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ABSTRACT: Rechargeable magnesium (Mg) batteries assembled
with dendrite-free, safe, and earth-abundant metal Mg anodes
potentially have the advantages of high theoretical specific
capacity and energy density. Nevertheless, owing to the large
polarity of divalent Mg2+ ions, the insertion of Mg2+ into electrode
materials suffers from sluggish kinetics, which seriously limit the
performance of Mg batteries. Herein, we demonstrate an atomic
substitution strategy for the controlled preparation of ultrathin
black TiO2−x (B-TiO2−x) nanoflakes with rich oxygen vacancies
(OVs) and porosity by utilizing ultrathin 2D TiS2 nanoflakes as
precursors. We find out that the presence of OVs in B-TiO2−x
electrode material can greatly improve the electrochemical
performances of rechargeable Mg batteries. Both experimental
results and density functional theory simulations confirm that the introduction of OVs can remarkably enhance the
electrical conductivity and increase the number of active sites for Mg2+ ion storage. The vacancy-rich B-TiO2−x nanoflakes
exhibit high reversible capacity and good capacity retention after long-term cycling at large current densities. It is hoped
that this work can provide valuable insights and inspirations on the defect engineering of electrode materials for
rechargeable magnesium batteries.
KEYWORDS: rechargeable magnesium batteries, anode material, oxygen vacancies, black TiO2−x, porous nanoflakes

Rechargeable batteries based on multivalent ions with
sustainable resources, low cost, and high safety present
a promising future prospect for next-generation large-

scale energy storage.1−4 Among them, magnesium (Mg)
batteries have attracted considerable attention due to the
earth abundance of Mg metal, large volumetric theoretical
energy density (3833 mAh cm−3), and free of dendrite growth
on cycling.5,6 Whereas the development of rechargeable Mg
batteries has been hampered by two dominating intrinsic
challenges, the first obstacle is the lack of appropriate
electrolyte allowing reversible Mg plating/stripping with
specific stable operating voltage windows.7 Another obstacle
is the sluggish diffusion kinetics of Mg2+ ions in electrode
materials originated from the strong electrostatic interactions
between highly polarized divalent Mg2+ ions and the crystalline
lattices of electrode materials.8,9 Since 2000, great efforts have

been made to search for compatible electrolytes as well as
advanced electrode materials with suitable potential, high
capacity, long cyclicity, and fast kinetics for Mg batteries.10−18

So far, only a few metal/alloy-type and ion insertion-type
negative electrode materials have been found to exhibit
reasonable discharge/charge capacity and cycling durability
in rechargeable Mg batteries.4,19−23

Crystal defects, such as oxygen vacancies (OVs), play a vital
role in the physicochemical properties of transition-metal
oxides. The presence of OVs can improve the electronic
conductivity of transition-metal oxides for the application in
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catalysis, photoelectrolysis, and energy storage.24−28 Especially,
the OVs in the oxide-based electrode materials of Li-ion or Na-
ion batteries can facilitate the electron and ion transport,
thereby contributing to higher capacity and better rate
performance.29−34 For instance, it has been reported that the
incorporation of OVs into TiO2−x can reduce the band gap and
raise the density of states below the Fermi level for TiO2,

35−37

which is in favor of improving its electrical conductivity thus
improving the electrochemical performance for Li-ion and Na-
ion batteries.38 However, as far as we know, the influence of
OVs on the electrochemical performances of electrode
materials in Mg batteries has been rarely investigated.
In this study, we report the atomic substitution conversion

of ultrathin 2D TiS2 nanoflakes into OVs-rich and porous black
TiO2−x (B-TiO2−x) nanoflakes. We also demonstrate the
enhancement effect of OVs on the magnesium energy storage
of B-TiO2−x nanoflakes, which brings improved reversible
capacity, rate performance, and long cycle stability. The Mg2+

ions storage mechanism in B-TiO2−x nanoflakes was
investigated by systematic electrochemistry characterizations,
ex situ characterizations, and theoretical calculations, revealing
that both Mg2+ insertion process and capacitive response
contribute to the capacity. This work indicates that the
introduction of OVs into transition-metal oxide electrode
materials could be an effective approach to engineering the
electrode performance for rechargeable Mg batteries.

RESULTS AND DISCUSSION

Figure 1a shows the schematic diagram of the synthesis
method of OVs-rich and porous B-TiO2−x nanoflakes.
Primarily, ultrathin 2D TiS2 nanoflakes were obtained via the
reaction of TiCl4 and elemental S in the presence of oleylamine
refluxed at 300 °C under N2 protection condition, as detailed
in the Experimental Section. The X-ray powder diffraction
(XRD) pattern of TiS2 nanoflakes (see Figure S1) shows

strong diffraction peaks that can be well asssigned to the
hexagonal phase of TiS2 (JCPDS. PDF no. 88-1967, space
group P3̅m1, a = b = 3.4073 Å, c = 5.6953 Å). The OVs-rich B-
TiO2−x nanoflakes were simply synthesized by stirring the TiS2
nanoflakes in water at room temperature for 72 h. During this
step, the sulfur atoms in TiS2 nanoflakes were substituted by
oxygen atoms, generating reductive H2S, and abundant OVs
were formed during the atomic substation process, in which a
part of the Ti4+ species was reduced to Ti3+ by the reductive
H2S. The scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images shown in Figure
1b−g exhibit the morphology of precursor TiS2 nanoflakes and
as-obtained OV-rich B-TiO2−x nanoflakes. The smooth TiS2
nanoflakes have a uniform thickness of 5−10 nm and a
diameter of 100−200 nm (Figure 1b,c). Most of the TiS2
nanoflakes were spontaneously piled together for minimizing
the surface energy. Moreover, the high-resolution TEM
(HRTEM) image in Figure 1d shows a clear lattice spacing
of 0.26 nm, which matches well with the (011) planes of
hexagonal phase TiS2. The as-prepared B-TiO2−x nanoflakes
are also stacked (Figure 1e), exhibiting rough and porous
surface characteristics (Figure 1f). The porous surface was
likely formed because the S2− species in TiS2 were replaced by
smaller O2− through an atomic substitution process. As shown
in the HRTEM image of Figure 1g, the lattice spacing of 0.35
nm matches well with the (101) planes of tetragonal-phase
anatase TiO2. The presence of disordered regions in the
crystalline lattice indicates the introduction of OVs.36 We also
prepared a control sample of fully oxidized and OVs-free white
TiO2 nanoflakes (W-TiO2) by annealing the B-TiO2−x
nanoflakes in air atmosphere at 450 °C for 4 h. The
morphology of W-TiO2 control sample is shown in Figure
S2, which well maintains the original morphology of B-TiO2−x
nanoflakes. The specific surface area and porous characteristics
of B-TiO2−x nanoflakes and W-TiO2 control sample were

Figure 1. Schematic synthesis process of B-TiO2−x nanoflakes and morphology characterizations of samples. (a) Schematic synthesis process
of OVs-rich and porous B-TiO2−x nanoflakes converted from ultrathin 2D TiS2 nanoflakes through an atomic substitution strategy. SEM,
TEM, and HRTEM images of (b−d) precursor TiS2 nanoflakes and (d−f) as-obtained B-TiO2−x nanoflakes.
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investigated by N2 adsorption−desorption isotherms (see
Figure S3), revealing the high specific surface areas of ca.
134 and 139 m2 g−1, respectively. The pore size distributions in
Figure S3b,d demonstrate the bimodal micromesoporous
structures in B-TiO2−x and W-TiO2.
The crystallinity structures of B-TiO2−x and W-TiO2

nanoflakes were examined by XRD (Figure 2a). The major
XRD peaks of both samples can be indexed to tetragonal phase
TiO2 (JCPDS no. 71-1166, space group I41/amd, a = b =
3.7842, c = 9.5146). This result suggests the successful
conversion of TiS2 into B-TiO2−x. The XRD pattern of B-
TiO2−x nanoflakes presents broader peaks with weaker

diffraction intensities than those of W-TiO2, which is due to
the presence of abundant OVs.39 The structural features of
both samples were further examined by Raman spectroscopy.
Six (3Eg + 2B1g + A1g) Raman-active modes (151.9, 200.9,
414.8, 506.9, 625.8 cm−1) were detected in the B-TiO2−x
nanoflakes (Figure 2b).40 The strongest Eg mode arisen from
the external vibration of Ti−O bonds (151.9 cm−1) has an
obvious red shift compared to that of W-TiO2 (145.4 cm−1),
which can be attributed to the increased amount of OVs in B-
TiO2−x.

26 Control samples with different OV contents were
prepared by annealing the porous B-TiO2−x nanoflakes at 450
°C in air for different periods (1, 2, or 4 h) to investigate the

Figure 2. Characterizations of B-TiO2−x and W-TiO2 nanoflakes: (a) XRD patterns, (b) Raman spectra, (c) photographs and EPR spectra of
B-TiO2−x and other control samples prepared by annealing in air for different periods (G-TiO2−x (annealed for 1 h), K-TiO2−x (annealed for
2 h), W-TiO2 (annealed for 4 h), respectively), (d, e) XPS spectra of (d) Ti 2p and (e) O 1s core levels, (f) UV−vis diffuse reflectance
spectra and optical bandgaps, (g) valence-band X-ray photoelectron spectra of B-TiO2−x nanoflakes and W-TiO2 control sample. (h) The
calculated PDOS of pristine TiO2 and B-TiO2−x with OVs.
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effects of OV contents in B-TiO2−x on Mg2+ storage
performance. The inset of Figure 2c shows the colors of
these control samples gradually change from black to gray (1
h), khaki (2 h), and finally white (4 h), and these control
samples are termed as G-TiO2−x, K-TiO2−x, and W-TiO2,
respectively, which are associated with the decrease of OV
contents. Electron paramagnetic resonance spectroscopy
(EPR) was conducted on these control samples at room
temperature to examine the existence of OVs, as shown in
Figure 2c. The B-TiO2−x, G-TiO2−x, and K-TiO2−x nanoflakes
show distinct EPR signals with a g value of 2.002, which
indicates the presence of superoxide radicals (O2

•−) attached
to the OVs on the surface of metal oxide materials.31,37,40−42

Based on electron spin concentration measurements, the O2
•−

concentration in porous B-TiO2−x nanoflakes is estimated to
be 0.57 μmol g−1, which is significantly higher than that of a
previous reported O2

•− concentration (0.018 μmol g−1).43 The
intensity of EPR signals is gradually reduced with prolonging
annealing time, implying the decrease of OV content. After
annealing for 4 h, the sample was fully oxidized to W-TiO2
with very few OVs. XPS was further conducted to examine the
elemental compositions and chemical states of samples (Figure
2d,e). The survey XPS spectrum of B-TiO2−x nanoflakes
revealed the co-existence of Ti and O elements (see Figure
S4a). Almost no peak of S was detected, indicating successful
conversion of TiS2 into B-TiO2−x. The energy dispersive X-ray
spectroscopy (EDX) elemental analysis of B-TiO2−x nanoflakes

revealed the presence of very little S (see Figure S4b), which is
consistent with the XPS results. The energy bands of B-TiO2−x
nanoflakes at Ti 2p region can be deconvoluted to four peaks.
The peaks located at 458.0 and 463.7 eV are assigned to Ti4+

2p3/2 and 2p1/2, respectively. The peaks located at 457.3 and
463.0 eV are associated with Ti3+ 2p3/2 and 2p1/2,
respectively.44 The Ti3+ species were produced during the
atomic substation process of S2− with O2−, in which the Ti4+ in
TiO2−x was reduced by the generated reductive H2S. In
contrast, the W-TiO2 nanoflakes only show two peaks at 458.0
and 463.7 eV, which are the typical characteristics of Ti4+. The
O 1s band of B-TiO2−x and W-TiO2 nanoflakes in Figure 2e
can be fitted into two peaks, corresponding to the lattice
oxygen (OL) in TiO2−x (∼529.3 eV) and surface −OH group
(∼530.9 eV), respectively.40,45

The UV−vis diffuse reflectance spectra (Figure 2f) show
that the photoabsorption of B-TiO2−x nanoflakes has been
extended from UV light to visible light and infrared regions.
The bandgap of B-TiO2−x nanoflakes was measured to be
∼1.79 eV, which is much narrower than that of W-TiO2
(∼3.30 eV), as shown in the inset of Figure 2f. The narrowed
optic bandgap might result from the additional impurity energy
levels between conduction band (CB) and valence band (VB)
introduced by Ti3+ species and OVs.36,44 The VB XPS
spectrum of B-TiO2−x nanoflakes (Figure 2g) show an
absorption onset located at ∼1.05 eV, while the absorption
onset of W-TiO2 shifts to ∼1.58 eV, indicating the change of

Figure 3. Electrochemical performances of porous B-TiO2−x nanoflakes cycling between 0.05−2.1 V vsMg2+/Mg. (a) CV curves at a scanning
rate of 0.2 mV s−1. (b) Discharge−charge curves at 50 mA g−1. (c) Cycling performance and Coulombic efficiencies at 150 mA g−1. (d)
Discharge/charge curves at the different current densities ranged from 50 to 300 mA g−1. (e) Rate performance and (f) cycling performance
measured at 300 mA g−1.
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energy band structure induced by OVs in the B-TiO2−x
nanoflakes. As shown in Figure 2h, the density functional
theory (DFT) calculation results of partial density of states
(PDOS) indicate that the VB edge of pristine anatase TiO2

mainly consists of O 2p states, while the CB is mainly
composed of Ti 3d states. After the introduction of OVs into
anatase TiO2 (i.e., B-TiO2−x), the Fermi level is shifted to the
CB, and the band gap is narrowed. This rationalizes the
improved electron conductivity in B-TiO2−x, which was
observed in the experiments.
The electrochemical performances of B-TiO2−x nanoflakes

for hosting Mg2+ ions were evaluated by assembling 2032 coin-

type cells with 0.4 M 2PhMgCl-AlCl3 (termed as APC) in
THF solution as the electrolyte and polished Mg foil as the
anode material. To examine the compatibility of APC
electrolyte for Mg stripping/plating in magnesium battery
system, cyclic voltammograms (CV) profile was measured with
a three-electrode testing system based on the counter and
reference electrodes of magnesium foils, the working electrode
of platinum plate, and 0.4 M APC/THF electrolyte (Figure
S5). The overpotential for Mg plating is measured to be 0.25
V, and the Coulombic efficiency for Mg stripping/plating is
∼100%, indicating the good compatibility of APC/THF
electrolyte. The CV curves of B-TiO2−x nanoflakes during

Figure 4. Investigation of the storage mechanism of Mg2+ ions in B-TiO2−x nanoflake anode. (a, b) Ex situ XPS spectra acquired from freshly
prepared, first-time discharged, and first-time charged B-TiO2−x nanoflake anode at (a) Ti 2p and (b) Mg 2p regions, respectively. (c) Ex situ
XRD patterns and (d) ex situ Raman spectra of freshly prepared, first-time discharged, and first-time charged B-TiO2−x nanoflake anode. The
peaks labeled by “C” are originated from carbon paper (CP) served as current collector. (e) CV curves of the third cycles at different
scanning rates. (f) Calculated b-values as a function of voltage from the cathodic and anodic sweeps of B-TiO2−x nanoflake anode. (g)
Capacitive contribution (the shaded region) to the total stored charge at 0.2 mV s−1 calculated based on the equation: i(V) = k1v + k2v

1/2. (h)
Column graphs of rate-dependent charge storage contributions of B-TiO2−x nanoflakes resulted from Mg2+ insertion/diffusion and capacitive
processes.
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the first, second, and fifth cycles at a scan rate of 0.2 mV·s−1 are
provided in Figure 3a. The electrode of porous B-TiO2−x
nanoflakes exhibits broad cathodic and anodic responses.
Considering the weak redox peaks and the nearly rectangular
shape of the CV curves, the storage mechanism of Mg2+ for the
B-TiO2−x electrode could have both Mg2+ insertion/diffusion
contribution and electrocapacitive contribution, which will be
discussed in detail below. Noticeably, the current density of B-
TiO2−x electrode is evidently higher than that of W-TiO2 (see
Figure S6a), suggesting the significantly improved electro-
chemical activity due to the presence of OVs. Figure 3b depicts
the discharge/charge profiles of porous B-TiO2−x nanoflakes at
the first, second, and fifth cycles at a current density of 50 mA
g−1. The initial discharge and charge capacities are 190 and 134
mAh g−1, respectively, corresponding to the storage of 0.28
equiv of Mg2+ per formula unit (Mg0.28TiO2−x) and an initial
Coulombic efficiency of 70%. The irreversible capacity in the
first cycle could be mainly attributed to the Mg2+ ions insertion
into irreversible sites,46,47 and the relatively low initial
discharge voltage is ascribed to the large polarization
associated with the surface oxide layer on Mg anode.48 In
the eighth cycle, the discharge and charge capacities are 147
and 155 mAh g−1, respectively, with the Coulombic efficiency
greatly increased to ∼95%, corresponding to an estimated
Mg2+ storage formula of Mg0.22TiO2−x. The cycling perform-
ance of B-TiO2−x nanoflakes at 150 mA g−1 is shown in Figure
3c. The reversible capacity progressively increases during the
initial 30 cycles, reaching discharge and charge capacities of
105 and 108 mAh g−1, respectively, with a Coulombic
efficiency of ∼103%. The discharge capacity still retains as
high as 106 mAh g−1 after 200 cycles. Figure 3d,e shows the
discharge−charge curves and rate capabilities of B-TiO2−x
nanoflakes cycling at different current densities ranging from
50 to 300 mA g−1. The discharge capacities are 150, 126, 114,
and 106 mAh g−1 at 50, 100, 200, and 300 mA g−1,
respectively. The capacity of B-TiO2−x electrode exhibits a
retention ratio of 70% when the current density increases from
50 mA g−1 to 300 mA g−1. Upon cycling, the charge−discharge
curves present sloping characteristics. The Mg2+ storage
properties of representative Ti-based anodes22,47,49,50 and
metallic anodes18,51,52 for Mg batteries are listed in Table S1.
The average discharge voltage of B-TiO2−x was ∼0.5 V vs
Mg2+/Mg, comparable to other reported Ti-based anode
materials for Mg batteries, such as Li4Ti5O12,

22 cation-deficient
anatase TiO2.

49 Moreover, compared with previously reported
metallic anodes of Mg batteries, such as, Bi, Sn, Sb, and their
alloys, the cycling stability of B-TiO2−x is superior, due to the
absence of generally serious volume expansion of metallic
anodes.18,50,51 The long-term cycling test of B-TiO2−x
nanoflakes at 300 mA g−1 (Figure 3f) shows initial discharge
and charge capacities of 101 and 64 mAh g−1, respectively, with
an initial Coulombic efficiency of ∼63%. The reversible
capacity gradually stabilizes after 30 cycles. The 30th discharge
and charge capacities are 98 and 102 mAh g−1 with a
Coulombic efficiency of about 104%. After 400 cycles at 300
mA g−1, the discharge capacity remains at 77 mAh g−1 with a
capacity retention of 76%, suggesting good cycling stability.
For comparison, we also investigated the Mg2+ storage

performances of the control samples. The CV curves and
charge−discharge curves of W-TiO2 nanoflakes (see Figure
S6a and S6b) with very few OVs display similar features
compared to those of B-TiO2−x. The Mg2+ storage perform-
ance of other control samples was also examined, as shown in

Figure S6c,d. With the increase of annealing time, the control
samples show apparently decreased discharge capacities. The
long-term cycling curve of W-TiO2 nanoflakes at 300 mA g−1

(see Figure S6d) exhibits initial discharge and charge capacities
of merely 35 and 30 mAh g−1 at 300 mA g−1, respectively,
much lower than B-TiO2−x. Electrochemical impedance
spectroscopy (EIS) analysis of B-TiO2−x and W-TiO2 was
conducted (see Figure S7). The semicircles in high-frequency
regions of the Nyquist plots are relevant with the charge-
transfer resistance (Rct) at the electrode/electrolyte interface.
The B-TiO2−x electrode shows lower Rct value than that of W-
TiO2, thus conducive to its Mg2+ storage performances. The
above results indicate that the porous B-TiO2−x nanoflakes
have much better Mg2+ storage performance than the control
samples prepared by annealing at 450 °C in air, in accordance
with the variation of OV contents.
To investigate the storage mechanism of Mg2+ ions, ex situ

XPS, ex situ XRD, and ex situ Raman spectroscopy were
conducted on freshly prepared, first-time discharged, and first-
time charged B-TiO2−x nanoflakes (Figure 4a−d). In Figure 4a,
the XPS spectrum of freshly prepared B-TiO2−x electrode at Ti
2p region shows four peaks. The peaks located at 458.0 and
463.8 eV correspond to the Ti 2p3/2 and Ti 2p1/2 bands of Ti

4+,
respectively. The other two small peaks centered at 457.3 and
462.7 eV are assigned to the 2p3/2 and 2p1/2 peaks of Ti3+,
respectively. The proportion of the Ti4+ and Ti3+ species in B-
TiO2−x quantified by the XPS results is about 80% and 20%,
respectively, corresponding to a x value of ∼0.1 (Table S2).
After discharged to 0.05 V, the proportion of Ti3+ increases
from 20% to 48%. Whereas, after charging to 2.1 V, the
proportion of Ti3+ quantified by the XPS results decreases to
33%, implying that some Mg2+ ions are still trapped in the
electrode materials (Table S2). These results clearly suggest
that the Ti4+/Ti3+ conversion has participated in the
discharge−charge processes. The increase of Ti3+ concen-
tration in B-TiO2−x can lead to an enhancement in the
electronic conductivity and thus decreases polarization in the
subsequent cycles, as shown in Figure 3b. The XPS spectra at
Mg 2p core levels of the freshly prepared, first-time discharged,
first-time charged B-TiO2−x nanoflake anode are shown in
Figure 4b. The peak intensity at charged state is lower than
that at a discharged state, indicating the reversible
magnesiation/demagnesiation of B-TiO2−x nanoflakes, but
some Mg2+ ions are always trapped in B-TiO2−x throughout
the cycling process. The atomic contents of Mg2+ after the first
discharge and charge steps were also estimated by EDX, as
shown in Figure S8a,b, respectively, which is in accordance
with the measured battery capacities. Meanwhile, the ex situ
XRD (Figure 4c) and ex situ Raman spectroscopy (Figure 4d)
features show no appearance of new peaks and negligible peak
shifts upon the magnesiation/demagnesiation process. The
XRD and Raman peak intensities also show only slight
changes, indicating the good reversibility upon cycling. The
CV curves at various scan rates from 0.2 to 2.0 mV s−1 were
collected to further investigate the electrochemical behavior of
B-TiO2−x nanoflakes (Figure 4e), which exhibit broad cathodic
and anodic responses. Generally, the current (i) obeys a
function relationship with the scan rate (v) during the sweeps:

i av(V) b= (1)

i b v alg (V) lg lg= + (2)
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where the measured current i obeys a power law relationship
with the sweep rate (v), and a and b are the adjustable
parameters.53,54 The electrode is diffusion governed if the b-
value is 0.5, while the b-value is close to 1.0 indicating that a
capacitive response is dominant.24,55−57 The b-values calcu-
lated from the CV curves of B-TiO2−x nanoflakes at various
current densities are shown in Figure 4f and Figure S9a,b.
During both cathodic and anodic processes, the b-values are in
the range of 0.83−0.89, which suggests that both diffusion
process and capacitive response contribute to the total stored
capacity.58,59 The fraction of the above-mentioned two
contributions at a certain scan rate can be quantified according
to the following formula:

i k v k v(V) 1 2
1/2= + (3)

i v k v k(V) 1/2
1

1/2
2= +−

(4)

where i(V), v, k1v, and k2v
1/2 are the currents at a specific

potential, the scanning rate, the capacitive-controlled current,
and the diffusion-limited current, respectively. Figure S9c,d

shows the linear plots of i(V) v−1/2 vs v1/2 at specific voltages
during the discharge and charge processes. The capacitive
contributions, corresponding to the shaded areas of the CV
curves at the scanning rates of 0.2, 0.5, 1.0, and 2.0 mV s−1

(Figure 4g and Figure S10), are calculated to be ∼58%, 64%,
73%, and 78% of the total capacities, respectively. The
capacitive contribution becomes more prominent along with
the increase of scanning rate, as shown in Figure 4h. Similar
phenomena have also been reported in other research works
on Mg batteries.60,61

DFT calculations were performed to further investigate the
Mg2+ insertion/extraction mechanism of B-TiO2−x, and the
computational method is detailed in the Experimental Section.
The oxygen vacancy configurations of TiO2−x were created by
removing an oxygen atom at the center of the 2 × 2 × 1
anatase TiO2 supercell, where O was three-fold coordinated to
Ti. In the unit cell of TiO2−x, there are three kinds of possible
nonequivalent insertion sites for Mg2+ (labeled as site A, B, and
C), as illustrated in Figure S11. The sites A and B are the
octahedral interstitials including a normal (i.e., Ti4+) and a

Figure 5. DFT calculations. (a) Structure models of TiO2 and possible Mg2+ insertion sites in MgnTiO2−x (n = 0.06, 0.12, 0.18, or 0.24). (b)
Calculated formation energies of Mg2+ insertion into anatase TiO2−x with different amounts of Mg2+ ions. Illustrations of (c) simulation
model along with (d) the possible insertion sites A, B, and C for Mg ions. (e) Calculated relative energy curves of three corresponding
migration paths for one Mg2+ ion in supercell of TiO2−x: Path B → A, Path C → A, and Path C → B.
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lower oxidation state of Ti (i.e., Ti3+), respectively. The site C
is the edge-shared Ti4+-O octahedral interstitial. Figure 5a
displays the possible Mg2+ insertion states in the TiO2−x unit
cell (MgnTiO2−x, n = 0.06, 0.12, 0.18, or 0.24). The relative
formation energy (Eformation) for Mg2+ ion insertion into TiO2−x
was also calculated, as shown in Table S3. The more negative
formation energy means more energy-preferable insertion of
Mg2+ into the TiO2−x. It is revealed that the Mg insertion at
the site A (i.e., Mg0.06TiO2−x_a) is most energetically favorable
with the lowest energy among the three insertion sites. In
contrast, the Mg2+ insertion at the site C is very difficult, owing
to the higher energy relative to those of sites A and B resulted
from the much smaller cavity of the site C (Table S3). Figure
5b shows the absolute values of calculated formation energies
in MgnTiO2−x changed along with the content of Mg2+ ions
insertion. It can be seen that the further insertion is
energetically favorable when the content of Mg2+ in the
TiO2−x unit cell is <0.24. Figure 5c and Table S4 indicate that
the migration of Mg2+ from the energetically less favorable site
C (Mg0 .06TiO2− x_c) to the more stable site B
(Mg0.06TiO2−x_b) is easiest, corresponding to the smallest
migration energy barrier (0.11 eV). This implies that site C is
impossible for Mg2+ insertion both thermodynamically and
kinetically, therefore the Mg2+ migration through the Path C
→ B will not take place in reality, although the energy barrier is
low. Furthermore, it is revealed that a longer migration
distance usually results in a larger migration energy barrier.

CONCLUSIONS
In summary, we report an efficient atomic substation formation
strategy to prepare ultrathin porous B-TiO2−x nanoflakes
containing abundant OVs, which play a crucial role in the
reversible Mg2+ storage with high discharge−charge capacity
and long cycle stability. Both experimental results and DFT
calculations indicate that the OVs can enhance the electric
conductivity and increase the number of active sites Mg2+

storage. The OVs-rich ultrathin B-TiO2−x nanoflakes exhibited
greatly improved kinetics and capacity for Mg2+ ion storage
compared with the W-TiO2 control sample. This work
demonstrates the possibility to utilize the defect engineering
strategy to improve the overall electrochemical performances
of electrode materials for rechargeable Mg batteries.

EXPERIMENTAL SECTION
Synthesis of Ultrathin TiS2 Nanoflakes. Typically, 800 mg of

sulfur was dissolved in 30 mL of oleylamine in a three-neck flask. The
solution was first heated to 100 °C under vigorous magnetic stirring
with the protection of high-purity nitrogen for about 2 h to remove
water and oxygen. The solution was naturally cooled down to room
temperature. Afterward, 2 mL of TiCl4 was injected into the flask. The
temperature of the solution was gradually raised to 300 °C within 3 h
and maintained at 300 °C for another 3 h in nitrogen atmosphere.
The products were centrifuged and washed with trichloromethane
and absolute alcohol for several times and then dried in a vacuum
oven at 60 °C for 12 h. Finally, the product was annealed in Ar
atmosphere at 400 °C for 4 h to remove any possible organic residues.
Synthesis of Porous Black TiO2−x (B-TiO2−x) Nanoflakes.

Typically, 100 mg of TiS2 nanoflakes was dispersed in 20 mL of
deionized water under vigorous stirring at room temperature for 72 h.
Finally, the product was centrifuged and washed with deionized water
and absolute alcohol for several times and then dried in a vacuum
oven at 50 °C for 12 h.
The control samples with different OV contents were prepared by

annealing porous B-TiO2−x nanoflakes at 450 °C in air for different
periods (1 h, 2 h, 4 h).

Characterizations. The morphology of samples was investigated
by scanning electron microscopy (SEM, HITACH S-4800) and
transmission electron microscopy (TEM, JEM-2100). X-ray powder
diffraction (XRD) was recorded by using an XRD-6000 diffractometer
(Shimadzu Co., Japan), equipped with a rotating anode and a Cu Kα
radiation source (λ = 1.54178 Å). Nitrogen adsorption−desorption
isotherms were measured through Brunauer−Emmett−Teller (BET)
model at 77 K on a Quantachrome Autosorb-IQ-2C-TCD-VP
instrument. X-ray photoelectron spectra (XPS) were obtained using
a PHI-5000 VersaProbe X-ray photoelectron spectrometer with an Al
Kα X-ray source. The EPR spectra were obtained using a Bruker
EMX-10/12 X-band spectrometer at room temperature. UV−vis
diffuse reflectance spectra were measured with Shimadzu UV-2600
using BaSO4 powder as the reference sample in the range of 300−
1200 nm.

Battery Assembly and Electrochemical Measurements. The
working electrode was prepared by using a mixture of 80 wt % of the
designated active materials (B-TiO2−x or W-TiO2), 10 wt % of
Ketjenblack, and 10 wt % of polyvinylidene fluoride (PVDF) as
binder. The mixture was added to N-methyl-2-pyrrolidinone (NMP)
solvent to form a homogeneous slurry, which was then spread on
carbon paper as the current collector and dried in a vacuum oven at
60 °C for 12 h. The mass loading of active material is about 1.5−2.0
mg cm−2. Coin-type (CR2032) cells were assembled in an argon-filled
glovebox with Whatman glass fiber (GF/A) as separators and fresh
polished Mg foil as anodes. Mg foil was polished with carbide paper
and cleaned with THF solvent prior to use. The THF solution of 0.4
M 2PhMgCl-AlCl3 (termed as APC) was used as the electrolyte in
Mg batteries, following a previously reported procedure.62 The
galvanostatic charge−discharge experiments were performed on a
LAND CT2001A multichannel battery test system between 0.05 and
2.1 V vs Mg2+/Mg at room temperature. Cyclic voltammetry (CV)
measurement was conducted using an electrochemistry workstation
(Chenhua CHI-760E) at a scanning rate of 0.2 mV s−1. The specific
capacity was calculated based on the loading mass of active material.

Computational Methods. The DFT calculations were performed
using the CASTEP code based on spin-polarized DFT within the
generalized gradient approximation (GGA) with the Perdew−Burke−
Ernzerhof (PBE) method. The ultrasoft pseudopotential was
implemented to describe the interaction between valence electrons
and ionic core. The cutoff energy for the plane wave expansion was
380 eV, and the Monkhorst−Pack scheme k-point mesh for the
Brillouin-zone integration was generated with a 3 × 3 × 3 unit. The
geometry optimization was carried out until the total energy and the
maximum force were <1.0 × 10−5 eV/atom and 0.03 eV/Å,
respectively. For Mg2+ insertion systems, a 2 × 2 × 1 anatase TiO2
supercell with one oxygen vacancy (OV) was utilized. The oxygen
vacancy configurations of Ti16O31 were created by removing an
oxygen atom at the center of the supercell, where O was three-fold
coordinated to Ti. For simplicity, Ti16O31 model can be expressed as
B-TiO2−x. It should be mentioned that the OVs concentration in this
model is higher than that was detected in our experiments, however,
the qualitative conclusions on the OVs effect on the electronic
structures can be satisfactorily drawn from the selected Ti16O31 model
to rationalize experiments.

In the cell of B-TiO2−x, one Mg ion has three possible
nonequivalent insertion sites (labeled as sites A, B, and C) as
illustrated in Figure S11. The energy barrier for one Mg2+ ion
migration inside B-TiO2−x was calculated through a transition-state
structure (TS) search strategy using complete LST/QST search
protocol and the nudged elastic band (NEB) method. The value of
the convergence threshold was set to 0.05 eV/Å.

The relative formation energy (Eformation) per TiO2−x unit based on
the 2 × 2 × 1 anatase TiO2 supercell with one OV is defined as

E E E

E E

(Mg TiO ) (Mg TiO )

( (Mg TiO ) (TiO ))
n x n x

x x

formation 2 0.06 2

0.06 2 2

= −

− −

− − −

− − (5)
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where n is the content of Mg2+ ions insertion, E(MgnTiO2−x) is the
energy with n Mg2+ ions insertion into the anatase B-TiO2−x, and
E(TiO2−x) is the energy of the 2 × 2 × 1 anatase TiO2 supercell with
one OV.
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