Table S2, Figure S2).
XRPD data of the different samples were analyzed to estimate
the quantity of each phase. Samples were washed with
ultrapure water to remove salts, including halite and sylvite,
and then they underwent Rietveld refinement to obtain
quantitative fractions of the different mineralogical species
and to define crystal parameters.37

KFTO hollandite formation took place exclusively when (i)
precursor incubation occurred at 50 mM KCl or higher and
(ii) hybrids were cured at 800 °C. Scant traces of titanium-
based minerals were generated in the crystalline form of
freudenbergite (5%) and anatase (18%), along with a large
amount of hematite (64%), sylvite (4%), unreacted maghemite
(7%), and titanate nanotubes (2%) when precursors were
incubated at 600 °C and 10 mM KCl (Figure S2A, Table S2).
Figure S2B reports XRPD data showing that 50 mM KCl

Figure 2. Synthesis optimization and chemical-physical characterization of the as-obtained high-purity product. (A) Fraction of KFTO hollandite
versus hematite phase composition as a function of TiNTs/SAMNs ratio of the former electrostatically stabilized hybrid. Error bars represent
standard deviations; measurements were performed in triplicate. (B) XRPD diffractogram of the sample characterized by 25 mg L−1 of SAMNs and
50 mM KCl after curing at 800 °C. HO refers to KFTO hollandite, HE to hematite, HA to halite, and SY to sylvite. (C−E) Three views of the unit
cell of the synthetic KFTO hollandite, which were drawn by using Vesta software; (C) a axis vertical; (D) b axis vertical; (E) c axis vertical. Dots
represent atoms: oxygen is red, titanium is light blue, iron is light brown, potassium is purple, and vacancies are white. (F, G) FTIR and Raman
spectra, respectively, of the synthetic KFTO hollandite.
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precursor incubation and 600 °C curing led to a large amount
of sylvite (80%). When the thermal treatment was carried out
at 10 mM KCl and 800 °C curing, the scenario was still
characterized by a rather heterogeneous composition that
included hematite (83%), anatase (11%), rutile (2%),
freudenbergite (2%), and pseudobrookite (2%), Figure S2C.
In contrast, when the process was performed at KCl
concentrations equal to 50 mM, or higher, and 800 °C curing,
KFTO hollandite formation occurred (Figure S2D and E).
Along with the desired product, hematite and sylvite were
present as two main byproducts. It can be assumed that the
excess of SAMNs or KCl resulted in the increased percentage
of these contaminants, at the expense of the KFTO hollandite
purity.

KCl concentration increment to 250 mM offered no
advantages in terms of KFTO hollandite phase enrichment,
while it resulted in a drastic increase of the salt byproduct
(Figure S2E). Thus, 50 mM KCl was identified as the optimal
concentration. The minor components sylvite and halite were
easily and completely removed by postsynthetic washing with
ultrapure water. Hematite contribution was almost completely
zeroed by using 25 mg L−1 SAMNs in the initial hybridization
step (Figure S2F, Table S2). Figure 2A shows the trends of
hematite and KFTO hollandite relative abundances as a
function of the increasing TiNTs/SAMNs mass ratio. While
hematite decreased, following an exponential decay, KFTO
hollandite exhibited the opposite behavior and was well-fitted
by an exponential growth with 100% yield at 25 mg L−1 of
SAMNs. The XRPD pattern (Figure 2B) of the KFTO
hollandite phase obtained using 50 mM KCl and the 4:1
TiNTs/SAMNs mass ratio was refined through Rietveld

analysis, matching published peak positions and relative
intensities.14

The results of the Rietveld refinements are presented in
Table S3. The lattice parameters, the atomic positions, and
occupancies were found to be consistent with values reported
in JCPDS 98-019-2751,14 K1.55(Ti6.5Fe0.1.5)O16, tetragonal
crystal system I4/m; a = b = 1.01503(1) nm, c = 0.29717(1)
nm (Table S3), while three views of a unit cell graphical
representation of the synthetic KFTO hollandite are reported
in Figure 2C, D, and E. FTIR and Raman spectra were
collected to investigate the Fe−Ti−O bonds in the KFTO
hollandite. FTIR peaks (Figure 2F) in the region 400−800
cm−1 were ascribed to (Fe/Ti)O6

8− octahedral modes and Ti−
O−Ti vibrations.22,38 In particular, the signal at 780 cm−1 was
attributed to the stretching vibration of (Fe−Ti)O6

8−

octahedra,38 while peaks at 437 and 525 cm−1 were related
to (Ti−O−Ti) bonds.22 Raman spectral analyses of KTFO
hollandite (Figure 2G) displayed two sharp peaks centered at
127 and 349 cm−1 and four broad features at ∼273, ∼491,
∼603, and ∼688 cm−1 Raman shift. The peak at 127 cm−1 was
attributed to the symmetric stretching of (Fe−Ti)O6
octahedra,39 while the other above-mentioned features are
the result of (Fe−Ti)O6 octahedra bending modes.40

As a control, the synthetic product obtained by skipping the
preliminary self-assembly reaction in 50 mM KCl and the 4:1
TiNTs/SAMNs mass ratio was analyzed by XRPD after curing
at 800 °C, resulting in KFTO hollandite. In the absence of the
initial electrostatic driven hybridization, the cured material,
when simply vortexed in an aqueous solution, showed the
emergence of a macroscopic particulate. This coarse
component was resistant to a prolonged ultrasound treatment

Figure 3. Morphological characterization of the synthetic products with the presynthetic hybridization step. (A and B) Atomic force micrographs
showing a representative 2D and 3D image of a single tubular item of KFTO hollandite. (C and D) TEM-BF images of KFTO hollandite tubes,
where the presence of cylindrical cavities in the nanosized range can be appreciated (indicated with yellow arrows). (E) TEM-BF image showing a
single well-defined rod-like KFTO hollandite crystal with a sharp cylindrical cavity. (F) Schematic representation of a nanoreactor development
using the preformed KFTO hollandite cavity.
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and, therefore, not analyzable by AFM or DLS. However, the
zeta potential of the material present in the as-obtained
supernatant was measured and it resulted to be −20 ± 6 mV
(conductivity was 0.065 mS cm−1), characterizing this minor
water dispersed fraction as a moderately stable suspension
(−30 < � < −20).41 The correlation curve obtained by DLS
analysis of the material, without the presynthetic hybridization,
showed a very high polydispersity and an increase in the mean
hydrodynamic size, as indicated by the high noise over 104 �s
(Figure S3, blue line). In Figure S4A, the overall aggregated
nature of the material can be clearly appreciated by TEM
micrographs, showing extended bundled masses in vast regions
of the sample. These apparently anisotropic items are hardly
distinguishable due to their entanglement and overall
morphological disorder (Figure S4B and C). The situation is
further exacerbated by the presence of a matrix, apparently

merging the undefined objects together (Figure S4D).
Irregular columnar shapes were identified only in some
isolated areas at the edge of the large aggregates (Figure S4E
and F), possessing average length and diameter equal to 2.3 ±
0.2 �m and 490 ± 50 nm, respectively (Figure S5A and B).

Conversely, the cured self-assembled SAMN-TiNT com-
plexes resulted in a stable suspension, showing no sign of
precipitation for at least six months. Furthermore, the synthetic
product was observed using AFM (Figure 3A and B), showing
a well-defined cylindrical shape. Indeed, the thickness of the
anisotropic material is comparable to its width, suggesting that
the item possesses a circular cross section and therefore an
overall tubular geometry. DLS analysis further substantiated
the differences between the two materials. The mean
hydrodynamic size of the product obtained from the
nanohybrids was 823 ± 2 nm. This is the result of the median

Figure 4. STEM-BF and EDS maps of KFTO hollandite crystals obtained by curing at 800 °C; hybrids self-assembled using 50 mM KCl, 100 mg
L−1 of TiNTs, and 25 mg L−1 of SAMNs. (A) STEM image of KFTO hollandite tubes with the EDS-related spectrum shown in (B). (C) Elemental
distributions (K+Ti+Fe+O) as individual maps (D) to (F) show composite EDS maps of different areas; the presence of the aforementioned
cavities in the nanosized range can be appreciated as well (indicated with yellow arrows). K, Fe, and Ti are reported in green, red, and blue,
respectively.
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between the length and the diameter of the anisotropic shape
of the material as analyzed by AFM, which is therefore
compatible with the presence of individual rods in suspension.
Most importantly, colloidal stability was corroborated by a
large negative zeta potential (�) equal to −40 ± 2 mV, with its
conductivity being 60 mS cm−1, representing an unprece-
dented feature for a hollandite material, likely a heritage of the
parent TiNTs. TEM analysis further confirmed the formation
of a sub-micrometric material with good monodispersity and a
well-defined, partially hollow cylindrical shape (Figure 3C and
D). Average length and diameter measurements were 3.3 ± 0.4
�m and 520 ± 50 nm, respectively (Figure S5C and D).
Noteworthy, these sharp cylindrical cavities were clearly
recognizable in many analyzed items, nicely recalling a
round-bottom laboratory tube (Figure 3E). Thus, the initial
self-assembly reaction is a mandatory prerequisite to obtain
such a peculiar material, endowed with an unprecedented size,
morphological feature, and exceptional colloidal stability. In
particular, the presence of cavities is expected to hold value in
the context of the ever-developing field of hollow and core−
shell nanomaterials42 and nanoreactors,43,44 where nano-
confined spaces are used to obtain products with specific
dimensions,45 discover new materials,46 build nanosensors,47

or obtain highly efficient or highly selective reactivities.48−52

Figure 3F shows a scheme of the hollandite cavity as a
nanoreactor through the confinement of active nanomaterials.

An EDS-equipped STEM was used to analyze qualitatively
the KFTO hollandite composition, and a representative object
is reported in Figure 4A, while its corresponding EDS

spectrum is shown in Figure 4B. Color-coded element
representations of the same object shown in Figure 4A are
reported in Figure 4C, demonstrating a homogeneous
distribution of K, Fe, and Ti. In particular, the following
KFTO average atomic composition fractions were calculated
from the areas in Figure 4D, E, and F: K 6.6 ± 0.7%, Fe 5.5 ±
0.9%, Ti 26 ± 2%, and O 62 ± 2% (Table S4). Additional
signals were collected from different sites of the sample,
showing good agreement with expected hollandite supergroup
chemistry.28 This further confirms the stoichiometry assessed
by the XRPD analysis and, therefore, the proposed tetragonal
symmetry, as previously described.23 In Figure 4D, E, and F, it
is also possible to appreciate the rod cavities in different
analysed items, as indicated by the yellow arrows.

Figure 5 shows representative TEM bright images and
diffractograms of the KFTO hollandite synthesized with an
excess of maghemite, where it is possible to discriminate
between KFTO hollandite and hematite crystals. Indeed, the
sample is characterized by two morphologically distinct
components, the aforementioned tubular KFTO hollandite
structures and globular hematite nanoparticles (Figure 5A and
B). The bottom section of the rod and its lattice fringes are
visible in higher magnification HR-TEM images (Figure 5C
and D, respectively). Figure 5E and F show the resulting
diffractograms from the HR-TEM image, very close to a zone
axis (for the zone axis determination method, see Supporting
Information, Figures S2 and S6 and accompanying descrip-
tion). The d-spacing values reported in Figure 5F of 5.03 Å,
2.84 Å, 2.53 Å, 2.22 Å, 1.68 Å, and 1.44 Å are consistent with

Figure 5. Maghemite nanoparticles excess influence on hollandite synthesis. In (A), the TEM-BF image of a KFTO hollandite tube surrounded by
nanoparticles of hematite is shown; in (B, C), the same rod is shown at higher magnification. (D) shows a HR-TEM image of KFTO hollandite
lattice fringes. In (E, F), diffractograms extracted from the HR-TEM image (C), with (F) including the d-spacing attributed to KFTO hollandite. In
(G), (H), and (I), hematite nanoparticles in TEM-BF images at different magnifications.
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the presence of a hollandite structure sensu.28 Hematite
globular nanoparticles appear to be attached to the rod surface
in a fashion similar to the native SAMNs-TiNTs complex, to
some extent (Figure 5G, H, and I). This secondary nanosized
material, displaying a diameter of approximately 50 nm, is
attributed to the hematite as a contribution recorded by XRPD
analysis (vide supra).

In Figure S7, EDS maps of potassium, titanium, and iron are
consistent with hematite as the byproduct. In particular,
hematite is distinct from the titanium-based oxide in terms of
its higher Fe content.

Alternatively, hematite was present in the form of larger
nanoparticle aggregates adhering to KFTO hollandite rods,
with the latter acting as nucleation sites for globular
nanoparticles (Figure S7). EDS results showed the presence
of K, Ti, Fe, and O as elemental components of the tubes,
clearly ascribable to KFTO hollandite, whereas the chemical
composition of the nanoparticle aggregates essentially consists
of Fe and O, in a ca. 2:3 elemental ratio, attributed to the
Fe2O3 counterpart (Table S5). Cu and C signals in the EDS
spectrum come from the grid used to support the sample and
the TEM holder. The tendency of hematite to nucleate on the
surface of the KFTO hollandite rods is unavoidable. In any
case, hematite only mildly affected the purity of the optimized
synthetic product.

Concluding, a synthetic strategy was developed for the
production of a hollandite material. The protocol consisted of
a simple hydrothermal treatment of electrostatically stabilized
binary hybrids comprising TiNTs and SAMNs. Optimized
conditions involved a preliminary 2 h incubation step with 100
mg L−1 of TiNTs, 25 mg L−1 of SAMNs, and 50 mM KCl,
followed by curing at 800 °C. A new single-crystalline KFTO
hollandite was obtained, characterized by a sub-micrometer
tube-like shape and the presence of nanosized cavities in both
ends of their anisotropic structure. Such objects showed a large
negative zeta potential (i.e., −40 mV) leading to stable
colloidal suspensions. When compared to similar hydro-
thermally generated materials, the evolution into hollandite
took place at a substantially lower temperature. The present
study paves the way to a new generation of synthetic materials,
exploiting nanomaterial hybrids as reagents.
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