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Mnemonic Rutile–Rutile Interfaces Triggering Spontaneous
Dissociation of Water
Vesna Ribíc,* Vanja Jordan, Sandra Drev, Janez Kovač, Goran Dražíc,
and Aleksander Rečnik*

Water interaction with mineral surfaces is a complex living system decisive for
any photocatalytic process. Resolving the atomistic structure of mineral–water
interfaces is thus crucial for understanding these processes. Fibrous rutile
TiO2, grown hydrothermally on twinned rutile seeds under acidic conditions,
is studied in terms of interface translation, atomic structure, and surface
chemistry in the presence of water, by means of advanced microscopy and spec-
troscopy methods combined with structure modeling and density functional
theory calculations. It is shown that fibers while staying in stable separation
during their growth, adopt a special crystallographic registry that is controlled
by repulsion forces between fully hydroxylated and protonated (110) surfaces.
During relaxation, a turbulent proton transfer and cracking of O─H bonds is ob-
served, generating a strong acidic character via proton jump from bridge ─OHb

to terminal ─OHt groups, and spontaneous dissociation of interfacial water
via a transient protonation of the ─OHt groups. It is shown, that this specific
interface structure can be implemented to induce acidic response in an initially
neutral medium when re-immersed. This is thought to be the first demonstra-
tion of quantum-confined mineral–water interface, capable of memorizing its
past and conveying its structurally encoded properties into a new environment.
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1. Introduction

Tailoring nanoparticle connectivity presents
an emerging path to design optimized
materials with diverse properties and
functionalities.[1] Controlling the interface
structure in order to produce highly inter-
connected, branched materials with large
surface areas that provide high efficiency
with short electron and mass transport
pathways is therefore one of the key is-
sues in advanced self-sustainable energy
applications.[2–5] This involves understand-
ing the growth mechanisms and related
driving forces that shape nanoparticle
architectures.

Among many functional materials, ru-
tile TiO2 presents an excellent combination
of electronic and optical properties, ther-
modynamic and chemical stability, adapt-
able morphology, and surface properties
that make it applicable in various ap-
plications including photocatalysis, water
splitting, sensors, varistors, and electrodes

for lithium-ion batteries.[2,4,6–8] It has been shown that diverse
morphologies of rutile TiO2 can be produced by lateral attach-
ment and twinning through the process of self-assembly,[9] which
adds to its capacity to form highly interconnected architectures
with large specific surface areas.[10] Further, it has been observed
that when grown under strongly acidic conditions on structurally
related substrates, rutile exhibits a very unusual fibrous morphol-
ogy, where all fibers are oriented in the same direction while
residing in a stable separation from each other.[11] Similar fi-
brous rutile is observed when other minerals, such as hematite
or anatase, are topotaxially replaced by rutile. Besides their large
specific surface area, this class of 1D TiO2 materials was shown
to exhibit enhanced light scattering, fast transport properties,
and increased photonic efficiency.[6] Because of the large aspect
ratios,[9–24] interconnected fibrous TiO2 nanostructures are par-
ticularly efficient at producing quantum particles along confined
lateral directions with high surface areas, while the longer axis
acts as an easy pathway for their conduction.[2] To explain these
unique properties, the atomistic structure of fiber interfaces and
their formation mechanism remain the key issues to solve.

So far, the formation of unusual fibrous rutile nanostructures
was attributed to dissolve-and-growth,[17] layer-by-layer,[18] or ori-
ented attachment,[19,25] as well as to the presence of ions, that are
believed to inhibit lateral growth of rutile through selective ad-
sorption on {110} rutile surfaces, which is promoting the growth
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of fibers along the c-axis.[11,18,19,21–23] Among these, Cl− and OH−

ions are the most commonly referred to. The presence of chlorine
was first suspected due to the fact that fibrous rutile commonly
grows from Cl− rich acidic solutions.[11] However, later studies
showed that chlorine is not present in the fiber interfaces.[18] Jor-
dan et al. (2016)[10] argued that Cl− ion has a role in the deprotona-
tion of hydroxylated rutile surfaces, reducing the excess positive
charge that is building up by the condensation of Ti-hydroxo-aquo
complexes during the formation of the rutile structure and does
not bond directly onto the {110} surfaces of rutile. On the other
hand, Wisnet et al. (2014)[18] suggested that the surface hydroxyls
from the growth process are responsible for the stabilization of
internal surfaces that prevent the fibers to merge. Surface hydrox-
ylation was shown to be stable up to 250 °C. Above this tempera-
ture, the fibers start to fuse into a compact rutile crystal, whereas
the interfaces contract into voids.[19,24]

As water is the essential constituent part of photocatalytic
reactions, the TiO2/water system received much attention in
theoretical and experimental investigations.[26] Such solid/liquid
interfaces are difficult to access and are therefore almost
unexplored.[27] In most cases, annealed rutile is studied under
ultrahigh vacuum (UHV) conditions, where (110) surfaces with
subcoordinated terminal Ti5c sites, and O-terminated bridge Ti6c
sites, are considered as a starting surface condition.[23,26,28–44]

However, when grown in hydrothermal conditions, rutile sur-
faces are highly hydroxylated and many so-called “clean” sur-
faces are more or less fully covered by hydrogen atoms from
the hydroxyls that stabilize the rutile surfaces.[45] Depending
on processing conditions rutile surfaces show different degrees
of hydroxylation[26,29,31,32,37–39,41–46] and an acidic character.[30,34,39]

Using surface-sensitive synchrotron radiation photoemission
spectroscopy, Walle et al. (2009)[37] demonstrated that when im-
mersed in aqueous medium, (110) surface of rutile shows a sig-
nificant fraction of dissociated water species. These were further
shown to play a key role in photocatalytic reactions[45] through the
formation of ·OH radicals.[47–51] A possible water splitting at the
Ti5c sites on the (110) surface of rutile was first demonstrated by
Tan et al. (2012), employing low-temperature scanning tunneling
microscopy (STM).[49] By means of spin-polarized density func-
tional theory (DFT) and hybrid exchange-correlation functional,
Migani and Blancafort (2017)[50] showed that O─H dissociation
on the (110) surface of rutile is an essential step in the forma-
tion of excitons that are relevant for photocatalytic applications in
aqueous medium. Hamed et al. (2022)[51] suggested that among
the active species potentially contributing to the photocatalytic
activity of rutile,⋅OH radicals are the most significant. Hydroxy-
lation of {110} surfaces was also shown to play a significant role
in the bandgap width. While O vacancies at the surface of rutile
crystals would lead to narrowing the bandgap due to the Ti4+ →
Ti3+ reduction,[19,51] hydroxylation of {110} surfaces should cause
its widening.[45]

In this work, fibrous rutile mesocrystals were grown hy-
drothermally under acidic conditions on seed rutile crystals to set
conditions of homoepitaxial nucleation to exclude unknown ef-
fects of heterogeneous crystallization on various substrates. The
products were studied by means of high-resolution transmission
electron microscopy (HRTEM), scanning transmission electron
microscopy (STEM), electron energy loss spectroscopy (EELS),
energy-dispersive spectroscopy (EDS), X-ray photoelectron spec-

Figure 1. Secondary-electron FSEM images of fibrous rutile grown on
{101} twinned seed rutile crystals. a) (101) twinned seed rutile crystals
dominated by (110) prism faces and (111) terminations. b) Rutile fibers
developed on seed crystals after HT treatment in 25.1 mm Ti(IV)-butoxide
in 4.4 m HCl at 100 °C for 100 h with the initial stage of fiber formation after
a short synthesis time of 5 h (inset below). Their width averages around
7 nm. The illustrations on the left and right sides represent rutile crystals
before and after the HT treatment, respectively.

troscopy (XPS), and structure modeling to resolve the origin of in-
teractions that hold them in stable separation. Calculations based
on DFT were implemented to study their stability and formation
mechanism. The optical properties and electrical conductivity of
fibrous rutile were measured and compared to the seeds.

2. Results and Discussion

Morphological, structural, and surface properties of fibrous ru-
tile were studied using electron microscopy and XPS. Quantum
chemical calculations were implemented to study their stability
and formation. The products were characterized for specific sur-
face area, reflectance, and bandgap and compared to other rutile
morphologies.

2.1. Fiber Growth

Seed crystals, used to initiate homoepitaxial growth of fibrous ru-
tile, have a simple prismatic morphology with {110} prism and
{111} bipyramidal faces (Figure 1a). They are all twinned.[9] Fol-
lowing a subsequent HT treatment in highly acidic conditions
seed crystals are overgrown by numerous parallel rutile fibers,
elongated along the c-axis (Figure 1b). While the prism faces of
HT-treated rutile are still smooth, their terminations are jagged,
revealing the fibrous nature of the younger rutile generation. In
the initial stage of HT treatment (5 h), they nucleate on the edges
of pyramidal terminations with the lowest-energy barriers for nu-
cleation. With time, they gradually spread toward the centers of
the pyramidal faces (24 h). Rutile fibers grow as long as there is
precursor material available for their growth. Under given growth
conditions the growth is complete after 100 h of the HT treat-
ment (Figure 1b). The final products show jagged terminations
in the direction of the c-axis and stepped prism faces, suggesting
limited lateral attachment and growth.[10] Whereas the initial l/w
ratio (where l is parallel to the c-axis, and w is parallel to [110]) is
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Figure 2. a) TEM study of rutile fibers grown on the terminations of seed rutile crystals after 5 h (upper left corner) and 24 h of HT processing at
100 °C, showing nucleation of rutile fibers on the pyramidal terminations of seed crystals and their continued growth along the c-axis. In addition to
growth, oriented attachment of precipitated rutile fibers is observed on the {110} surfaces of seed crystals (FFT; upper right corner). b) HRTEM image
of parallel rutile fibers protruding as fingers from (111) faces of the seed crystal. Note characteristic widths and separation between the fibers.

≈4, this ratio increases to ≈6 for fibrous rutile. The higher aspect
ratio of fibrous rutile results from a different equilibrium crystal
shape under more acidic conditions, leading to accelerated crys-
tal growth along the c-axis.[9]

To investigate the formation of fibers, samples after different
durations of HT treatment were studied by TEM. Two processes
are identified: i) epitaxial growth and ii) oriented attachment. In
the initial stages, the new generation of rutile nucleates homoepi-
taxially on the edges of seed crystals (Figure 2a; inset) in the
form of fibers along the crystallographic c-axis (Figure 2a). Dur-
ing their growth, the fibers maintain their orientation relation-
ship with the seed crystal. To a minor extent, we observe oriented
attachment of rutile fibers that precipitate from the solution and
laterally attach to the prism faces of seed crystals, following the
assembly mechanism, described by Jordan et al. (2016).[10] The
alignment of attached fibers with seed crystals is slightly worse
than that of the homoepitaxially grown fibers. After attachment,
precipitated fibers grow along the c-axis forming stepped prisms,
as shown in Figure 1b. The l/w aspect ratio of precipitated fibers
is ≈6 (Figure 2a), which is similar to that of fully HT-treated prod-
ucts (Figure 1b).

Most of the fibrous structure is generated by homoepitaxial
growth. The fibers start to nucleate on the edges of seed crys-
tals, whereas the centers of pyramidal faces initially remain un-
covered (Figure 2a; inset). After extended processing, fibers pop-
ulate entire terminations. Following nucleation, the fibers con-
tinue to grow along the c-axis. Throughout their growth, the fibers
remain separated (Figure 2b). Under given synthesis conditions,
the fibers are 7 ± 2 nm wide and extend hundreds of nanometers
in length. Depending on processing time, they reach l/w aspect
ratios of ≈30 or more. The question arises as to why instead of
bulk crystallization, continuing the seed’s original shape,[52] fi-
brous protrusions are formed on pyramidal terminations. The
reason lies in the acidity of the growth solution. According to Jor-

dan et al.[10] acidic medium is expected to protonate surfaces and
promote the growth of fibers along the c-axis through associative
nucleophilic reactions producing chains of TiO6 octahedra. Fi-
brous growth is thus not controlled by the nature of the substrate
as much as by the growth conditions.

2.2. Translation of Rutile Fibers

High-resolution STEM images of the interfaces show systematic
displacements among the fibers that cannot be explained by sim-
ple homoepitaxial growth. Annular bright-field (ABF)-STEM im-
age reveals that the fibers are clearly separated along the whole
length of the interface while the surfaces of the fibers are atomi-
cally sharp, as shown in Figure 3a,c. The most prominent feature
of rutile–rutile interfaces is the lateral dilatation normal to {110}
surfaces. The dilatation is constant and amounts to a fraction
of the interplanar (110) spacing, 𝜿. Besides this separation, the
fibers are also displaced along the c-axis for a fraction of the (001)
lattice plane, 𝝂. This displacement alternates across the fibers so
that one fiber is shifted up, while the other is shifted down, and so
on. Among all the interfaces observed there was not a single one
without these two displacements, which appear to be the charac-
teristic feature of fibrous rutile and can be written in the form of
the translation vector,

⇀
r .

⇀
r= 𝜿 [110] + 𝝂 [001] (1)

Both displacements can be accurately measured from high-
resolution images of the interface in [1̄10] projection. Figure 3a
shows a high-resolution ABF-STEM image at the growth front
of the rutile–rutile interface with the corresponding FFT pattern.
The outlined area of the interface between two fibers is magni-
fied in Figure 3b. Under given imaging conditions, large black
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Figure 3. STEM study of rutile fibers showing their close intergrowth. a) (110) interfaces between the fibers are sharp and well-defined. b) The upper
part of the image shows an experimental high-resolution ABF-STEM image of the rutile–rutile interface in [1̄10] projection (outlined in (a)) displaying
systematic lateral 𝜿[110] and vertical 𝝂[001] displacements of 0.284 and 0.148 nm, respectively. These features are used to construct the starting Rf1
interface model, superimposed on the processed ABF-STEM image (highlighted below). c) Rutile–rutile interface viewed along [1̄11̄] projection displaying
the translation of (011) lattice planes across the interface. d) HAADF-STEM image of the thin part of the crystal with overlaid Rf1 model in this projection
(above) and its DFT relaxed variant with 1× H2O at the interface. e) HAADF-STEM image of the thick part of the crystal with overlaid DFT relaxed
variant of the Rf1 model with 2× H2O at the interface (below). f) HRTEM of rutile fibers in [001] projection showing individual fibers along the c-axis with
discernable rectangular shapes confirming that the fibers are terminated by {110} planes. Following these lattice planes (white lines) no additional shift
is observed in this projection. g) FFT-filtered HRTEM image with enhanced contrast (green ct) displaying a maze-like texture of the fibers.

dots in ABF-STEM image correspond to the positions of O–Ti–O
atomic columns, whereas weaker dots lined along the vertical
direction, correspond to pure Ti columns. Between Ti columns,
we discern elongated dots corresponding to the O–O doublets,
that horizontally extend into the interface region from both
rutile domains. The sublattice of strongly scattering Ti atoms of
bulk rutile was used as a reference for the correction of scanning
distortions and determination of displacements following the
procedure described in the Experimental Section. The resulting

lateral dilatation 𝜿[110] = 0.284 ± 0.002 nm (𝜿 = ⅞), while the
vertical displacement 𝝂[001] = 0.148 ± 0.002 nm (𝝂 = ½).

Based on these translations, the initial model of the rutile fiber
interface, Rf1, was constructed and is superimposed over the pro-
cessed ABF-STEM image in the lower part of Figure 3b for com-
parison.

To confirm whether there are additional translations in direc-
tions that are not seen in [1̄10], we prepared cross-sections of
the fibers in other projections in which the interface is oriented
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edge-on. One of such is [1̄11̄] projection, shown in Figure 3c with
the corresponding FFT pattern. Again, we observe the character-
istic fiber separation 𝜿 and a discontinuous translation of lattice
planes across the interface, indicative of an in-plane shift. The
translation of rutile domains across the interface can be studied
by the positions of large white dots that correspond to Ti columns
in high-resolution HAADF-STEM image. In the upper part of
Figure 3d, recorded at the growth front of the fibers (indicated
by a black arrow in Figure 3c), the positions of white dots per-
fectly match the Rf1 model in [1̄11̄] projection on both sides of
the interface. The uppermost part of the interface shows a dif-
fuse dark contrast. Deeper into the interface, weak contrast fea-
tures start to emerge between the fibers, while the lattice trans-
lation remains unchanged. These features indicate the presence
of entrapped molecular species in the interfiber space. In this re-
gion, the main contrast features are well matched with the DFT
relaxed Rf1 model with one H2O per formula unit (p.f.u.), as
shown in the lower part of Figure 3d. In the thicker section, a
mismatch is observed between the positions of the Ti columns
and the bright contrast features in the HAADF-STEM image. The
Rf1 model with 1× H2O p.f.u. no longer matches lattice transla-
tion across the interface, as shown in the upper part of Figure 3e.
In addition, weak periodic contrast features start to evolve in the
interfiber space that suggest clustering of entrapped molecular
species. Both translation and interface contrast features are well
matched with the DFT relaxed Rf1 model containing 2× H2O
p.f.u., shown as an overlay in the lower part of Figure 3e. Based
on this evidence we conclude that the presence of surface ligands
and molecular species in the interfiber space significantly alters
the translation of the rutile fibers. Further details of the role of
water species on the interface structure are discussed in the com-
putational and formation mechanism sections.

The most informative, however, would principally be the [001]
projection, which is difficult to obtain in good quality for atomic-
scale studies due to unfavorable ion-milling properties in this
orientation. Nonetheless, a lattice image of a thick cross-section
through rutile fibers is shown in Figure 3f. Square-like features
can be discerned in parts of the image (few are outlined by dotted
squares in Figure 3f), while in the rest of the area, their contrast is
averaged out due to the large thickness of the sample. The edges
of the rectangles run parallel to {110} of rutile (see FFT spec-
trum), confirming that the interfaces predominantly form along
these planes. FFT filtered image in Figure 3g reveals that the
whole area is composed of maze-like rectangular domains that
represent individual rutile fibers in [001] projection. Studying
the cross-section or rutile fibers in this projection, Wisnet et al.
(2014)[18] observed another lateral shift, 𝝉 [11̄0] (𝝉 = ½). Careful
analysis of the lattice image in [001] projection could not confirm
any shift of (110) lattice planes in our samples. Individual atomic
columns are slightly better resolved in the lower, thinner part of
the image, which shows no displacement across the rutile–rutile
interfaces in any direction, suggesting that no other translations,
except the ones described in Equation (1), are involved in our ru-
tile fibers. Similarly, as in the study by Wisnet et al. (2014),[18] our
samples in this orientation were also too thick for a more detailed
interpretation of the interface structure.

At first glance, it is not clear why the rutile fibers while grow-
ing on structurally identical seed crystals, remain separated, and
what could be the reason for their unusual translation. Following

the condensation reactions that generate the fibers, one would
expect, that with time, the fibers would eventually merge and ir-
reversibly form compact crystals through condensation reactions
that eliminate surface ─OH groups and produce oxo-bridges.[10]

This, however, does not happen. Instead, the fibers, despite grow-
ing so closely side-by-side, while reproducing the structure of the
underlying substrate, appear to be highly stable in their dislo-
cated state. The stability of the fiber structure was demonstrated
by high-temperature annealing studies.[19,21,24] According to Fol-
ger et al. (2017)[19,21] the stability of the interfaces probably arises
from chemisorbed species, such as ─OH, ─OH2, and molecular
water on the rutile surfaces, that interlock the fibers.

2.3. Surface Chemistry

To understand the mechanisms generating these displacements,
we must consider both surface ligands as well as the medium
that accommodates the confined interfiber space. If we follow
the horizontal lines of weak dots crossing the O–O doublets in
Figure 3b, we observe that these contrast features stretch beyond
the (110) Ti–O surfaces into the interspace between two fibers,
suggesting the presence of surface ligands with a similar molecu-
lar density as O–O doublets of bulk rutile, suggesting that surface
Ti atoms are sixfold coordinated, like those in bulk rutile. Then,
if we take a further look at the contrast features deeper inside the
interfaces, shown in the upper part of Figure 3b,e, we observe ir-
regular contrast features clustering along the central line of the
interface, indicating that some molecular species are entrapped
inside the interface. These features could stem from many differ-
ent species, such as Ti-hydroxo-aquo complexes, water, chlorine,
or hydronium ions, that are present during hydrothermal growth.
In a study of mesocrystal self-assembly of rutile in acidic condi-
tions, we showed that unreacted Ti complexes reside in >1 nm
wide pockets of amorphous phase between the rutile fibers.[10] In
our case, the interspace between the fibers is <0.3 nm, allowing
less space for the accommodation of Ti complexes,[53] and their
presence is considered unlikely. On the other hand, both Cl− and
H2O are present at all stages of hydrothermal processing. They
are smaller, and thus they are possible candidates for occupying
the interfiber space. To identify the nature of these species we per-
formed surface analysis by XPS, whereas the subnanometer scale
chemistry directly from the rutile–rutile interfaces was studied by
EDS and EELS analyses.

The surface chemistry of fibrous and seed rutile nanoparticles
was studied by high-energy XPS. Wide-scan XPS spectra of seed
and fibrous rutile are shown in Figure S2, Supporting Informa-
tion. The spectra are characterized by Ti 2s, O 1s, Ti 2p, C 1s, Ti 3s,
and Ti 3p peaks. The relative concentrations of detected elements
are listed in Table S1, Supporting Information. When the spectra
are aligned to the binding energy of C 1s region peak at 285.0 eV,
a small ≈0.2 eV rigid shift is observed between the two spectra;
namely, while the O 1s and Ti 2p3/2 peaks for the seeds sample
are located at 530.0 and 458.8 eV, respectively, these peaks are
shifted to 530.2 and 459.0 eV for fibrous rutile. The energy shift
indicates a difference in the electronic structure of fibrous ru-
tile compared to the seeds sample with standard binding energy
values for rutile. To investigate the oxidation state of Ti at the sur-
face of the samples we scrutinized the shape of the Ti 2p3/2 and Ti
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Figure 4. High-energy resolution XPS spectra of Ti 2p and O 1s regions on seed and fibrous rutile samples with fitted integral components.
a,b) Experimental XPS spectra at the O 1s region (black curve) of seed (a) and fibrous (b) rutile displaying sharp Ti 2p3/2 (green curve; peak 459.0 eV)
and Ti 2p1/2 (blue curve; peak 464.7 eV) doublets with low FWHV values. Both components show a perfect fit with experimental XPS spectra indicating
that Ti is present in the oxidation state of 4+. No shoulders are observed on Ti 2p3/2 and Ti 2p1/2 peaks at ≈3 eV lower binding energies, which would
indicate the presence of Ti3+ (indicated by vertical light red lines). c,d) Experimental XPS spectra at the O 1s region (black curve) shown on seed (c)
and fibrous (d) rutile, reveal different components at the surfaces of the two samples: Ti─O─Ti (green curve; peak 530.2 eV), Ti─OH (blue curve; peak
531.7 eV), and Ti─OH2 (red curve; peak 532.9 eV). Compared to the seed sample, Ti 2p and O 1s peaks of fibrous rutile display a rigid shift of +0.2 eV.
All values are given for the fibrous rutile sample.

2p1/2 peaks for splitting. Whereas the characteristic binding en-
ergy of these peaks for Ti4+ is ≈459 eV for Ti 2p3/2 and ≈464 eV
for Ti 2p1/2, these are slightly lower for Ti3+ and appear at ≈456
and ≈462 eV, respectively.[54] In our high-resolution XPS spectra,
the shapes of these peaks for both samples show no shoulders
and are sharp (FWHM ≈1.0), which indicates the high quality of
XPS analysis allowing exact determination of binding energies
and fitting of individual components. Fitting of XPS spectra on
Ti 2p3/2 (at 459.0 eV) and Ti 2p1/2 (at 464.7 eV) peaks showed that
>99% of Ti is in the oxidation state of 4+. The Ti 2p doublets fitted
by Ti 2p3/2 and Ti 2p1/2 peaks for seed and fibrous rutile are pre-
sented in Figures 4a and b, respectively. The presence of Ti in the
oxidation state of 4+ suggests that the surfaces of fibrous rutile,
as well as primary seed crystals, are free from O vacancies,[38,43]

that are otherwise characteristic of annealed rutile.[19,26,36] As the
oxidation state of Ti is essential for understanding the surface
chemistry of rutile–rutile interfaces, the valence of Ti has been
further studied using nanoscale EELS analysis of the interface
region. Using a 0.5-nm-wide window centered along the rutile–
rutile interface EELS spectra were recorded on several interfaces
and compared to those of bulk parts of rutile fibers. Both spec-
tra recorded in the region of Ti L2,3 edge show sharp splitting

into L3 and L2 edges with further splitting into eg and t2g compo-
nents that are characteristic of octahedrally coordinated Ti in the
oxidation state of 4+. The spatial difference of energy loss near-
edge spectra from the interface versus bulk rutile does not show
any white line shift to lower energies that would indicate Ti3+,[55]

confirming that also at the atomic scale, interfacial Ti is present
only in the oxidation state of 4+. The details of the EELS analysis
of titanium L2,3 edge are given in the Supporting Information,
Figure 3a.

After determining the Ti oxidation state let us focus on the
presence of oxygen components in XPS spectra. In both samples,
the O/Ti ratio is >2, indicating that additional oxygen-containing
species are present on the surface of the TiO2 nanoparticles. The
O 1s regions of the XPS spectra show evident shoulders at 530.0,
531.5, and 532.7 eV characteristic for Ti─O─Ti, Ti─OH, and
Ti─OH2 components.[56,57] Fitting the O 1s regions of the XPS
spectra of seeds and fibrous rutile with these components are
shown in Figures 4c and d, respectively. A comparison of these
sub-peaks in the O 1s region suggests that fibrous rutile shows
a higher degree of hydroxylation compared to the primary seeds.
More specifically, XPS spectra of fibrous rutile sample reveal a
twofold increase of ─OH and ─OH2 species combined, and a
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fivefold increase of protonated ─OH2 species, compared to those
on originating seeds (Table S1, Supporting Information), indi-
cating a significant coverage of fibrous rutile with hydroxylated
species. The exact coverage could not be quantified owing to the
complex geometry of the nanoparticles and subsurface ablation
of nanoparticles to a depth of 2–4 nm depending on particle
orientation and topography, however, in conjunction with the
oxidation state of Ti measured by XPS (>99% of Ti is 4+), a
significant coverage with the hydroxylated species is expected.
Our results are consistent with the attenuated total reflection
infrared (ATR-IR) study of as-grown rutile fibers by Folger
et al. (2017), who demonstrated a high coverage with dissociated
water species, including bridged and terminal ─OH groups,
hydrogen-bonded terminal ─OH2 groups, and chemisorbed
water on samples, which could only be removed by annealing
above 500 °C.[19] Synchrotron photoemission study of annealed
rutile substrates by Walle et al. (2009)[37] showed that a full
monolayer of water species is adsorbed on (110) after hydration,
while the coverage is significantly reduced by heating. Our
observations are also supported by other studies of hydrated
rutile surfaces suggesting increased coverage with chemisorbed
─OH and ─OH2 species at low temperatures and high H2O
partial pressures on rutile surfaces.[26,56,57]

Some authors suggested that adsorption of Cl− on {110} sur-
faces might be responsible for the inhibition of growth and fi-
brous morphology of rutile.[11,58] Such adsorption might be pos-
sible on undercoordinated Ti5c sites, where bridge oxygens are
missing.[59] The possible role of chlorine in rutile fiber growth
was considered by Wisnet et al. (2014).[18] Despite the fact that
their EDS study did not corroborate a measurable Cl signal on the
rutile fibers or their interface areas, they propose a Cl-mediated
growth mechanism, according to which Cl adsorbed on the (110)
surfaces would prevent the fibers to merge. Although this is an at-
tractive hypothesis, a later study of rutile formation under acidic
HT conditions showed that chlorine from HCl has only a catalytic
role in the fiber formation and as such does not bond to the hy-
droxylated rutile surfaces.[10] Without proof of the existence of
chlorine on (110) rutile interfaces, its role in the formation of
rutile fibers remains elusive and needs conclusive experimen-
tal confirmation. To study the presence of Cl in fibrous rutile
we implemented EDS and EELS analysis in a STEM mode us-
ing aberration-corrected high-energy electron source achieving
probe sizes with lateral resolution of <0.1 nm. Measurements
on several fibrous rutile nanocrystals using a 0.5 nm-wide rect-
angular window centered along the rutile–rutile interface did not
confirm any Cl signal. Consistent with the experimental results
of Wisnet et al. (2014),[18] we confirm that Cl is not present in
the rutile–rutile interfaces after HT synthesis of the rutile fibers
under acidic conditions and can thus be omitted from further
structural analysis of rutile–rutile interface structure. Details of
chemical analysis of chlorine are given in the Supporting Infor-
mation, Figure 3b,c.

2.4. Stability through Protonation

TEM and XPS observations suggest that within a given spatial
confinement, the chemistry of the fiber interspace is not too com-
plex, and is possible to model. Our surface analysis confirms that

Figure 5. Periodic hypercell, outlined by a black frame, shows mutual rela-
tions among the rutile fibers in [001] projection. Terminating O atoms on
{110} interfaces are protonated to maintain the overall electroneutrality
of the structure. Rectangular shaded red outline within the hypercell indi-
cates an orthorhombic supercell including two rutile–rutile interfaces, as
used in our DFT calculations.

─OH and ─OH2 ligands, which remain on rutile surfaces after
the growth process,[10] are also likely to be present on the surface
of the rutile fibers after the HT synthesis, especially within spa-
tially confined fiber–fiber interspaces. For a better understanding
of the formation of hydroxylated surfaces, a cascade of associa-
tive nucleophilic reactions that produce the fibers, according to
Jordan et al. (2016),[10] is illustrated in Figure S4, Supporting In-
formation. Briefly, following the hydrolysis of Ti-butoxide in an
aqueous medium where OR− groups are substituted by strongly
nucleophilic OH− (hydroxo), and, depending on the acidity of the
medium,[60] also weakly nucleophilic ─OH2 (aquo) groups. Oc-
tahedral Ti(VI)-hydroxo-aquo complexes, that are formed in hy-
drolysis, undergo two competitive condensation processes; ola-
tion forming the chains of octahedra, and oxolation that merges
these chains into a solid rutile structure (see Figure S4, Support-
ing Information). In all steps of the condensation process, the
conditions are oxidative, maintaining Ti in the oxidation state of
4+, whereas the surfaces of polycondensates are fully decorated
by ─OH and ─OH2 groups throughout the growth.

Based on atomic-resolution STEM analysis of interface trans-
lation, chemical analysis of rutile–rutile interfaces by means of
XPS, EELS and EDS, and HT growth conditions that generate
the rutile fibers, we can now construct a realistic model of rutile–
rutile interface. A rigid structure of rutile–rutile interface con-
tains two blocks of rutile in shifted position, according to the vec-

tor
⇀
r . To accomplish the full 3D periodicity of the fibrous struc-

ture, structure models must span over a minimum of four rutile
fibers, as shown in Figure 5, where individual fibers are alterna-
tively shifted up and down along [001] to generate Rf1 interfaces.

Adv. Mater. 2024, 36, 2308027 2308027 (7 of 16) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Such a hypercell most faithfully represents mutual translations
among multiple rutile fibers. Even for a minimum fiber width
of ≈2.3 nm involving 7 (110)rut lattice planes the hypercell con-
tains 756 atoms and would be too expensive to calculate. Instead,
we rely on simplified supercells that still reasonably represent
the interfaces. Often, such problems are tackled by assuming a
slab geometry for interfaces.[61] In our case, the reduced supercell
has orthorhombic geometry and extends across two rutile fibers
to maintain the 2D periodicity of the interfaces, as illustrated in
Figure 5, without any nonperiodic features that would necessi-
tate the use of a gap.[62] The advantage of such a configuration
is that it has a full intrinsic periodicity while containing a min-
imum number of atoms that need to be involved in the calcula-
tions. A supercell with two rutile–rutile interfaces contains 108
atoms. Alternatively, the formation of specific translations could
be studied by molecular dynamics simulations[63] to confirm in
what way the translation state depends on medium acidity. Here,
we rely on the observed translation state of rutile fibers by high-
resolution STEM methods.

To investigate the role of structural translations in the forma-
tion and stability of rutile fibers, two types of interface models
are constructed: i) one involving only separation 𝜿 (Rf0) as the
essential feature of the fibrous structure, and ii) a model with an
additional displacement 𝝂 (Rf1):

Rf0:
⇀
r0=

7
8

[110] (2)

Rf1:
⇀
r1=

7
8

[110] + 1
2

[001] (3)

The Rf0 model (Equation (2)) represents the rutile–rutile interface
without vertical displacement, as this would be expected for reg-
ular homoepitaxial fiber growth continuing the underlying rutile
lattice of the seed crystal, while Rf1 (Equation (3)) is the model
with experimentally observed displacements.

To study the role of interface structure on proton exchange
within the fiber interspace, we chose neutral, fully hydroxylated
(110) surfaces as an initial state for calculations corresponding
to the neutral hydroxylated surface models of Předota et al.[31]

and Zhang et al.[32] Besides the formal electroneutrality of the
models, the advantage of the initial state with zero proton charge
is that it allows the observation of interactions, induced acidity,
and dissociative processes within structurally confined interfiber
space during the course of DFT relaxation.[64] Calculations were
performed for both interface models and fully hydroxylated sur-
faces with: i) no water, ii) 1× H2O (A or B sites), and iii) 2× H2O
(A + B sites) at the rutile–rutile interface. Starting models that
were used as input for DFT calculations are shown in Figure S5,
Supporting Information.

Let us first consider the stability of pristine interfaces that in-
volve only hydroxylated (110) surfaces with no interfacial water.
Within the fixed volume of the supercell, which maintains the
experimentally observed lateral displacement, the fibers are free
to shift inside the supercell, if this produces lower total energy.
The energies of fully relaxed models show that the Rf0 interface
is more stable than the Rf1 interface in the case of simple hydrox-
ylated surfaces with no interfacial water. During relaxation, sur-
face H bonds are formed between the hydrogen atoms of ─OHb

groups and oxygen atoms of ─OHt groups (where superscripts

b and t denote bridge and terminating sites on the (110) rutile
surface) in the Rf0 model, as reported in other studies of hydrox-
ylated (110) surfaces in rutile.[31,41] In our case, due to the close
vicinity of another (110) surface of adjacent rutile fiber, strong H
bonds (≈1.55 Å) are formed between the H atoms from ─OHb

groups and O atoms from ─OHt groups (OHb─OHt interaction)
across the interface on Rf0

− side. As a consequence, fiber sep-
aration 𝜿 on the Rf0

− side is decreased by ≈0.3 Å, showing a
tendency of adhesion of the two domains (Figure 6a). Nonco-
valent interactions between the surface ─OH groups, such as
that observed in the case of the Rf0 configuration are the final
attractive forces[65,66] before oxo-bridges are formed between the
fibers via the oxolation process,[10] which would eventually lead
to the dehydration of the surfaces and merging the fibers into
a united rutile block.[19] On the other hand, owing to the fixed
volume of the supercell, the Rf0

+ interface is expanded for the
same amount, whereas surface H bonds (≈1.84 Å) are formed to
stabilize the surfaces. As a result of H bonding, surface TiO6 oc-
tahedra are deformed. Terminating and bridge Ti─OH bonds are
shortened compared to those of regular rutile structure, the outer
angle for the Ti─OHt bond is expanded to ≈96°, while the inner
Ti─OHb bond angle is reduced to ≈84° to close up the OHb–OHt

gap (Figure 6b). A similar stabilization mechanism is reported by
other studies of hydroxylated rutile surfaces.[31,49,67] No strong in-
teractions across the interface are observed for the Rf1 structure.
Instead, similar to the Rf0

+ interface, (110) surfaces are stabilized
by the formation of cross-surface H bonds (≈1.80 Å) between the
surface ─OH groups, while only weak OHt–OHb interactions are
observed across the interface (Figure 6c,d). The resulting total en-
ergy of the Rf0 structure is 57.9 meV lower compared to that of
the Rf1, indicating that in the case of simple hydroxylated rutile
surfaces the configuration without the vertical 𝝂 shift is more fa-
vorable (Rf0). This situation is identical to the known process of
lateral self-assembly of HT precipitated rutile fibers.[10] Complete
DFT relaxations for Rf0 and Rf1 interfaces are animated in Movie
S6a–d, Supporting Information.

2.5. The Role of Molecular Water

In our system, the fibers do not merge, and they are not found
in the Rf0 configuration. Consequently, we may expect that the
interface chemistry is not as trivial as anticipated by simple
hydroxylated models. The curious in-plane shift as well as lateral
separation of the fibers suggests that there must be some other
molecular species entrapped in the interspace between the fibers
generating an intrinsic repulsion force that holds the fibers
in stable separation. According to our EDS, EELS, and XPS
analysis, the first candidate that is likely to occupy the interfiber
gap during the HT synthesis is molecular water. Interactions of
rutile fibers with molecular water were studied by adding H2O
molecules into the interstitials in Rf0 and Rf1 configurations
(sites A and B; Figure S5, Supporting Information). The addition
of H2O into the interfiber space generates strong cross-interface
interactions. In the Rf0 configuration, the H2O molecule inter-
acts with surface hydroxyls via stronger H bonds (1.67–1.71 Å)
between H atoms of ─OHb groups and O atom of the interstitial
H2O, and weaker H bonds (1.76–1.83 Å) between O atoms
of ─OHt groups and H atoms of H2O across the interface

Adv. Mater. 2024, 36, 2308027 2308027 (8 of 16) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. DFT relaxed hydroxylated (110)||(110) interfaces in rutile: a) Rf0 (−/+) and b) Rf1 (−/+). O─H bonds are denoted as solid gray (–) when the
O─H bond is regular (0.90–1.00 Å), solid red (–) when the O─H bond is stretched (1.00–1.17 Å), dotted gray (…) for regular H bond (1.17–1.70 Å), and
dotted red (…) for weak H bond (>1.70 Å). Strong OHb─OHt interaction across the interface in the Rf0

+ interface precedes the oxolation process, leading
to the dehydration of the interface and the formation of the Ti─O─Ti bridge closing the interfiber gap 𝜿 between the fibers. In the Rf1 configuration,
only cross-surface H bonding is observed with no tendency for adhesion of the fibers. Light gray numbers denote Ti─O bond lengths and angles, black
numbers denote O─H bond lengths.

(Figure 7a). The O─H bonds in the interstitial H2O are not
stretched and stay under 1.00 Å, so the Rf0 configuration
can be considered neutral throughout relaxation. In the Rf1
configuration, which involves both experimentally observed dis-
placements, interactions with interstitial H2O are more severe.
Both, O─H bonds of interstitial H2O as well as those of surface
hydroxyls are stretched and broken during the process of the DFT
relaxation. Alongside, the Ti─O bonds and angles of TiO6 octa-
hedra are heavily distorted deep into the rutile structure owing to
these interactions. Added H2O molecule typically interacts with
one of the two interfaces through strong H bonds (1.40–1.51 Å)
with surface hydroxyls, whereas the other surface would be sta-

bilized through cross-surface H bonds (Figure 7b), as reported
by other studies.[31,49,67] The most interesting is the cracking
of the O─H bonds that can be observed intermittently during
DFT relaxation of the Rf1 interface structure. It is triggered by
strong OHb ⇆ H2O ⇆ OHt interactions that lead to deprotona-
tion of interstitial H2O, proton hopping to the adjacent ─OHt

group, which is simultaneously accompanied by stretching the
O─H bond of the neighboring ─OHb group, and consequent
reprotonation of the dissociated interfacial H2O. The transfer of
a proton from ─OHb to ─OHt is mediated by interfacial H2O
that is temporarily dissociated until a more stable Ob ⇆ H2O
⇆ OH2

t state is established (see Rf1
+ in Figure 7b). Throughout

Figure 7. DFT relaxed hydroxylated (110)||(110) interfaces in rutile in [001] projection with one H2O molecule added to site A in the fiber interspace:
a) Rf0 (−/+) and b) Rf1 (−/+). The figures show two unit cells along the screen y-axis. In the Rf0 structure, the H2O molecule bridges the gap between
the fibers through hydrogen bonding to adjacent ─OHb and ─OHt groups (shown by dotted gray and red lines; indicated bond lengths). In the Rf1
structure the O─H bonds of the interstitial H2O and surface hydroxyls are stretched >1.00 Å and cracked to form ─OH2

t groups in the first layer. Proton
transfer is indicated by a black arrow (red letters) on the bottom right of the Rf1

+ structure.

Adv. Mater. 2024, 36, 2308027 2308027 (9 of 16) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 8. DFT relaxed hydroxylated (110)||(110) interfaces in rutile in [001] projection with two H2O molecules added in the fiber interspace (both A
and B occupied): a) Rf0 (−/+) and b) Rf1 (−/+). In the Rf0 structure, H2O molecules form H bonds with ─OH groups on the rutile surface so that
each hydrogen is oriented toward its nearest neighboring O atom, and O─H bonds are stretched. No significant distortions are transferred into the
TiO2 lattice. In the Rf1 structure, the equilibrium state shows highly dissociated species. O─H bonds are constantly stretched and broken to generate
dissociation products H3O+ and OH− in the medium with protonated ─OH2

t and deprotonated –Ob groups on the surface. Stretched O─H bonds
(1.00–1.18 Å) are indicated by solid red lines, H bonds (1.18–1.7 Å) by dashed gray, and weak H bonds (1.7–1.9 Å) by dashed red lines; black and gray
triangles denote bond lengths, black and gray trajectories indicate the proton-transfer pathways.

relaxation, the Rf1 interface structure shows a strongly acidic
character, as observed by the DFT study of (110) rutile–water
interface of Cheng et al. (2010).[39] Proton hopping appears to
be a part of dynamic equilibrium, as shown in Movie S7a–d,
Supporting Information, where intermediate states of DFT
optimization demonstrate dynamics of cross-surface and cross-
interface H bonding. In all interface configurations, highly
interconnected hydrogen-bond networks are established. The
total energy of Rf1 is 513 meV lower than the Rf0 structure in
the configuration with 1× H2O per supercell, indicating that
Rf1 with experimentally observed translations is the more stable
configuration in the presence of water than the Rf0 configuration
without the in-plane ½[001] shift. Even more interestingly, the
Rf1 structure induces an acidic character to the interstitial H2O,
reflecting the conditions under which it was formed.

We further studied the effect of two H2O molecules added to
interfiber space (sites A and B). Again, the Rf0 structure seems
to remain neutral upon DFT relaxation, whereas the Rf1 struc-
ture displays a strongly acidic character that is generated by
the interaction of H2O with the particular interface structure.
In the Rf0 model, added H2O stays in its undissociated state
throughout relaxation. It finds a local minimum by forming H
bonds toward the ─OH groups present on the (110) surfaces
(Figure 8a). H bonds span between 1.5 and 1.8 Å.[31,33] Typically,
H bonds are formed in a way that either ─OHb groups, or ─OHt

groups, are linked across the interstitial water molecules. Relax-
ation of the Rf1 structure, on the other hand, shows turbulent dy-
namics, where O─H bonds are continuously stretched and bro-
ken. Even more than in the 1× H2O configuration, water disso-
ciation is present in the case of 2× H2O. While trying to find
their local minimum in this environment, H2O dissociates to
H3O+ (hydronium) and OH− (hydroxide) ions, that further inter-
act with hydroxyl ligands on the surfaces of rutile fibers to form
─OH2

+ (aquo) groups, as observed with 1× H2O. The water-to-

surface and surface-to-water proton transfer is dynamic and al-
ternates from one to another throughout the relaxation process
(Figure 8b).

H3O+ + −OH (s) ⇋ H2O + −OH2
+ (s) (4)

Two distinct proton-transfer pathways are observed during the
Rf1 relaxation. The first pathway starts with deprotonation of the
─OHb group that is followed by a transient protonation of inter-
facial H2O, deprotonation of H3O+, and protonation of the ─OHt

group to form ─OH2
t:

−OHb (s) + H2O → −Ob- (s) + H3O+

H3O+ + OHt (s) ⇋ H2O + OHt+
2

(s) (5)

In the second pathway, ─OHt is protonated as a result of de-
protonation of interstitial H2O, and in the next step ─OH2

t is
deprotonated to form H3O+.

OHt (s) + H2O → OHt+
2

(s) + OH−

OHt+
2

(s) + H2O ⇋ H3O+ + OHt (s) (6)

In the first pathway (Equation (5)) the proton jumps from
─OHb to ─OHt over the interstitial water, which plays a catalytic
role in forming ─Ob– and ─OH2

t+ pairs on the (110) surface of
rutile, whereas according to the second pathway (Equation (6)),
the proton from one water molecule (A) jumps over adjacent
─OHt group to protonate another water molecule (B) generat-
ing dissociated water species H3O+ and OH− in the inter-fiber
space of the Rf1 structure. The fraction of the ─OH2 groups of
25% in Rf1 interfaces obtained by DFT calculations is surpris-
ingly close to that of our XPS measurements on fibrous rutile
(Table S1, Supporting Information). The last steps in both path-
ways present a dynamic equilibrium with the protons hopping

Adv. Mater. 2024, 36, 2308027 2308027 (10 of 16) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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from ─OH2
t+ to H3O+ and back. The total energy of Rf1 with 2×

H2O p.f.u. is 106 meV higher than the Rf0 structure, which indi-
cates that the occupancy with 2× H2O is energetically less favor-
able and that the realistic occupancy of the Rf1 interface probably
lies between 1× and 2× H2O p.f.u. See the full DFT relaxation se-
quences for Rf0 and Rf1 with 2× H2O in Movie S8a–d, Supporting
Information.

The two configurations, 1× H2O and 2× H2O, have specific ef-
fects on the translation state of the Rf1 interface, that are observed
in Figure 3d, confirming that near the surface, the occupancy by
H2O is only partial and the local structure is accordingly relaxed,
whereas in the interior of the interface the available sites are fully
occupied by H2O. While in the Rf0 model, water molecules are
aligned in a way to form H bonds with surface hydroxyls, in the
Rf1 structure we observe strong interactions between the surface
hydroxyls and interstitial water by protonation/deprotonation of
surface hydroxyls and spontaneous water dissociation in rutile
fiber interspace. Our calculations that started with the condition
where the rutile surfaces had no net proton charge ended up with
a strong acidic response and even spontaneous dissociation of
interfacial water in the case of the Rf1 interface, whereas in the
case of the Rf0 structure, the interface stayed neutral. A similar
concerted protonation and deprotonation was reported by Cheng
et al. (2010).[39]

Given the fact that H2O in the starting model is neutral, the in-
duced acidic character of the Rf1 interface is an unexpected result
that can be related to the specific steric configuration of the inter-
face and does not occur in the hypothetic Rf0 structure without
the observed translations. Acidic conditions, such as those used
in HT processing of fibrous rutile (Jordan et al., 2016),[10] appear
to leave a mark on the internal fiber structure that in turn in-
duces acidic character to the initially neutral medium. Namely,
the fibrous structure, grown under acidic conditions, has the
ability to inflict splitting of the O─H bonds in an initially neu-
tral medium, which would not occur on regular (110) rutile sur-
faces. In other words, a fibrous structure of Rf1, that is gener-
ated in an acidic medium induces spontaneous water dissocia-
tion when exposed to water. To our knowledge, this is the first
case of mineral–water interfaces that shows such a mnemonic
behavior.

2.6. Interface Formation

Our DFT calculations and XPS measurements showed that the
structural setting of the Rf1 interface displays an acidic character.
No such behavior is observed on free rutile surfaces or other inter-
face configurations. This fascinating phenomenon opens ques-
tions, such as, why this particular structural environment is trig-
gering the dissociation of water, and, if Rf1 displacements are
shown to generate acidity in the interfiber space, may we recip-
rocally assume that it is the acidic medium that governs the for-
mation of the observed displacements?

To answer these questions, we must address the initial stages
of rutile fiber formation. Under highly acidic conditions, homo-
geneous precipitation from solution is less likely to occur than the
heterogeneous nucleation on the pre-existing nucleation sites, if
they are available.[68] Under such conditions, seed crystals are
first protonated.[31,39] The degree of protonation that is governed

by acidity, controls the shift of the hydrolysis equilibrium.[10]

Induced positive charge triggers a cascade of associative nucle-
ophilic reactions, by which [Ti(OH)4−n(OH2)2+n]n+|n=1,2,3 com-
plexes lose water to form this new generation of fibrous rutile
(see Figure S4, Supporting Information). Epitaxial growth on
the seeds significantly lowers the energy barrier for nucleation,
where high-energy points such as crystal edges, are the most fa-
vorable nucleation sites.[68] Throughout their growth, the rutile
surfaces are fully protonated, which maintains the formation of
rutile through condensation processes.[10] In the initial stages of
growth, we observe the formation of islands on the seeds, as
shown after a short synthesis time in Figures 1 and 2. While
their lateral size is confined by the presence of positively charged
─OH2

+ species on {110} surfaces, their growth remains uncon-
strained upward, along the c-axis, setting up the conditions for
fiber growth. Under homoepitaxial nucleation conditions, the is-
lands initially meet in the Rf0 configuration, in which ─OH2

+

groups from the adjacent fibers are facing each other. As their
lengths extend along the c-axis, the building charge from the fac-
ing ─OH2

+ groups generates a large repulsion force between the
fibers. This force could be accommodated laterally by further ex-
pansion of the inter-fiber distance 𝜿. However, as the fibers are
fixed at their base on the substrate, lateral shifts are not possible
and any increase of 𝜿 would necessitate a lateral compression
of the fibers. Instead of volumetric compression of the fibers,
repulsion between the capping ligands on {110} surfaces can
be minimized by alternating compression/dilatation (𝝂−/𝝂+) of
fibers along their c-axes to the available local minima, as shown
in Figure 5. These interactions seem to be the key trigger for the
formation of the observed fiber structure. The formation of the
Rf1 interface, with a zipper-like distribution of ─OH2

+ groups, is
thus the energetically most favorable response of the system to
accommodate positively charged surface ligands. The Rf0 → Rf1
transition band may have unique bandgap properties that differ
from those of the undistorted rutile. The fiber growth mechanism
under acidic conditions is illustrated in Figure 9.

The thermodynamic stabilities and the end states of DFT cal-
culations of the two models with the interfiber H2O substantiate
our observation that under acidic growth conditions, the Rf1 inter-
face is energetically most favorable regardless of the peculiarity of
its displacements. It appears that despite the energy-demanding
compression/dilatation transition that rutile fibers must endure
during growth in acidic conditions to generate a more favorable
Rf1 interface, this configuration is energetically more favorable
than if the rutiles would simply grow in their initial side-by-side
Rf0 configuration, demonstrating the great power of interfacial
water. The nature of the surface–water interactions on the in-
terfaces of fibrous rutile are similar to those on annealed rutile
surfaces,[26–51] but much stronger, because of the confined struc-
tural environment of two adjacent (110) surfaces. Our DFT calcu-
lations suggest that such interface structures have the potential to
induce spontaneous water dissociation, as demonstrated by dis-
sociative processes on interface relaxation. The observed acidic
response and spontaneous water dissociation on confined min-
eral interfaces, such as Rf1 in rutile, may have important impli-
cations in our understanding of proton exchange mechanisms
that depend on the atomic-scale structure of metal oxide–water
interfaces.[31] In the study of electric double-layer formation on
the rutile–water interface, Zhang et al. (2019)[69] showed that with
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Figure 9. The mechanism of rutile fiber formation under acidic growth conditions. Stage-I) Islands of rutile grow homoepitaxially on the surface of seed
crystals with the initial Rf0 configuration. During the course of their growth rutile surfaces are fully hydroxylated. As the growth medium is strongly
acidic, their surfaces are populated by ─OH groups (gray), positively charged aquo (─OH2

+) groups, and hydronium (H3O+) ions in the surrounding
medium. While the islands grow laterally, the repulsion force due to the positive (+) surface charge builds up and prevents their fusion. An equilibrium
gap, 𝜿, is formed between the fibers and is maintained throughout the growth. Stage-II) While their growth is laterally confined, it is unrestrained upward,
along the c-axis. With the parallel out-of-plane growth the repulsion force between the adjacent ─OH2

+ groups in the Rf0 configuration is building up
to the point that the fibers try to accommodate the strain by compression/dilatation of the crystal structure along the growth axis into a more favorable
configuration, Rf1. Within this transition zone the difference between the two configurations, 𝝂, is gradually accommodated. The width of the Rftrans
zone is unknown. III) Upward growth of rutile fibers in Rf1 configuration.

increasing pH water molecules show stronger structural fluctu-
ations leading to increased capacitance of such surface. This is
a very interesting study with important implications for 2D con-
fined rutile interfaces. Preliminary electrical conductivity mea-
surements performed on an aqueous solution of fibrous rutile
particles show a significant increase in conductance of deion-

ized water compared to the annealed rutile reference, that can
result from the formation of an electric double layer on mineral–
water interface, or, as suggested by our study, interface-induced
water dissociation. The results of these measurements are pre-
sented in the Electrical Conductivity section in the Supporting
Information.

Adv. Mater. 2024, 36, 2308027 2308027 (12 of 16) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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2.7. Optical Properties

H bonding, proton transfer, and water dissociation on differ-
ently hydroxylated (110) rutile surfaces, as observed on Rf1
fibers, are receiving a lot of attention in recent studies.[70–73] Tan
et al. (2012)[49] suggested that the dissociation process could be
the initial reaction step in water splitting sequence by trigger-
ing the formation of OH radicals.[4,47–51] Several effects, includ-
ing hydrogen-bond networks promoting proton–hole transfer,[72]

and acidic response enabling generation of holes on (110) ru-
tile surfaces[73] are deemed as essential conditions for water
splitting.[74] Both these effects have been demonstrated on our
Rf1 interfaces.

Further, in comparison to general grain boundaries, coher-
ent interfaces and long-range ordered homojunctions, such as
those in homoepitaxially grown fibers are expected to have a sig-
nificant effect on the optical and electronic properties of these
materials.[70] Coherent interfaces have been shown effective at
separating charge carriers during hydrogen evolution, whereas
the intrinsic strain that is present in the Rf0/Rf1 transition
zone,[75] and positively charged surfaces[31,39,41,46] are expected to
enhance photocatalytic properties of this class of materials.[4,26]

To compare the optical properties of fibrous rutile to other TiO2-
based materials, diffuse-reflectance spectra and bandgap were
determined. For comparison, we measured the rutile seeds that
were used for homoepitaxial growth of rutile fibers and com-
mercial rutile nanoparticles. The UV–vis diffuse-reflectance spec-
tra show that the characteristic absorption edge of 408 nm that
is measured on commercial rutile drops to 395 nm for seed
and fibrous rutile, which is close to the characteristic value of
anatase.[76] Among all samples, the highest reflectance in the
vis part of the spectrum (Figure 10a) is shown by commer-
cial rutile (≈95%), followed by fibrous (≈85%) and seed rutile
(≈70%). Characteristic bandgaps obtained by derivation of the
Kubelka–Munk function against the photon energy are shown in
Figure 10b. The bandgap for rod-like rutile of 3.11 eV is typical for
the nanosized rutile particles. For the twinned seed crystals, the
bandgap is slightly higher, 3.16 eV, whereas the bandgap of 3.25
is measured for fibrous rutile, which is high above the reference
value of rutile, close to that of anatase. Bandgap widening in rutile
is most often related to the absence of Ti3+ and O vacancies on the
surface of rutile crystals.[19,51] Two further effects observed on our
rutile fibers can contribute to the widening. By DFT calculations
Zhang et al. (2015)[45] showed that hydroxylation of {110} rutile
surfaces can elevate the bandgap values and enhance the mate-
rial’s reducing power for photocatalysis. The effect is associated
with dipole interactions by hydroxyl groups on the rutile surface.
Recent studies in other materials show that lattice strain,[74] such
as that observed in the Rf0 → Rf1 transition zone, could also be
responsible for the observed bandgap increase.

3. Conclusion

When rutile is grown epitaxially under acidic conditions on struc-
turally related mineral surfaces, it acquires a characteristic fi-
brous morphology with a distinct interface structure and unique
mnemonic properties. The translation between the individual
fibers is highly correlated and depends on growth conditions. Ho-
moepitaxially grown rutile fibers are characterized by:

Figure 10. Optical properties of different types of nanocrystalline rutile.
a) UV–vis diffuse-reflectance spectra, and b) optical bandgap analysis for
commercial, seed, and fibrous rutile.

1) systematic
⇀
r1 = ⅞·[110] ± ½·[001] displacements caused by

noncovalent surface interactions due to protonation of {110}
surfaces in acidic medium, where

2) lateral [110] displacement is caused by repulsion between
surface hydroxyl and aquo groups preventing the islands to
merge causing the formation of separated fibers with en-
trapped surface hydroxyls ─OH and ─OH2

+ from acidic hy-
drothermal conditions in a translation state, inherited from
the seed (Rf0), and

3) alternating out-of-plane c-axis shifts arise from the accom-
modation of positively charged ─OH2

+ groups on adjacent
(110) surfaces across the interface that induce compres-
sive/dilatative stress upon adjacent fibers until they adopt en-
ergetically more favorable translational state (Rf1).

Stable fibrous mesostructure that results from hydrothermal
growth displays:

1) strong acidic response through spontaneous dissociation of
interfacial H2O, that otherwise does not take place on regular
{110} rutile surfaces, and

2) increased bandgap value of 3.25 eV, which surpasses reported
values for rutile.

Adv. Mater. 2024, 36, 2308027 2308027 (13 of 16) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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4. Experimental Section
Synthesis of Rutile: The synthesis of fibrous rutile nanocrystals in-

volved two steps. In the first step, twinned seed nanocrystals were pro-
duced, and in the second the seeds were used in a subsequent process
that produced homoepitaxially grown fibrous rutile. Seeds were synthe-
sized via solvothermal oxidation of Ti powder, following the procedure
implemented in our study of rutile branching (Jordan et al., 2018).[9]

Briefly, (0.479 g) titanium powder (99.5%, PI-KEM Ltd.) was dissolved in
(10 mL) ice-cooled solution of ammonium hydroxide (NH3; 25% Merck)
and (40 mL) hydrogen peroxide (H2O2; 30% Carlo Erba) for 2.5 h until ho-
mogenization. The pH value of the solution was ≈10. After the ligand ex-
change reaction following the addition of (1.4 mL) glycolic acid (C2H4O3;
99% Sigma-Aldrich) at 80 °C for 1.45 h, the pH dropped to ≈7. The solu-
tion was heated at 70 °C for 19 h until the complete reaction. Prior to HT
synthesis, the solution was diluted in (40 mL) Milli-Q water. The growth
of the seeds was carried out in a (23 mL) Teflon-lined stainless steel auto-
clave (model 4749, Parr Instrument Company, IL, USA) that was 40% filled
with the prepared solution and heated at 200 °C for 24 h. The final mass
of obtained TiO2 seed crystals was (≈160 mg). In the subsequent synthe-
sis step, fibrous rutile was grown over the seeds. The seed rutile crystals
(10 mg) were mixed with (9 mL, 0.5–4.4 m) hydrochloric acid (HCl; 37%
Carlo Erba), ultrasonicated for 2 min, and stirred at 600 rpm directly in the
autoclave for another 15 min until dispersion. To allow fibrous overgrowth,
(12.6–25.1 mm) titanium butoxide (Ti(IV)-butoxide; 97% Sigma-Aldrich)
was added dropwise to the suspension and stirred for 15 min until com-
plete hydrolysis.[10] The suspension was then hydrothermally (HT) treated
at 100–140 °C between 2 and 100 h to study the fiber growth. After HT pro-
cessing, the autoclave was cooled to room temperature, and white precip-
itate was collected and washed. The mass gain depends on the precursor
concentration and processing parameters (e.g., ≈11 mg, for 25.1 mm Ti-
butoxide in 4.4 m HCl, treated for 24 h at 100 °C). Part of the seed rutile
was annealed at 600 °C for 4 h to remove hydroxyls and dissociated water
species[19] for its use as a rutile reference with similar nanoparticle size
and morphology.

Structure Characterization: The phase composition and crystallinity
of HT-grown products were characterized by powder X-ray diffractome-
try (XRD; model PANalyical X’Pert PRO, Almelo, the Netherlands) within
Bragg angles 2𝜃 = 10–80°. Powder X-ray diffractograms of the products are
shown in Figure S1, Supporting information. The morphology was studied
by field-emission scanning electron microscopy (FEG-SEM; model JSM–
7600F, Jeol Ltd., Tokyo, Japan). Samples with confirmed fiber overgrowth
were further investigated by transmission electron microscopy (TEM).
TEM samples were prepared by dispersing the products in ethanol and
depositing a drop of suspension on a lacey carbon-coated Ni grid. HRTEM
and selected area electron diffraction (SAED) were performed by TEM
(JEM–2100HR, Jeol Ltd., Tokyo, Japan). The translation state between the
rutile fibers was studied by atomic-resolution ABF imaging of rutile–rutile
interfaces using aberration-corrected FEG scanning TEM (STEM; ARM–
200CF, Jeol Ltd., Tokyo, Japan). The chemical composition of the inter-
faces was studied using EELS and energy-dispersive X-ray spectroscopy
(EDS).

Surface Properties: To understand and explain the nanoparticles’ sur-
face properties, XPS analysis was carried out (PHI-TFA spectrometer, Phys-
ical Electronics Inc., Chanhassen, Minnesota, USA). For XPS measure-
ments the nanoparticles were deposited on a C-tape and degassed. The
vacuum during the measurements was in the range of 10−9 mbar. The
analysis depth was about 3–5 nm. The samples were irradiated by X-rays
from a monochromatic Al source at the photon energy of 1.487 keV. Survey
wide-energy spectra were recorded over an energy range up to 1.2 keV with
a pass energy of analyzer of 187 eV in order to identify and quantify the ele-
ments present on the surface of nanoparticles. The collected spectra were
referenced to Fermi energy, which was aligned to the binding energy of
the C 1s region peak at 285.0 eV, originating from surface contamination.
The accuracy of binding energies was about ±0.3 eV. The XPS spectra were
analyzed by Multipack V9.9 software. High-resolution spectra were fitted
with Gauss–Lorentz functions and Shirley function used for background
removal.

Quantum Chemical Calculations: For optimization of the fiber struc-
tures, the DFT calculations were employed with a plane-wave pseu-
dopotential method as implemented in the PWscf code of the Quan-
tum ESPRESSO package.[77] DFT calculations were carried out us-
ing the generalized gradient approximation (GGA) with Perdew–Burke–
Ernzerhof (PBE)[78] exchange-correlation functional. Calculations were
conducted via nonlinear Core-Corrected Scalar (CCS) relativistic ultrasoft
pseudopotentials[79,80] with the energy cutoff of 52 Ry. The convergence
threshold for self-consistency was set to 10−7 Ry. The Brillouin zone was
integrated using the Monkhorst–Pack sets of 4 × 12 × 1 k-points mesh. To
account for the van der Waals energy contribution, a D3 dispersion cor-
rection was used.[81] The supercells were constructed based on DFT re-
laxed rutile using the CrystalMaker software.[82] Structural optimizations
were carried out with periodic blocks of 7 (110)rut layers separated by
experimentally observed displacements. All terminating Ti atoms were
hydroxylated,[10,31] and one or two molecules of water were added between
the slabs to simulate the aqueous growth medium. Supercell geometry
was fixed to study the effect of specific interface structures on the charac-
teristics of surface ligands and the medium.

Bandgap Measurements: To determine the bandgaps of the products,
diffuse-reflectance UV–vis spectra were measured using a UV/vis/NIR
spectrophotometer (Lambda 950, PerkinElmer, USA). The spectra were
recorded in a diffuse-reflectance mode (250–600 nm) and transformed to
equivalent adsorption Kubelka–Munk units considering a direct allowed
transition of the electrons and using the calculations described by Lòpez
et al. (2012).[83] Bandgaps were determined from the tangent lines of the
Kubelka–Munk function versus the photon energy.

Electrical Conductivity: As the conductivity of the aqueous solution
of the nanoparticles can be an indicator of the presence of dissociated
species and proton exchange-driven surface charges,[84] electrical con-
ductivity measurements were performed on the seed and fibrous rutile
samples dispersed in water. Prior to measurements, the products were
rinsed and ultrasonicated in Milli-Q water, centrifuged, washed in abso-
lute ethanol, and dried. Aliquots of the nanoparticles were dispersed in
Milli-Q water (4 mg mL−1) and de-agglomerated in an ultrasonic bath for
10 min. Following ultrasonication, electrical conductivity was measured at
room temperature using a conductivity meter (Proline Plus M350, ProS-
ense B.V., Oosterhout, the Netherlands) with a broad measurement (0.01–
1000 mS cm−1) and a small volume of the sample (≈2 mL).

Statistical Analysis: Fibrous rutile nanoparticles were grown in three
parallel batches for each set of processing conditions and cross-compared
for their mass, homogeneity, morphology, size, and phase composition
by standard SEM and XRD characterization techniques. After syntheses,
the products were cooled to room temperature (24 h for seeds, 2 h for
fibers), and the precipitate from the solution was collected, centrifuged,
washed in absolute ethanol, and dried in air. Bulk parts of experimental
high-resolution HAADF-STEM images were used as a geometrical refer-
ence for correcting scanning distortions by IMAGE-WARP procedure.[85] A
Wiener filter was applied to improve the signal-to-noise ratio. Processed
images were used for iterative image matching, using the cross-correlation
method,[61] with model-based simulations to determine the exact transla-
tion vectors. The energy resolution for EELS at 200 KeV accelerating volt-
age was ≈0.4 eV. The XPS spectra were recorded on three different sam-
ples of every material analyzed. Raw spectra were smoothed by a 5-point
Savitsky–Golay method and shifted in binding energy scale in such a way
that C 1s peak was aligned to 285.0 eV, characteristic for the C─C and
C─H bonds from surface contamination. XPS spectra O 1s and Ti 2p were
deconvoluted into sub-peaks using the model product functions of Gaus-
sian and Lorentzian types. Before deconvolution, the background of the
XPS spectra was subtracted using Shirley’s background. XPS data were
elaborated with Multipak software (Physical Electronics), version 9.9. Un-
certainty of the binding energies of the XPS peaks was estimated to±0.3 eV
and was the same for all measurements so that a comparison between the
materials was possible. Relative concentrations of O-based species were
determined from the deconvolution of the XPS spectra O 1s. XPS spectra
from two samples for each material were processed, which showed a high
reproducibility. The presence of O-based species was determined as an av-
erage value of relative concentrations based on which ≈10% of a relative
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error may be involved in the reported concentration of O-based species
from the XPS spectra. For the UV–vis diffuse-reflectance spectra and opti-
cal bandgap analysis, RC 823 rutile form Cinkarna Celje d.d. was used as
a reference for commercial rutile nanoparticles of similar grain size distri-
bution. The accuracy of electrical conductivity measurements was ±0.5%
of measured values.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Cryst. Growth Des. 2018, 18, 4484.
[10] V. Jordan, U. Javornik, J. Plavec, A. Podgornik, A. Rečnik, Sci. Rep.
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