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ABSTRACT: Dual-phase TiO2 consisting of bronze and anatase phases
is an attractive electrode material for fast-charging lithium-ion batteries
due to the unique phase boundaries present. However, further
enhancement of its lithium storage performance has been hindered by
limited knowledge on the impact of cation doping as an efficient
modification strategy. Here, the effects of Ru4+ doping on the dual-phase
structure and the related lithium storage performance are demonstrated
for the first time. Structural analysis reveals that an optimized doping
ratio of Ru:Ti = 0.01:0.99 (1-RTO) is vital to maintain the dual-phase
configuration because the further increment of Ru4+ fraction would
compromise the crystallinity of the bronze phase. Various electro-
chemical tests and density functional theory calculations indicate that
Ru4+ doping in 1-RTO enables more favorable lithium diffusion in the
bulk for the bronze phase as compared to the undoped TiO2 (TO) counterpart, while lithium kinetics in the anatase phase are found
to remain similar. Furthermore, Ru4+ doping leads to a better cycling stability for 1-RTO-based electrodes with a capacity retention
of 82.1% after 1200 cycles at 8 C as compared to only 56.1% for TO-based electrodes. In situ X-ray diffraction reveals a reduced
phase separation in the lithiated anatase phase, which is thought to stabilize the dual-phase architecture during extended cycling. The
simultaneous enhancement of rate ability and cycling stability of dual-phase TiO2 enabled by Ru4+ doping provides a new strategy
toward fast-charging lithium-ion batteries.
KEYWORDS: dual-phase TiO2, ruthenium doping, lithium ion diffusion, structure stability, lithium-ion batteries

1. INTRODUCTION
The fast charging ability of lithium-ion batteries (LIBs) is of
significant importance to many practical applications, such as
portable devices and electric vehicles, because charging time
can be dramatically reduced with increasing charging power.1

Serving as a crucial component in LIBs, the anode material
should allow efficient ion and electron transfer to achieve a fast
charging process. To avoid the risk of lithium plating at high
charging rates, titanium dioxide (TiO2) has been proposed
because of its safe operating potential (above 1 V vs Li/Li+) as
well as its stable and open crystal structure for Li+ transfer.2,3

However, the practical application of TiO2 is mainly limited
due to its poor ionic and electronic conductivity.4−6

Interestingly, TiO2 possesses various polymorphs, such as
bronze, anatase, and rutile, presenting distinct differences in
Li+ storage behavior.7−11 For instance, full lithiation in anatase
TiO2 (x = 1 in LixTiO2) can be achieved by nanostructuring.
However, only x = 0.5 Li+ ions can be stored in microsized
anatase TiO2, leading to a theoretical capacity of 168 mA h
g−1.12 On the other hand, the insertion of Li+ in the bronze
phase TiO2 shows less particle size dependence as the
intercalation of x = 0.85 and x = 1.01 Li+ has been

demonstrated for micro- and nanoscale particles, respec-
tively.13,14

Therefore, constructing nanostructures and nanocomposites
incorporating additional conductive materials are the most
widely utilized methods to enhance the ion/electron transfer in
TiO2.

15−22 Furthermore, it has been recently demonstrated
that dual-phase TiO2 is able to provide additional diffusion
channels and active storage sites at the interfaces between two
TiO2-based phases.23−26 The underlying mechanism is based
on the so-called “job-sharing” mechanism, as proposed by
Maier et al.,27,28 which assumes that the interfaces consisting of
a Li+-accepting phase and an electron-accepting phase are
favorable for extra lithium storage. According to the charge
separation argument in semiconductive bronze/anatase
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TiO2,
29 bronze TiO2 can serve as the Li+-accepting phase,

while anatase serves as the electron acceptor. Therefore,
constructing novel architectures of bronze/anatase TiO2
appears to be a promising strategy to optimize the lithium
storage performance of TiO2. However, dual-phase TiO2 still
suffers from poor ion and electron transfer within the
individual phases. Though nanosizing seems attractive, it will
inevitably compromise the volumetric energy and power
densities because of the low volumetric density and high
surface energy of nanomaterial-based electrodes. Sufficiently
high volumetric densities require the use of dual-phase TiO2
with microsized domains. To enhance the ion/electron transfer
within those domains, cation/anion substitution/doping is one
of the most popular methods because it can effectively change
the local electronic configuration, widen the diffusion channels,
as well as tune the system entropy.30−32 To date, most studies
that optimize the lithium storage performance of dual-phase
TiO2 by cation substitution and doping are still focusing on
nanomaterials. For example, Opra et al.33 reported the effect of
multivalent vanadium doping to improve the rate and cycling
performance of bronze/anatase TiO2 nanotubes. Cu2+ and
Nb5+ doping have been demonstrated to enhance the
electronic conductivity and thus the rate ability of bronze/
anatase TiO2 nanowires and nanoparticles, respectively.34,35

However, the exploration of the impact of cation doping in
microscale particles of dual-phase TiO2 is still very limited, and
detailed knowledge on its effect on the ion transfer kinetics in
the bronze/anatase phase is lacking.
In this work, mesoporous bronze/anatase TiO2 with

microsized domains is synthesized, and the effects of
ruthenium doping on the dual-phase structure and lithium
storage performance are investigated. With the electronic
configuration of eg0t2g4, the unpaired electrons in Ru4+ are
expected to modify the electronic configuration of Ti4+ and
consequently improve the electronic conductivity, which were
confirmed by X-ray photoelectron spectroscopy (XPS) and
electrochemical impedance spectroscopy (EIS). Besides,
because of the larger ionic size of Ru4+ (0.62 Å) than that of
Ti4+ (0.605 Å) and the lower thermal stability of the bronze
phase compared to the anatase phase,6 Li+ diffusion channels
are widened more easily in the bronze phase by Ru4+ doping as
compared to the anatase phase. This contributes to enhanced
Li+ transfer kinetics in the bronze phase, which is
demonstrated by kinetic analysis and density functional theory
(DFT) calculations. However, an optimal doping ratio is found
to be crucial as a further increase in Ru4+ levels is found to
decrease the crystallinity of the bronze phase, leading to
significant capacity loss in that phase. Importantly, Ru4+ doping
is able to effectively stabilize the dual-phase structural
framework, enabling an enhanced stability with a significantly
higher capacity retention as compared to that of the undoped
case. The enhanced electrochemical behavior can be attributed
to a suppressed phase separation of the lithiated anatase due to
Ru4+ doping. This simultaneous enhancement of the rate
ability and cycling stability of dual-phase TiO2 by Ru4+ doping
provides a new strategy toward fast-charging lithium-ion
batteries.

2. EXPERIMENTAL METHOD
2.1. Materials Synthesis. The bulk parent crystals of

pristine (x = 0) and ruthenium doped (x = 0.0173 and 0.0346)
K0.8Ti1.73‑xRuxLi0.27O4 (denoted as KTLO or 1-KTRLO and 2-
KTRLO) were synthesized by a solid-state reaction. Stoichio-

metric amounts of commercial K2CO3, Li2CO3, TiO2, and
RuO2 powders (Sigma-Aldrich) were mixed by ball-milling for
48 h and were subsequently annealed under 1000 °C for 20 h.
To exchange potassium and lithium, protonation was
conducted by dispersing KTLO and KTRLO powders in 2
M HNO3 for 3 days. The protonated powders
H1.08Ti1.73−xRuxO4, denoted as HTO (x = 0), 1-HTRO (x =
0.0173), and 2-HTRO (x = 0.0346), were cleaned with dilute
water and dried at ambient temperature. Finally, the dried
powders were calcined at 450 °C for 1 h in air to obtain dual-
phase TiO2 (denoted as TO, 1-RTO, and 2-RTO,
respectively).

2.2. Materials Characterization. The structural proper-
ties of all powders were investigated by using X-ray diffraction
(XRD, PANalytical X’pert PRO diffractometer with Cu Kα
radiation, λ = 0.15406 nm). The surface element states were
studied by X-ray photoelectron spectroscopy (XPS, Omicron
Nanotechnology Gmbh surface analysis system with a photon
energy of 1486.7 eV, Al Kα X-ray source). The bonding
properties were characterized using Raman spectroscopy (1000
UV Raman spectrometer with a laser wavelength of 514 nm for
measurement). The surface morphologies were characterized
by high-resolution scanning electron microscopy (HRSEM,
Zeiss Merlin HRSEM). The powders were cut by focused ion
beam (FIB, JEOL JLB-4700), and the corresponding elemental
mappings were collected by energy dispersive X-ray spectrom-
etry (EDX). The local lattice parameters were investigated by
transmission electron microscopy (TEM, JEOL JEM-2800
with a beam voltage of 200 kV). The surface areas and pore
sizes were determined by utilizing the Brunauer−Emmett−
Teller (BET, Germini Vll of Micromeritics) technique.

2.3. Electrochemical Measurement. The working
electrodes were fabricated by mixing the TO or RTO powders
with super P and polyvinylidene difluoride (PVDF, Mw 27500,
Sigma-Aldrich) with a mass ratio of 70:20:10. The active
materials were milled with super P in an agate mortar, and the
mixtures were subsequently transferred to N-methyl pyrroli-
done (NMP, ≥99%, Sigma-Aldrich) solution where PVDF was
dissolved. Ultrasonication was applied to ensure good
dispersion of the mixed powders. The mixed slurry was cast
on Cu foil and dried in a vacuum oven at 60 °C for 12 h. The
mass loading of active materials was ∼1.0 mg cm−2. The half-
cells were fabricated in a glovebox where the active materials
were combined with lithium metal (99.9%, Sigma-Aldrich) and
a glass fiber separator (ECC1-01-0012-B/L). The applied
electrolyte was composed of 1 M LiPF6 in a 1:1 ratio v/v
ethylene carbonate/dimethyl carbonate (Sigma-Aldrich, bat-
tery grade). As for the operando XRD cell, the mass ratio of
the mixed slurry was changed to 50:40:10 to achieve an
enhanced electronic conductivity, and the beryllium window
was employed as the current collector. All electrochemical
measurements were performed in a galvanostat/potentiostat
(VMP-300, Biologic) with EC-Lab software at room temper-
ature using commercial lab-scale cells (TU Delft), while the
operando cell was an optical test cell from EL-CELL.

2.4. Theoretical Modeling. Spin-polarized DFT calcu-
lations were performed using the projector augmented wave
(PAW) potential method36 implemented in the Vienna Ab
Initio Simulation Package (VASP) code.37 Generalized
gradient approximation (GGA) within the scheme of
Perdew−Burke−Ernzerhof (PBE)38 was used as the basis of
the exchange-correlation (XC) functional. An unit cell of 1 × 4
× 1 and a Gamma-centered k-point mesh of 1 × 1 × 2 for DFT
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calculations were used. An energy cutoff of 520 eV as well as an
electronic and a force convergence criterion of 10−4 eV and
−2.00 × 10−2 eV/, respectively, were applied for DFT and
nudged elastic band (NEB) calculations. The diffusion energy
barrier was computed using the DFT-NEB method with 7
images along the c-direction. To obtain the most favorable
configuration of Ru in Li1Ti32O64, the total Coulomb energy
(EC) was calculated for all possible configurations with 1 Ru in
32 Ti sites, namely !

! !
32

1 31
= 32 structures with a charge state of

1+ for Li, 3+ for Ru, 4+ for Ti, and 2− for oxygen. Then DFT-
PBE calculation was performed on the electrostatically most
favorable structure, and the lowest total energy structure was
found. Total Coulomb energy calculations on possible
combinations were carried out using the so-called supercell
code.39 Atomistic structures were visualized with VESTA
program.40

To find the most favorable site for a single Li ion in TiO2
(modeled by a 1 × 4 × 1-unit cell: Li1Ti32O64), the Li-ion
migration was calculated along the a-, b-, and c-directions. The
DFT-PBE calculations show that the most favorable pathway
for Li-ion migration is along the c-direction. Afterward, the
DFT-NEB calculations were performed to compute the
diffusion energy barrier (Eb) along the c-direction.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. As shown in Figure

S1a, XRD patterns of 1-KTRLO and 2-KTRLO exhibit the
same diffraction patterns as KTLO with predominantly (020)
peaks, demonstrating the typical layered structure of
K0.8Ti1.73−xRuxLi0.27O4 with a highly crystalline lepidocrocite-
type crystal structure. After protonation, all three powders
displayed identical diffraction patterns in which the (020)
peaks had shifted toward lower 2θ angles compared to those in

the parent compounds (Figure S1b).The d-spacings of the
(020) planes are shown in Figure S2, which increased upon
protonation by 1.62, 1.58, and 1.44 Å for HTO, 1-HTRO, and
2-HTRO, respectively. The increased d-spacing is attributed to
the steric effect of the hydration shell of H+, which is larger and
more coherent than the one surrounding K+.41−43 Interlayer
water and protons are removed at 300 °C, and the formation of
the bronze phase starts, followed by the subsequent partial
transition from the bronze phase to the anatase phase when the
temperature is increased to above 400 °C.6,23 As shown in
Figure 1a, the XRD patterns of TO and 1-RTO demonstrate a
coexistence of bronze and anatase phases. However, with an
increasing fraction of Ru4+, the peak intensities corresponding
to the bronze phase are significantly reduced (2-RTO). It is
assumed that the bronze phase has a lower thermal stability
than the anatase phase at the specific temperature required to
form the bronze/anatase dual phase system. By doping with
Ru4+, the ionic radius of which is larger than that of Ti4+, the
crystal structure of the bronze phase tends to become less
stable and, therefore, a disordered structure is formed upon
increasing the Ru4+ dopant concentration. The existence of
two phases is further confirmed by Raman analysis (Figure
1b). The TiO2 octahedra in the bronze phase cause a shoulder
at ∼121 cm−1, while in the anatase phase, it leads to a series of
peaks with varying vibration modes.26,44 It is worth noting that
the peaks located at ∼145 cm−1 exhibit a blue-shift with
increasing Ru4+ fraction, implying that a lattice distortion is
induced by the substitution of Ti4+ by Ru4+. The decreased
crystallinity of the bronze phase might therefore be ascribed to
the lattice-distorting effect of Ru4+ as well. Combining XRD
and Raman analyses, it is reasonable to conclude that Ru4+ is
doped into both the bronze and anatase phases. To investigate
the effect of Ru4+ doping on the electronic configuration of
dual-phase TiO2, XPS measurements were conducted to

Figure 1. (a) XRD patterns (A = anatase, B = bronze), (b) Raman spectra, and (c) XPS spectra of Ti 2p for TO, 1-RTO, and 2-RTO powders; N2
adsorption−desorption isotherms of (d) TO and (e) 1-RTO powders; (f) pore size distributions of TO and 1-RTO powders.
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characterize the Ti4+ state (Figure 1c). Though all three
samples exhibit the characteristic peaks of Ti 2p1/2 and Ti
2p3/2, the obvious peak shifts to lower binding energies
indicate that the electron charge density of the titanium ion is
increased by unpaired electrons in Ru4+ and that a reduced
state, i.e., Ti3+, is formed.45 It is expected that the local
electronic configuration of Ru4+-doped TiO2 is modified and
that the electron transfer rate will improve. Based on these
considerations, it is clear that the optimal level of Ru4+ doping
is crucial to enhancing the electrochemical properties as well as
maintaining the crystal structure of the bronze phase.
For the sake of comparison, the TO and 1-RTO powders

were selected to investigate the effect of Ru4+ doping on the
bronze/anatase system. The particle size and morphology of
TO and 1-RTO were studied by SEM. Both TO and 1-RTO
exhibit an irregular particle morphology (Figure S3a,b). As
H3O+ is stored in the interlayer gallery between neighboring
Ti1.73−xRuxO2 octahedral layers, removal of H3O+ would result
in a topotactic transformation to the TiO2 bronze and anatase
phases by calcination.46,47 The side views of TO and 1-RTO
powders illustrate their layered character but with slits (Figure
S3c,d). As the lithium ions in the parent compound
K0.8Ti1.73−xRuxLi0.27O4 occupy the octahedral sites, they are
exchanged upon protonation. The protons are stored between
the layers rather than occupying the original octahedral sites,
resulting in Ti vacancies in Ti1.73−xRuxO2 octahedral layers.42

Therefore, internal stresses occur in the octahedral layers and
make them bendable. BET analysis was applied to determine
the specific surface areas and pore distributions of TO and 1-
RTO powders. Figure 1d,e presents the isotherm curves of TO
and 1-RTO, respectively, which both correspond to a typical

IV adsorption isotherm with a hysteresis loop that suggests a
mesoporous pore structure in TO and 1-RTO. The BET
surface areas were 14.79 ± 0.04 and 13.16 ± 0.05 m2 g−1. The
pore size distributions of TO and 1-RTO (Figure 1f) show an
average pore size of 15 nm, which is in the mesoporous
domain. Such a porous structure originates from the removal
of water molecules, which results in bending due to internal
stress as well as structure transformation into anatase and
bronze. It is consistent with a previous study and is expected to
accommodate lattice strains occurring during extended cycling
when used as electrodes.6 In addition, the elemental
distribution inside a 1-RTO particle was characterized by
EDX mapping. The cross-section of 1-RTO was exposed by
FIB cutting (Figure S4a), and the corresponding map shows
homogeneous distributions of Ti and Ru (Figure S4b,c).

TEM was applied to further investigate the bronze/anatase
dual phase structure of the TO and 1-RTO powders. TEM
images in Figure S5a,c show cross-sections where the porous
structure of bulk dual-phase TO and 1-RTO particles is clearly
observed. The directions of view are perpendicular to the TiO6
octahedral layers, which are along the [100] zone axis. The
selected area electron diffraction (SAED) patterns that
correspond to the selected areas (marked by red circles in
Figure S5a,c) exhibit diffraction spots instead of diffraction
rings (Figure S5b,d). The combination of bronze and anatase
phases in TO and 1-RTO is demonstrated by the presence of
diffraction spots of the (004) plane of anatase as well as the
(001) plane of bronze. The presence of the anatase phase is
further proven by a predominant spot of the (011) plane,
which is ∼69° rotated with respect to (004) plane.

Figure 2. HRTEM images of (a) 1-RTO and (d) TO particles; the zoom-in HRTEM images of (b) 1-RTO and (e) TO particles that correspond
to the white box area in (a) and (d), respectively. The intensity line profiles of (c) 1-RTO and (f) TO particles correspond to line-B in parts (b)
and (e), respectively.
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High-resolution TEM (HRTEM) was conducted to visualize
the anatase/bronze domain structure of 1-RTO and TO in
detail. Figure 2a shows a dual-phase 1-RTO consisting of
nanodomains, which are comprised of bronze (marked with B)
and anatase (marked with A). They are separated by porous or
disordered regions (marked with O), which were formed after
removal of the inserted water molecules and structure
transformation. The interfaces between the two phases are
shown in Figure 2b. The (001) planes of the bronze phase are
connected to the anatase (011) planes. Dual phase TO (Figure
2d,e) exhibits a similar phase boundary construction as 1-RTO
and is in good agreement with the SAED patterns (Figure
S5b,d). Furthermore, the d-spacing of (001) planes of the
bronze phase in the specific selected area, noted by d(001), is
determined by the intensity line profile. The d(001) of 1-RTO is
measured to be 0.594 nm (Figure 2c), while that of TO is
determined to be 0.560 nm (Figure 2f). The increment of
d(001) demonstrates that Ru4+ with a larger ionic size leads to an
expansion of the crystal lattice. Due to the low doping
concentration and low crystallinity of the bronze phase, a peak
shift for bronze is not observed in the XRD pattern (Figure
1a). Ru4+ doping-induced lattice expansion in 1-RTO is
expected to enhance the Li+ diffusivity in the bronze phase, as
further discussed in Section 3.2. Next to that, the presence of
dual-phase domains with numerous phase boundaries is
expected to provide extra Li+ storage sites beyond those in
the individual TiO2 phases.

3.2. Electrochemical Characterization. To investigate
the effect of Ru4+ doping on the lithium storage performance of
the dual-phase TiO2 system, lithium-based half-cells were
fabricated and analyzed using various electrochemical
techniques. Cyclic voltammetry (CV) curves presented in
Figure 3a display the redox behaviors of TO- and 1-RTO-

based electrodes at a sweep rate of 0.2 mV s−1. Both of them
show two pairs of redox peaks, which are located within the
voltage ranges of 2.1−1.7 V and 1.75−1.5 V, corresponding to
(de)lithiation in the anatase and bronze phases, respectively.7

Instead of showing separated peaks, as typically observed in
other studies, (de)lithiation in bronze phases of TO and 1-
RTO occurs in merged peaks because of the low crystallinity of
the bronze component.48 It is shown that the reduction peak of
the bronze phase for 1-RTO remains more stable in the second
CV scan as compared to that of TO, which is attributed to the
phase stabilization by Ru4+ doping and will be discussed in
Section 3.3. Besides, it is clear that 1-RTO exhibits a higher
current density in both the bronze and anatase peaks than TO,
implying more favorable lithiation induced by Ru4+ doping.
However, a significantly lower peak current density occurs in
the bronze phase of 2-RTO (Figure S6), which is attributed to
the more disordered and distorted bronze structures resulting
from the relatively high Ru4+ dopant level. To allow a
comparison of material systems with similar crystallinity, the
following discussion focuses mainly on TO- and 1-RTO-based
electrodes.

Figure S7 shows the charge−discharge curves of TO and 1-
RTO at 1 C (1 C = 170 mA g−1) for the initial cycle. TO and
1-RTO display discharge/charge capacities of 162.9/113.3 and
256.8/166.5 mA h g−1, respectively, corresponding to initial
Coulombic efficiencies of 69.5 and 64.8%. The irreversible
capacities were previously attributed to the incomplete
elimination of surface impurities when annealing hydrogen
titanate at 450 °C.23,49 Figure 3b presents the charge−
discharge curves for the second cycles, in which TO and 1-
RTO exhibit reversible plateaus in the potential ranges of 2.2−
1.6 and 1.6−1.3 V, which are attributed to (de)lithiation in the
anatase and bronze phases, respectively, and consistent with
CV analysis. 1-RTO was able to deliver a reversible capacity of

Figure 3. Electrochemical performance of TO- and 1-RTO-based electrodes in a half cell configuration: (a) CV analysis at a sweep rate of 0.2 mV
s−1; (b) charge−discharge curves during the second cycle; (c) rate performance, and (d) cycling stability.
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172.3 mA h g−1, while TO only achieved 116.6 mA h g−1.
Furthermore, as shown in Figure 3c, 1-RTO delivers higher
reversible capacities compared to TO at all tested rates from 1
to 16 C, implying an improved rate ability of dual-phase TiO2
with Ru4+ doping. When the C-rate was returned to 1 C, the
TO and 1-RTO electrodes were subsequently tested by
galvanostatic cycling for 50 cycles. Interestingly, the 1-RTO-
based electrode exhibited a much better electrochemical
stability, demonstrating a high capacity retention of 90.9% as
compared to 68.1% for the TO-based electrode. The better
cycling stability of 1-RTO was further demonstrated by
extended cycling tests at a higher C-rate (Figure 3d). As the
initial 5 cycles involved activation of the electrodes, the
capacity retentions are calculated based on the capacities for
the fifth cycle. In particular, a capacity retention of 82.1% was
achieved by 1-RTO after 1200 cycles at 8 C, which is
significantly higher than 56.1% for TO. Furthermore, both of
them display Coulombic efficiencies above 99.9% between the

5th and 1200th cycles. Based on these observations, it appears
that Ru4+ doping enables the simultaneous enhancement of the
rate ability and cycling stability of bronze/anatase dual phase
TiO2.

3.3. Mechanism Analysis. To further study the under-
lying mechanism of the enhanced rate performance, CV tests at
various sweep rates from 0.2 to 1.0 mV s−1 were conducted.
CV curves of TO and 1-RTO in Figure 4a,b exhibit a series of
redox peaks in the potential range of 2.0−1.25 V, which
correspond to (de)lithiation behavior in the bronze phase
indicated in the figure as B1′/B2′ and B1/B2, respectively.
Another group of redox peaks, which can be attributed to the
anatase phase in TO and 1-RTO, ismarked as A1′/A2′and A1/
A2, respectively. As the lithiation process in the bronze phase is
different from that in the anatase phase, the peak currents of all
individual peaks should be collected for analysis. However,
with the increment of sweep rates, the A2′ and A2 peaks
shifted to lower potentials and merged with B2′ and B2,

Figure 4. CV curves (a) TO and (b)1-RTO electrodes at various sweep rates; (c) fitted log(v)−log(ip) lines for b-value analysis; (d) fitted Ip/v0.5−
v0.5 lines for k1 determination. Contribution ratio of diffusion-controlled and capacitive processes at the potential of (e) B1/B1′ and (f) A1/A1′
peak currents at 0.2 and 1.0 mV s−1, respectively.
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respectively. Therefore, the B1′/A1′ and B1/A1 peaks were
selected for further kinetic analysis. According to the following
power law relationship,50 the b-value can be determined from
the peak currents (ip) and scan rates (v) via:

=i avb (1)

The value of b is an indication of the storage mechanism of
the electrode, where absolute diffusion-limited processes lead
to a b-value of 0.5, and complete capacitive-dominated
behavior results in a b-value of 1.0. The fitted log(ip)−log(v)
lines, of which the slopes provide the b-values, are shown in
Figure 4c. A1 and A1′ give similar b-values of 0.70 and 0.69,
respectively, while B1 gives a smaller b-value of 0.61 compared
to that of B1′ of 0.68. Though all b-values are located in the
range of 0.5−1.0, suggesting the cocontributions of diffusive
and capacitive effects to the overall currents, the discrepancy
between B1 and B1′ requires further analysis. Following
Dunn’s model,51 the effect of diffusion-controlled and
capacitive contribution can be separated using the following
equation:

= +i V k v k v( ) 1 2
0.5 (2)

It illustrates that the response current (i) at a specific
potential (V) is composed of a capacitive component (k1v) and
a diffusion-controlled contribution (k2v0.5). Because B1′ and
B1 are partially merged with the A1′ and A1 peaks,
respectively, only the peak current positions are considered
in our analysis. eq 2 can be rearranged to the following
linearized equation:

= +i V v k v k( )/ 0.5
1

0.5
2 (3)

To determine k1, i(V) at the potential of the peak current
and the corresponding sweep rates are plotted in Figure 4d
based on eq 3. The specific contributions of diffusion-

controlled and capacitive processes to the total peak current
positions for B1′/A1′ and B1/A1 were estimated and are
presented in Figure 4e,f. It shows that the storage mechanism
of the B1 peak is dominated by diffusion-controlled behavior,
up to 85.4% and 72.5% at 0.2 and 1.0 mV s−1, respectively, and
is significantly higher than that of B1′. On the other hand, the
degrees of contribution of the diffusion-controlled process to
the A1 peak is very close to that of the A1′ peak. Typically,
diffusion-controlled processes are related to the bulk
intercalation of Li+ into the crystal framework, while capacitive
behavior involves Li+ storage at the surface or at the interface
and is faradaic in origin.52 Given the fact that the surface areas
of TO and 1-RTO are similar (Figure 1d,e), the sites of
accommodating Li+ in the surface regions are assumed to be
similar, as well. In this case, the higher relative contribution of
the diffusion-controlled process for the B1 peak indicates that
bulk intercalation of Li+ in the bronze phase of 1-RTO is able
to deliver a higher reversible capacity due to enhanced Li+

diffusivity, as further demonstrated in the discussion below.
The influence of Ru4+ doping on the electron and ion

transfer in this dual-phase system was explored by electro-
chemical impedance spectroscopy (EIS) analysis. The Nyquist
plots for TO and 1-RTO in their charged states are shown in
Figure 5a. The Nyquist plots exhibit a semicircle in the high
frequency domain, which is attributed to the electron transfer
reaction.53 Therefore, an equivalent circuit was proposed to fit
the impedance data and predict the charge transfer resistance,
which corresponds to the R2 element in Figure 5a. The fitted
R2 value for 1-RTO is 62.9 Ω, which is lower than 93.0 Ω for
TO, thus pointing to favorable electron transfer kinetics that
are probably induced by the unpaired electrons in Ru4+.
Furthermore, as the Warburg region in the low frequency
domain is dominated by the ion diffusion process, it can be

Figure 5. (a) The EIS plots at charged state and the corresponding fitted curves of TO- and 1-RTO-based electrodes, where the equivalent circuit
is inserted; (b) fitted ZRe−ω−0.5 lines that correspond to the Warburg region in (a). Calculated Li+ diffusion energy barrier of (c) TO and (d) 1-
RTO.
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utilized to determine the Li+ diffusion coefficient based on the
following equation:54

= +Z RRe
0.5

(4)
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where Vm is the molar volume, F is the Faraday constant and S
is the surface area of the electrode that effectively contacts the
electrolyte. (dE/dx) is determined by the first derivative of
voltage (E) vs composition (x). σ is the Warburg factor
determined by the linear relation between ZRe and ω−0.5 in eq
4, where ZRe is the Warburg impedance in the low frequency
(ω) domain. The fitted ZRe−ω−0.5 lines in Figure 5b give σ-
values of 138.7 and 66.3 for TO and 1-RTO, respectively.
Thus, the Li+ diffusion coefficients ( +DLi ) were calculated to be
3.3 × 10−15 and 2.4 × 10−14 cm2 s−1 for TO and 1-RTO,
respectively. As discussed in the CV analysis, the diffusion-
controlled contribution ratio in the anatase phase of 1-RTO is
similar to that of TO. Therefore, it is reasonable to conclude
that the enhanced +DLi of 1-RTO originates from the more
favorable Li+ transfer process in the bronze phase, which is
enabled by the larger d(001) induced by Ru4+ doping (as
demonstrated in Figure 2c,f). Density functional theory (DFT)
calculations were carried out to investigate the difference in Li+
intercalation character in TO and 1-RTO. As shown in Figure
5c,d, the computed diffusion energy barriers of 0.325 and 0.15
eV for nondoped and Ru4+-doped bronze TiO2, respectively,
show that the Li+ diffusion kinetics in the Ru4+-doped bronze
phase are enhanced due to the expansion of the lattice along
the a- and b-directions. The faster Li+ diffusion in Ru4+-doped
bronze is consistent with kinetic analysis based on CV and EIS
techniques.

To understand the underlying mechanism of enhanced
cycling stability of 1-RTO, operando XRD analysis was
performed to investigate the structural evolution of the TO
and 1-RTO particles during the lithiation process. Due to the
low crystallinity and the beryllium window in the operando
setup, only a predominant peak at ∼25.2° is observed and
analyzed. The discharge curves of TO and 1-RTO (Figure
6a,b) are divided into two regions (region I and II), which
correspond to the lithiation processes in the anatase and
bronze phases, respectively. For the lithiation in the anatase
phase, the diffraction patterns of TO and 1-RTO, which are
denoted as pattern I, show that a shoulder at lower diffraction
angles, assigned to the β-Li titanate phase, develops at the
expense of the α-LixTiO2 phase.55 Such type of phase
separation is attributed to a very low nucleation barrier for
the formation of a phase boundary and a much faster
movement of the phase boundary as compared to the relatively
sluggish self-diffusion process.55,56 Although the division of
phases into α and β are observed for both TO and 1-RTO
particles, pattern I of 1-RTO exhibits a lower peak intensity
ratio (Iβ/Iα) of ∼28% than TO (∼38%), suggesting a less
favorable formation of the phase boundary in the lithiated
anatase phase of 1-RTO. It has been claimed that such phase
separation in lithiated anatase is due to the existence of a
common plane between α and β phases, and that their misfit is
negligible.57 Based on this, it is hypothesized that the lattice
distortion introduced by Ru4+ doping in anatase leads to an
increase of the interfacial energy and strain energy, thereby
increasing the nucleation barrier for the formation of a phase
boundary.

In region II, the merged peaks denoted by an asterisk (*) are
the combination of a β-Li titanate phase and a lithiated bronze
phase, as the overall intensities of the denoted peaks are higher
(patterns I to II). It has been reported that Li+ intercalation
into the bronze phase involves solid solution behavior with a

Figure 6. Discharge curves and corresponding in situ XRD patterns of (a) TO- and (b) 1-RTO-based electrodes; comparison of XRD patterns of
(c) TO- and (d) 1-RTO-based electrodes after 5th and 1200th cycles.
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single phase transformation.58 Given the fact that TO and 1-
RTO exhibit identical structural evolution in region II, it is
concluded that the underlying reason for the enhanced cycling
stability of 1-RTO is the suppressed phase invariant of lithiated
anatase. XRD patterns were collected after 1200 cycles and
presented in Figure 6c,d. It is shown that the predominant
peak of 1-RTO at ∼25.2° remains to be stable, while that of
TO has clearly decreased in intensity and shifted to a lower 2θ
angle, which can probably be assigned to an inactive
intermediate phase between β-Li titanate and α-LixTiO2
phases. This indicates a lower structural stability in the TO
induced by phase separation. By comparing the charge−
discharge curves after 600 and 1200 cycles (Figure S8), the 1-
RTO-based electrode is able to deliver reversible capacities
with stable plateaus, while significant degradation and
polarization of the plateaus are observed for the TO-based
electrode. This further confirms the harmful impact of phase
separation in anatase on the stability of the dual-phase TiO2
architecture.

4. CONCLUSION
Doping with Ru4+ in dual-phase bronze/anatase TiO2 has been
shown to simultaneously boost the Li+ transfer kinetics and
stabilize the dual-phase framework during extended cycling. An
optimized fraction of Ru4+ of ∼1 at. % is crucial to maintain the
dual-phase structure. Higher Ru4+ content compromises the
crystallinity of the bronze phase, albeit with a negligible
influence on the anatase phase. This effect can be attributed to
the larger ionic radius of Ru4+ and the lower thermal stability of
bronze as compared to anatase. At the optimal Ru4+ doping
level, an enlarged d-spacing of (001) planes of bronze in 1-
RTO was found to effectively boost Li+ diffusion in the bronze
phase while having a negligible effect on the anatase phase.
The DFT calculations and kinetics analysis based on EIS data
demonstrate an enhanced Li+ diffusion coefficient in the 1-
RTO-based electrode with a lower diffusion energy barrier
compared to the TO-based electrode. Moreover, Ru4+ doping
has been proven by operando XRD to suppress the phase
separation in lithiated anatase, leading to improved cycling
stability. Thus, 1-RTO-based electrodes exhibit a better rate
ability and at the same time also a much more stable cycling
performance than TO-based electrodes. This simultaneous
enhancement of the electrochemical behavior of dual-phase
TiO2 as a promising electrode material provides a new strategy
toward fast-charging lithium-ion batteries.
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Jülich 52425, Germany; orcid.org/0000-0002-1541-
7760

Johan E. ten Elshof − MESA+ Institute for Nanotechnology,
University of Twente, Enschede 7500AE, The Netherlands;
orcid.org/0000-0001-7995-6571

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.3c15122

Author Contributions
J.Z. contributed to conceptualization, investigation, data
collection, and writing-original draft; R.X. contributed to
investigation and data collection; N.Y. contributed to
investigation and data collection; P.K. contributed to
investigation and data collection; J.E.t.E. contributed to
writing-review and editing; M.H. contributed to supervision
and writing-review and editing. All authors have given approval
to the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
J.Z. and R.X. acknowledge the financial support of the China
Scholarships Council (CSC) program, nos. 201906150132 and
201807720013, respectively.

■ REFERENCES
(1) Liu, Y.; Zhu, Y.; Cui, Y. Challenges and Opportunities Towards
Fast-Charging Battery Materials. Nat. Energy 2019, 4, 540−550.
(2) Huang, S. Y.; Kavan, L.; Exnar, I.; Gratzel, M. Rocking Chair
Lithium Battery Based on Nanocrystalline TiO2 (Anatase). J.
Electrochem. Soc. 1995, 142, L142.
(3) Tetteh, E. B.; Valavanis, D.; Daviddi, E.; Xu, X.; Santana Santos,
C.; Ventosa, E.; Martin-Yerga, D.; Schuhmann, W.; Unwin, P. R. Fast
Li-ion Storage and Dynamics in TiO2 Nanoparticle Clusters Probed
by Smart Scanning Electrochemical Cell Microscopy. Angew. Chem.
Int. Ed. 2023, 62 (9), No. e202214493.
(4) Xu, J.; Jia, C.; Cao, B.; Zhang, W. F. Electrochemical Properties
of Anatase TiO2 Nanotubes as an Anode Material for Lithium-Ion
Batteries. Electrochim. Acta. 2007, 52, 8044−8047.
(5) Ren, Y.; Liu, Z.; Pourpoint, F.; Armstrong, A. R.; Grey, C. P.;
Bruce, P. G. Nanoparticulate TiO2(B): an Anode for Lithium-Ion
Batteries. Angew. Chem. 2012, 124, 2206−2209.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c15122
ACS Appl. Mater. Interfaces 2024, 16, 8616−8626

8624

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c15122/suppl_file/am3c15122_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c15122?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c15122/suppl_file/am3c15122_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Huijben"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8175-6958
https://orcid.org/0000-0001-8175-6958
mailto:m.huijben@utwente.nl
mailto:m.huijben@utwente.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Najma+Yaqoob"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Payam+Kaghazchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1541-7760
https://orcid.org/0000-0002-1541-7760
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johan+E.+ten+Elshof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7995-6571
https://orcid.org/0000-0001-7995-6571
https://pubs.acs.org/doi/10.1021/acsami.3c15122?ref=pdf
https://doi.org/10.1038/s41560-019-0405-3
https://doi.org/10.1038/s41560-019-0405-3
https://doi.org/10.1149/1.2048726
https://doi.org/10.1149/1.2048726
https://doi.org/10.1002/anie.202214493
https://doi.org/10.1002/anie.202214493
https://doi.org/10.1002/anie.202214493
https://doi.org/10.1016/j.electacta.2007.06.077
https://doi.org/10.1016/j.electacta.2007.06.077
https://doi.org/10.1016/j.electacta.2007.06.077
https://doi.org/10.1002/ange.201108300
https://doi.org/10.1002/ange.201108300
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c15122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(6) Liu, H.; Bi, Z.; Sun, X. G.; Unocic, R. R.; Paranthaman, M. P.;
Dai, S.; Brown, G. M. Mesoporous TiO2-B Microspheres with
Superior Rate Performance for Lithium Ion Batteries. Adv. Mater.
2011, 23, 3450−3454.
(7) Aravindan, V.; Lee, Y.-S.; Yazami, R.; Madhavi, S. TiO2
Polymorphs in ‘Rocking-Chair’ Li-Ion Batteries. Mater. Today 2015,
18, 345−351.
(8) Liang, S.; Wang, X.; Qi, R.; Cheng, Y. J.; Xia, Y.; Müller-
Buschbaum, P.; Hu, X. Bronze-Phase TiO2 as Anode Materials in
Lithium and Sodium-Ion Batteries. Adv. Funct. Mater. 2022, 32 (25),
2201675.
(9) Yuwono, J. A.; Burr, P.; Galvin, C.; Lennon, A. Atomistic
Insights into Lithium Storage Mechanisms in Anatase, Rutile, and
Amorphous TiO2 Electrodes. ACS Appl. Mater. Interfaces 2021, 13,
1791−1806.
(10) Usui, H.; Domi, Y.; Nguyen, T. H.; Sadamori, Y.; Tanaka, T.;
Sakaguchi, H. Fe−Nb Co-Doped Rutile TiO2 for Anode Materials of
Li-Ion Batteries. ACS Appl. Eng. Mater. 2023, 1, 994−1000.
(11) Kim, D.; Jeon, J.; Park, J. D.; Sun, X. G.; Gao, X.; Lee, H. N.;
MacManus-Driscoll, J. L.; Kwon, D. H.; Lee, S. Stable Supercapacity
of Binder-Free TiO2(B) Epitaxial Electrodes for All-Solid-State
Nanobatteries. Nano Lett. 2023, 23, 6815−6822.
(12) Wagemaker, M.; Borghols, W. J. H.; Mulder, F. M. Large
Impact of Particle Size on Insertion Reactions. A Case for Anatase
LixTiO2. J. Am. Chem. Soc. 2007, 129, 4323−4327.
(13) Dylla, A. G.; Henkelman, G.; Stevenson, K. J. Lithium Insertion
in Nanostructured TiO2(B) Architectures. Acc. Chem. Res. 2013, 46,
1104−1112.
(14) Opra, D. P.; Gnedenkov, S. V.; Sinebryukhov, S. L. Recent
Efforts in Design of TiO2(B) Anodes for High-Rate Lithium-Ion
Batteries: A review. J. Power Sources 2019, 442, 227225.
(15) Subramanian, V.; Karki, A.; Gnanasekar, K. I.; Eddy, F. P.;
Rambabu, B. Nanocrystalline TiO2 (Anatase) for Li-Ion Batteries. J.
Power Sources 2006, 159, 186−192.
(16) Chen, J. S.; Tan, Y. L.; Li, C. M.; Cheah, Y. L.; Luan, D.;
Madhavi, S.; Boey, F. Y. C.; Archer, L. A.; Lou, X. W. Constructing
Hierarchical Spheres from Large Ultrathin Anatase TiO2 Nanosheets
with Nearly 100% Exposed (001) Facets for Fast Reversible Lithium
Storage. J. Am. Chem. Soc. 2010, 132, 6124−6130.
(17) Etachri, V.; Yourey, J. E.; Bartlett, B. M. Chemically Bonded
TiO2-Bronze Nanosheet/Reduced Graphene Oxide Hybrid for High-
Power Lithium Ion Batteries. ACS Nano 2014, 8, 1491−1499.
(18) Wang, G.; Gao, W.; Zhan, Z.; Li, Z. Defect-Engineered TiO2
Nanocrystals for Enhanced Lithium-Ion Battery Storage Performance.
Appl. Surf. Sci. 2022, 598, 153869.
(19) Zhou, Z.; Yang, R.; Teng, Y.; Li, Y.; Wei, M. F-Doped
TiO2(B)/Reduced Graphene for Enhanced Capacitive Lithium-Ion
Storage. J. Colloid. Interface. Sci. 2023, 637, 533−540.
(20) Díaz-Carrasco, P.; Duarte-Cárdenas, A.; Kuhn, A.; García-
Alvarado, F. Understanding the High Performance of Nanosized
Rutile TiO2 Anode for Lithium-Ion Batteries. J. Power Sources 2021,
515, 230632.
(21) Niu, R.; Han, R.; Tang, S.; Zhu, J. Microwave Selective Heating
Ultrafast Construction of Coral-like TiO2-MXene /Graphene Hybrid
Architectures for High-Performance Lithium-Ion Battery. J. Power
Sources 2022, 542, 231738.
(22) Alli, U.; McCarthy, K.; Baragau, I.-A.; Power, N. P.; Morgan, D.
J.; Dunn, S.; Killian, S.; Kennedy, T.; Kellici, S. In-Situ Continuous
Hydrothermal Synthesis of TiO2 Nanoparticles on Conductive N-
Doped MXene Nanosheets for Binder-Free Li-Ion Battery Anodes.
Chem. Eng. J. 2022, 430, 132976.
(23) Wu, Q.; Xu, J.; Yang, X.; Lu, F.; He, S.; Yang, J.; Fan, H. J.; Wu,
M. Ultrathin Anatase TiO2 Nanosheets Embedded with TiO2-B
Nanodomains for Lithium-Ion Storage: Capacity Enhancement by
Phase Boundaries. Adv. Energy Mater. 2015, 5 (7), 1401756.
(24) Song, W.; Jiang, Q.; Xie, X.; Brookfield, A.; McInnes, E. J. L.;
Shearing, P. R.; Brett, D. J. L.; Xie, F.; Riley, D. J. Synergistic Storage
of Lithium Ions in Defective Anatase/Rutile TiO2 for High-Rate
Batteries. Energy Stor. Mater. 2019, 22, 441−449.

(25) Ahn, C. H.; Yang, W. S.; Kim, J. J.; Kim, J. H.; Cho, H. K.
Design of Bronze-Rich Dual-Phasic TiO2 Embedded Amorphous
Carbon Nanocomposites Derived from Ti-Metal-Organic Frame-
works for Improved Lithium-Ion Storage. Small Methods 2022, 6,
2201066.
(26) Chen, B.; Meng, Y.; Xie, F.; He, F.; He, C.; Davey, K.; Zhao,
N.; Qiao, S.-Z. 1D Sub-Nanotubes with Anatase/Bronze TiO2
Nanocrystal Wall for High-Rate and Long-Life Sodium-Ion Batteries.
Adv. Mater. 2018, 30 (46), 1804116.
(27) Balaya, P.; Bhattacharyya, A. J.; Jamnik, J.; Zhukovskii, Y. F.;
Kotomin, E. A.; Maier, J. Nano-Ionics in the Context of Lithium
Batteries. J. Power Sources 2006, 159, 171−178.
(28) Maier, J. Mass Storage in Space Charge Regions of Nano-Sized
Systems (Nano-Ionics. Part V). Faraday Discuss. 2007, 134, 51−66.
(29) Yang, D.; Liu, H.; Zheng, Z.; Yuan, Y.; Zhao, J.-C.; Waclawik,
E. R.; Ke, X.; Zhu, H. An Efficient Photocatalyst Structure: TiO2(B)
Nanofibers with a Shell of Anatase Nanocrystals. J. Am. Chem. Soc.
2009, 131, 17885−17893.
(30) Lin, C.; Yu, S.; Wu, S.; Lin, S.; Zhu, Z.-Z.; Li, J.; Lu, L.
Ru0.01Ti0.99Nb2O7 as an Intercalation-Type Anode Material with a
Large Capacity and High Rate Performance for Lithium-Ion Batteries.
J. Mater. Chem. A 2015, 3, 8627−8635.
(31) Zheng, J.; Xia, R.; Sun, C.; Yaqoob, N.; Qiu, Q.; Zhong, L.; Li,
Y.; Kaghazchi, P.; Zhao, K.; Elshof, J. E. T.; Huijben, M. Fast and
Durable Lithium Storage Enabled by Tuning Entropy in Wadsley−
Roth Phase Titanium Niobium Oxides. Small 2023, 19 (30),
2301967.
(32) Chen, C.; Hu, X.; Zhang, B.; Miao, L.; Huang, Y. Architectural
Design and Phase Engineering of N/B-Codoped TiO2(B)/Anatase
Nanotube Assemblies for High-Rate and Long-Life Lithium Storage. J.
Mater. Chem. A 2015, 3, 22591−22598.
(33) Opra, D. P.; Gnedenkov, S. V.; Sokolov, A. A.; Podgorbunsky,
A. B.; Ustinov, A. Y.; Mayorov, V. Y.; Kuryavyi, V. G.; Sinebryukhov,
S. L. Vanadium-Doped TiO2-B/Anatase Mesoporous Nanotubes with
Improved Rate and Cycle Performance for Rechargeable Lithium and
Sodium Batteries. J. Mater. Sci. Technol. 2020, 54, 181−189.
(34) Zhang, Y.; Meng, Y.; Zhu, K.; Qiu, H.; Ju, Y.; Gao, Y.; Du, F.;
Zou, B.; Chen, G.; Wei, Y. Copper-Doped Titanium Dioxide Bronze
Nanowires with Superior High Rate Capability for Lithium Ion
Batteries. ACS Appl. Mater. Interfaces 2016, 8, 7957−7965.
(35) Ventosa, E.; Mei, B.; Xia, W.; Muhler, M.; Schuhmann, W.
TiO2(B)/Anatase Composites Synthesized by Spray Drying as High
Performance Negative Electrode Material in Li-Ion Batteries.
ChemSuschem 2013, 6, 1312−1315.
(36) Blochl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50, 17953−17979.
(37) Kresse, G.; Furthmuller, J. Efficient Iterative Schemes for ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169−11186.
(38) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(39) Okhotnikov, K.; Charpentier, T.; Cadars, S. Supercell Program:
a Combinatorial Structure-Generation Approach for the Local-Level
Modeling of Atomic Substitutions and Partial Occupancies in
Crystals. J. Cheminf. 2016, 8 (1), 17.
(40) Momma, K.; Izumi, F. VESTA 3 for Three-Dimensional
Visualization of Crystal, Volumetric and Morphology Data. J. Appl.
Crystallogr. 2011, 44, 1272−1276.
(41) Sasaki, T.; Kooli, F.; Iida, M.; Michiue, Y.; Takenouchi, S.;
Yajima, Y.; Izumi, F.; Chakoumakos, B. C.; Watanabe, M. A Mixed
Alkali Metal Titanate with the Lepidocrocite-like Layered Structure.
Preparation, Crystal Structure, Protonic Form, and Acid-Base
Intercalation Properties. Chem. Mater. 1998, 10, 4123−4128.
(42) Song, Y.; Wang, H.; Xiong, J.; Guo, B.; Liang, S.; Wu, L.
Photocatalytic Hydrogen Evolution over Monolayer H1.07Ti1.73O4·
H2O Nanosheets: Roles of Metal Defects and Greatly Enhanced
Performances. Appl. Catal., B 2018, 221, 473−481.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c15122
ACS Appl. Mater. Interfaces 2024, 16, 8616−8626

8625

https://doi.org/10.1002/adma.201100599
https://doi.org/10.1002/adma.201100599
https://doi.org/10.1016/j.mattod.2015.02.015
https://doi.org/10.1016/j.mattod.2015.02.015
https://doi.org/10.1002/adfm.202201675
https://doi.org/10.1002/adfm.202201675
https://doi.org/10.1021/acsami.0c17097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c17097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c17097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaenm.2c00262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaenm.2c00262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja067733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja067733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja067733p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300176y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300176y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2019.227225
https://doi.org/10.1016/j.jpowsour.2019.227225
https://doi.org/10.1016/j.jpowsour.2019.227225
https://doi.org/10.1016/j.jpowsour.2006.04.027
https://doi.org/10.1021/ja100102y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100102y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100102y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100102y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405534r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405534r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405534r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2022.153869
https://doi.org/10.1016/j.apsusc.2022.153869
https://doi.org/10.1016/j.jcis.2023.01.070
https://doi.org/10.1016/j.jcis.2023.01.070
https://doi.org/10.1016/j.jcis.2023.01.070
https://doi.org/10.1016/j.jpowsour.2021.230632
https://doi.org/10.1016/j.jpowsour.2021.230632
https://doi.org/10.1016/j.jpowsour.2022.231738
https://doi.org/10.1016/j.jpowsour.2022.231738
https://doi.org/10.1016/j.jpowsour.2022.231738
https://doi.org/10.1016/j.cej.2021.132976
https://doi.org/10.1016/j.cej.2021.132976
https://doi.org/10.1016/j.cej.2021.132976
https://doi.org/10.1002/aenm.201401756
https://doi.org/10.1002/aenm.201401756
https://doi.org/10.1002/aenm.201401756
https://doi.org/10.1016/j.ensm.2019.07.025
https://doi.org/10.1016/j.ensm.2019.07.025
https://doi.org/10.1016/j.ensm.2019.07.025
https://doi.org/10.1002/smtd.202201066
https://doi.org/10.1002/smtd.202201066
https://doi.org/10.1002/smtd.202201066
https://doi.org/10.1002/adma.201804116
https://doi.org/10.1002/adma.201804116
https://doi.org/10.1016/j.jpowsour.2006.04.115
https://doi.org/10.1016/j.jpowsour.2006.04.115
https://doi.org/10.1039/B603559K
https://doi.org/10.1039/B603559K
https://doi.org/10.1021/ja906774k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja906774k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5TA01073J
https://doi.org/10.1039/C5TA01073J
https://doi.org/10.1002/smll.202301967
https://doi.org/10.1002/smll.202301967
https://doi.org/10.1002/smll.202301967
https://doi.org/10.1039/C5TA06884C
https://doi.org/10.1039/C5TA06884C
https://doi.org/10.1039/C5TA06884C
https://doi.org/10.1016/j.jmst.2020.02.068
https://doi.org/10.1016/j.jmst.2020.02.068
https://doi.org/10.1016/j.jmst.2020.02.068
https://doi.org/10.1021/acsami.5b10766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b10766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b10766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201300439
https://doi.org/10.1002/cssc.201300439
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1186/s13321-016-0129-3
https://doi.org/10.1186/s13321-016-0129-3
https://doi.org/10.1186/s13321-016-0129-3
https://doi.org/10.1186/s13321-016-0129-3
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1021/cm980535f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm980535f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm980535f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm980535f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2017.09.009
https://doi.org/10.1016/j.apcatb.2017.09.009
https://doi.org/10.1016/j.apcatb.2017.09.009
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c15122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(43) M?ller, M.; Handge, U.; Kunz, D.; Lunkenbein, T.; Altstadt, V.;
Breu, J. Tailoring Shear-Stiff, Mica-like Nanoplatelets. ACS Nano
2010, 4, 717−724.
(44) Jokisaari, J. R.; Bayerl, D.; Zhang, K.; Xie, L.; Nie, Y.; Schlom,
D. G.; Kioupakis, E.; Graham, G. W.; Pan, X. Polarization-Dependent
Raman Spectroscopy of Epitaxial TiO2(B) Thin Films. Chem. Mater.
2015, 27 (23), 7896−7902.
(45) Nguyen-Phan, T. D.; Luo, S.; Vovchok, D.; Llorca, J.; Sallis, S.;
Kattel, S.; Xu, W.; Piper, L. F.; Polyansky, D. E.; Senanayake, S. D.;
Stacchiola, D. J.; Rodriguez, J. A. Three-Dimensional Ruthenium-
Doped TiO2 sea urchins for Enhanced Visible-Light-Responsive H2
Production. Phys. Chem. Chem. Phys. 2016, 18, 15972−15979.
(46) Liu, B.; Boercker, J. E.; Aydil, E. S. Oriented Single Crystalline
Titanium Dioxide Nanowires. Nanotechnology 2008, 19, 505604.
(47) Yuan, H.; Besselink, R.; Liao, Z.; Ten Elshof, J. E. The Swelling
Transition of Lepidocrocite-Type Protonated Layered Titanates into
Anatase under Hydrothermal Treatment. Sci. Rep. 2014, 4, 4584.
(48) Zhang, Y.; Malyi, O. I.; Tang, Y.; Wei, J.; Zhu, Z.; Xia, H.; Li,
W.; Guo, J.; Zhou, X.; Chen, Z.; Persson, C.; Chen, X. Reducing the
Charge Carrier Transport Barrier in Functionally Layer-Graded
Electrodes. Angew. Chem. Int. Ed. 2017, 56, 14847−14852.
(49) Liu, J.; Chen, J. S.; Wei, X.; Lou, X. W.; Liu, X. W. Sandwich-
Like, Stacked Ultrathin Titanate Nanosheets for Ultrafast Lithium
Storage. Adv. Mater. 2011, 23, 998−1002.
(50) Lindstrom, H.; Sodergren, S.; Solbrand, A.; Rensmo, H.; Hjelm,
J.; Hagfeldt, A.; Lindquist, S. E. Li+ Ion Insertion in TiO2 (Anatase).
2. Voltammetry on Nanoporous Films. J. Phys. Chem. B 1997, 101,
7717−7722.
(51) Wang, J.; Polleux, J.; Lim, J.; Dunn, B. Pseudocapacitive
Contributions to Electrochemical Energy Storage in TiO2 (Anatase)
Nanoparticles. J. Phys. Chem. C 2007, 111, 14925−14931.
(52) Conway, B. E.. Electrochemical Supercapacitors: scientific
Fundamentals and Technological Applications; Springer Science &
Business Media, 2013.
(53) Nakayama, M.; Ikuta, H.; Uchimoto, Y.; Wakihara, M. Study on
the AC Impedance Spectroscopy for the Li Insertion Reaction of
LixLa1/3NbO3 at the Electrode-Electrolyte Interface. J. Phys. Chem. B
2003, 107, 10603−10607.
(54) Ho, C.; Raistrick, D.; Huggins, R. A. Application of A-C
Techniques to the Study of Lithium Diffusion in Tungsten Trioxide
Thin Films. J. Electrochem. Soc. 1980, 127, 343.
(55) Shen, K.; Chen, H.; Klaver, F.; Mulder, F. M.; Wagemaker, M.
Impact of Particle Size on the Non-Equilibrium Phase Transition of
Lithium-Inserted Anatase TiO2. Chem. Mater. 2014, 26, 1608−1615.
(56) Wagemaker, M.; van de Krol, R.; Kentgens, P. M.; van Well, A.
A.; Mulder, F. M. Two Phase Morphology Limits Lithium Diffusion
in TiO2 (Anatase): A 7Li MAS NMR Study. J. Am. Chem. Soc. 2001,
123, 11454−11461.
(57) Belak, A. A.; Wang, Y. Kinetics of Anatase Electrodes: The Role
of Ordering, Anisotropy, and Shape Memory Effects. Chem. Mater.
2012, 24, 2894−2898.
(58) Fehse, M.; Ben Yahia, M.; Monconduit, L.; Lemoigno, F.;
Doublet, M.-L.; Fischer, F.; Tessier, C.; Stievano, L. New Insights on
the Reversible Lithiation Mechanism of TiO2(B) by Operando X-ray
Absorption Spectroscopy and X-ray Diffraction Assisted by First-
Principles Calculations. J. Phys. Chem. C 2014, 118, 27210−27218.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c15122
ACS Appl. Mater. Interfaces 2024, 16, 8616−8626

8626

https://doi.org/10.1021/nn9011829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b02806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b02806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CP00472E
https://doi.org/10.1039/C6CP00472E
https://doi.org/10.1039/C6CP00472E
https://doi.org/10.1088/0957-4484/19/50/505604
https://doi.org/10.1088/0957-4484/19/50/505604
https://doi.org/10.1038/srep04584
https://doi.org/10.1038/srep04584
https://doi.org/10.1038/srep04584
https://doi.org/10.1002/anie.201707883
https://doi.org/10.1002/anie.201707883
https://doi.org/10.1002/anie.201707883
https://doi.org/10.1002/adma.201003759
https://doi.org/10.1002/adma.201003759
https://doi.org/10.1002/adma.201003759
https://doi.org/10.1021/jp970490q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp970490q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074464w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074464w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074464w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp036059k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp036059k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp036059k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1.2129668
https://doi.org/10.1149/1.2129668
https://doi.org/10.1149/1.2129668
https://doi.org/10.1021/cm4037346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm4037346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0161148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0161148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300881t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300881t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp507574e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp507574e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp507574e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp507574e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c15122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

