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A B S T R A C T

Rechargeable aqueous zinc ion batteries are particularly attractive for large-scale application due to their fea-
tures including low cost, environmental friendliness, and safety. Herein, we report the use of defect engineering
to generate oxygen vacancies in tunneled α-MnO2 through surface gradient Ti doping for long-life ZneMnO2

battery. Interestingly, the introduction of surface gradient Ti doping leads to shrinkage of the interlayer, but
simultaneously generates oxygen vacancies as compensated by electron due to the decreased valence state of Mn.
Moreover, Ti substitution as well as the created oxygen vacancies open the [MnO6] octahedral walls and result in
imbalanced charge distribution and local electric field in the crystal structure, accelerating ion/electron mi-
gration rates. Thus, diffusion coefficients of both Zn2+ and H+ ions in TieMnO2 nanowires are improved.
Consequently, the TieMnO2 nanowires show improved both H+ and Zn2+ ions storage capacity in Zn/MnO2

battery and achieved excellent high-rate capability and ultralong cycling stability with a low capacity decay rate
of 0.005% per cycle at high rate of 1 A g−1. It is believed that the intentionally created vacancies in this work
opens up approaches to enhance existing materials that may have applications in more efficient and durable
multi-valent ion battery and other technologies.

1. Introduction

Recently, multivalent-ion batteries have received considerable at-
tentions due to the potential stationary storage systems, as renewable
energy technologies are penetrating towards large scale [1–12]. Al-
though the di/tri-valent metal ion batteries, such as Mg, Al, Zn, etc,
have rather lower mass capacities and higher reduction potentials
compared to lithium, the low cost and high volumetrical capacity make
them good competitors in application of grid energy storage devices,
again Li ion battery [13–19]. Among those, zinc is globally abundant
with a high theoretical capacity (820 mAh g−1) and a high energy
density (5851 mAh mL−1) and shows suitable negative potential
(−0.762 V vs. SHE) as well as high overpotential against hydrogen
evolution [20–30]. These advantages make zinc very suitable as anode
for aqueous battery. Additionally, the ability of Zn2+ ion to transfer two

electrons enables a large storage capacity, compared with Li/Na ion
battery in which only one electron is transferred per atom [25,26,31].
In this regard, aqueous rechargeable zinc ion battery (ARZIB) is pro-
mising in application for grid energy storage devices [24,29,31].

However, compared with Li+ ion intercalation chemistry, due to the
strong electrostatic interactions with the host lattice of divalent Zn2+

ions, zinc ion host often shows slow Zn2+ diffusion rate and limited
reversibility [32–34]. Thus, most electrode materials that can accom-
modate Li+ ions insertion/extraction are not suitable for ARZIBs.
Among those, Mn‐based cathodes deliver higher energy density than
that of other kinds of cathodes (including vanadium-based oxides
[22,32,33], Prussian blue analogs [35]). However, they are suffering
from the dissolution of Mn and structural degradation, which results in
the significant capacity fading [36]. Up to date, various MnO2 of dif-
ferent polymorphs have been investigated but have eventually reached
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a bottleneck. Consequently, vacancies could effectively adjust the
electronic structure without radically changing the pristine lattice, and
unlock potential for optimizing the performance of multi-valent ions
storage [37–42]. For instance, recently, Dambournet and his colleague
reported the boosting di/tri-valent ion (Mg2+ and Al3+) storage
through rational introduction of a large number of titanium vacancies
as intercalation sites [43,44]. Thus, it is highly expected that rational
introduction of defects can boost the di-valent Zn2+ ion storage per-
formance. Previous study indicates that the introduction of Ag+ in the
α-MnO2 would result in oxygen vacancy [45]. Hence, it is expected that
the introduction of metal dopant in the tunnel wall would be beneficial
of creating oxygen vacancy.

Herein, we report the tunneled α-MnO2 through rationally surface
gradient Ti doping to generate oxygen vacancies in (denoted as
TieMnO2) for zinc ion battery. Interestingly, the introduction of surface
gradient Ti doping leads to shrinkage of the interlayer, and simulta-
neously generates surface gradient oxygen vacancies as compensated by
electron due to the decreased valence state of Mn. The Ti substitution,
as well as the created oxygen vacancies, open the [MnO6] octahedral
walls, leading to imbalanced charge distribution and localized electric
field, which accelerates ion/electron migration rates and promote
charge transfer behavior of both H+ and Zn2+ ions, which is confirmed
both experimentally and theoretically. Consequently, benefiting from
the unique gradient structure, the TieMnO2 NWs show improved both
H+ and Zn2+ ions storage capacity in Zn/MnO2 battery and achieved
excellent high-rate capability and ultralong cycling stability with a low
capacity decay rate of 0.005% per cycle at high rate of 1 A g−1. It is
believed that the intentionally created vacancies in this work will

provide further insights into the design of other electrodes for multi-
valent ion battery.

2. Results and discussion

The TieMnO2 NWs is obtained through the solid diffusion of the
ALD grown TiO2 into the MnO2 NW body (Fig. S1). Because of the
substantial difference in Fermi level between Ti4+ and Mn4+, sub-
stituting a small number of Mn4+ with Ti4+ is effective for preventing
charge ordering and decreasing the electronic localization [44,46].
Density functional theory (DFT) calculations in Fig. 1a predicts that
contraction of tunnel in MnO2 after Ti substituting Mn site. The typical
transmission electron microscopic (TEM) image in Fig. S2 shows the
one-dimensional morphology of the TieMnO2. The high-angle annular
dark field (HAADF) scanning TEM (STEM) images of the MnO2 re-
corded along [001] zone axes in Fig. 1b. The contrast of the STEM
image exhibits dependence with respect to the atomic number Z. Thus,
the brighter dots represent the heavier atomic columns (Ti and Mn),
while the O atoms are invisible in the HAADF image, as they are not
heavy enough to produce any contrast [47]. The atomic arrangement
revealed in the HAADF STEM image is identical to the atomic config-
uration viewed along [001] orientation, showing the tunnel structure of
α-MnO2 (Fig. 1a). The large one-dimensional tunnel formed by [MnO6]
polyhedrons can be clearly seen. No intergrowth of tunnel hetero-
geneity is observed [48]. The high-resolution scanning transmission
electron microscopic (HRSTEM) images of the NW body in different
area are captured. The tunneled structures of the NW in the surface,
mid-surface, and middle area are well retained after Ti doping. No

Fig. 1. Relative surface composition changes for the TieMnO2 NWs. a, the calculated tunnel structure of pristine and Ti-doped α-MnO2. b, STEM image of
TieMnO2. HRSTEM images of c, surface area, d, mid-surface area, and e, middle area of a single TieMnO2 NW and the corresponding line profiles crossing the Mn
layer in the f, surface area, g, mid-surface area, and h, middle area.
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obvious contrasts were observed in the tunnel, wiping out the possi-
bility of Ti intercalated into the tunnel structure. Line profiles crossing
the tunnel structure are captured in the surface area, mid-surface and
middle area, are shown in Fig. 1c, d, and 1e. By comparing the repeat
units in Fig. 1f, g, and 1h, a subtle change in the tunnel diameter is
captured and the tunnel diameter gradually increases from 3.36 to
3.68 Å. Additionally, the variation in atomic column intensity observed
on the high-resolution image (Fig. 1a) corresponds to a variation in the
Mn atomic occupation, and hence, points to the presence of possible Ti
substitution site. Thus, atoms with large Z will emerge and hence, the
Mn site which is substituted by Ti will exhibit the lower intensity. The
possible substitution site is highlighted by the empty slot in upper side
of Fig. 1f, g, and 1h. More empty slots are observed in the surface while
the number decreases in the mid-surface and middle area, suggesting
that there are more Ti atoms in the surface and possibly leading to a
surface gradient Ti doping MnO2 NW structure. The TiO2@MnO2 NWs
shows that the thickness of the shell is ∼5 nm and the FFT pattern of
the shell confirms that the TiO2 shell is amorphous in Fig. S2. After
annealing, the FFT pattern of the shell in Fig. S3 becomes obvious and
identical with the core, suggesting that Ti dopes into the MnO2 NW.
MnO2 NW is also conducted as a comparison and no concentration
gradient is observed in Fig. S4.

The Ti and Mn site preferences were further examined by atomic-
scale STEM-electron energy loss spectrum (EELS) to study relative
surface composition and chemical state of TieMnO2 NWs. EELS line
scan was collected at different positions from bulk to surface as shown
in Fig. 2a. By integrating the intensity of the O, Ti and Mn peaks, the
relative composition can be obtained in Fig. 2b. Interestingly, O K edge
pre-peak intensities are quite low on both surface sides. The reduced
ratio of the O K edge pre-peak intensities to the main peak can result

from a change in the local environment of oxygen, especially from the
oxygen vacancies formed on the surface. The relative distribution of
chemical composition of Mn, Ti, and O elements are plotted in Fig. 2c.
The oxygen ratio gradually increases from 45% in the surface and be-
come stabilized at ∼55% from 10 nm towards the middle area. The
lowered oxygen ration in the surface suggests the formation of oxygen
vacancy. Furthermore, the Mn L3, 2 and Ti L3, 2 edges are plotted along
the NW in Fig. 2d and e, respectively. The energies of the Mn L3, 2 edges
are lower in the surface region (∼10 nm). Moreover, the intensity ratio
of Mn L3/Mn L2 is ∼3 in the surface region and tapered off to ∼2.6 in
the middle area. This suggests that the valence of Mn is lower in the
surface. On the contrast, the energies of the Ti L3, 2 edges are the same
in the whole NW and the intensity ratio of Ti L3/Ti L2 stabilizes at ∼0.8
in both surface and middle region, suggesting the valance state of Ti in
the NW body is +4. Combined with the composition ratio with the
valence state, it is believed that the doped Ti is expected to donate
electrons, thus reducing the valence of Mn and leading to the formation
of oxygen vacancy [45]. The XRD is carried out in Fig. 2f. The XRD
patterns of MnO2 and TieMnO2 show similar patterns and correspond
well with α-MnO2 (JCPDS NO. 081–1947). It is found that the (200)
peak shift towards high angle (Fig. S4), suggesting the contraction of
the tunnel, which is consensus with the STEM results. To further
identify the oxygen vacancy in the TieMnO2, XPS is carried out in
Fig. 2g, h, and 2i. The O1s spectrum in Fig. 2g shows three oxygen
peaks. O1 at 529.8 eV is typical for metal-oxygen bonds, O2 at 531.4 eV
for the oxygen in OHe groups, whereas O3 at the higher value of
532.0 eV attributed to the high-binding energy peak from surface
oxygen defect species [49], which also confirms the formation of
oxygen vacancy in the surface area [50]. In Mn 2p spectrum (Fig. 2i),
two peaks contribute to the total spectrum, which suggests the co-

Fig. 2. Structural characterizations for the TieMnO2 NWs. a, EELS spectrum image of selected area from the vertical red line in the left STEM image in Fig. 1b,
showing O K, Mn L2, 3, Ti L2, 3 edges. b, EELS spectrum profiles from the surface to the interior as marked by the horizontal dashed lines with the same color as in
Fig. 1b c, Relative atomic composition of O (red), Mn (blue), and Ti (black) as a function of position calculated based on the integrated EELS peak intensity in b. d,
Energies of Mn L3 (black) and L2 (red) edges, as well as intensity ratio of L3/L2 (blue) from the EELS spectrum image. e, Energies of Ti L3 (black) and L2 (red) edges, as
well as intensity ratio of L3/L2 (blue) from the EELS spectrum image. f, XRD patterns of TieMnO2 NWs and MnO2 NWs. g-i, high-resolution XPS spectrum of O 1s, Ti
2p, and Mn 2p in TieMnO2 NWs.
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existence of Mn3+ and Mn4+. It is very interesting to see that the peak
of Mn3+ occupies 64% of the total area, further confirming the de-
creased valence state of Mn, which is consensus to the EELS results in
Fig. 2e. In Ti 2p spectrum (Fig. 2h), only one peak is observed, in-
dicating that the valence of Ti is +4, which is also consensus with the
result of EELS in Fig. 2e. All these results indicate that the oxygen va-
cancies are formed through Ti doping and the oxygen vacancy is rich in
the surface region, leading to a concentration gradient in the NW body.

The electrochemical performance of Zn/MnO2 battery by utilizing
TieMnO2 NWs as cathode were investigated using coin cells employing
Zn foil as anode, 3M Zn(CF3SO3)2 and 0.1M Mn(CF3SO3)2 aqueous
mixture as electrolyte [29], and glassy fiber as separator. Fig. 3a shows
the cycling performance of TieMnO2 NWs and MnO2 NWs at
100mA g−1. TieMnO2 NWs show reversible capacity up to 225 mAh
g−1 after 200 cycles, approaching the theoretical value of MnO2 (308
mAh/g based on single electron transfer between Mn4+/Mn3+ redox
pair). On the contrast, a reversible capacity of only 126 mAh g−1 is
retained for MnO2 NWs. Furthermore, the rate performance is also

evaluated at different current densities ranging from 0.1 to 10 A g−1 in
Fig. 3b. The TieMnO2 NWs deliver capacities of 259, 229, 180, 179,
142, 72, and 50 mAh g−1. The TieMnO2 shows much higher capacities
at high rates. The charge and discharge curves of TieMnO2 NWs under
various current densities are shown in Fig. 3c, from which obvious
charge and discharge plateaus can be discerned. The turning point can
be obviously observed when current density is below 1 A g−1. Ac-
cording to the previous report [31] and the electrochemical perfor-
mance without Zn(CF3SO3)2 in Fig. S8, the discharge curves can be
divided into two parts based on the turning point, namely, H+ insertion
(Plateau I) at higher voltage and Zn2+ intercalation (Plateau II) at
lower voltage (Fig. S6). In this way, we can divide the capacity into H+

storage capacity and Zn2+ storage capacity according to the turning
point, as shown in Fig. S7. At low current density of 0.1 A g−1, the Zn2+

storage capacity ratio of TieMnO2 NWs is slightly lower than that of
MnO2 NWs. The Zn2+ storage capacity ratio gradually decreases with
the increasing of the current density, which may be due to the sluggish
diffusion rate of Zn2+ ions compared with H+ ions. More specifically,

Fig. 3. Electrochemical performance for the TieMnO2 NWs. a, Cycling performance of TieMnO2 NWs and MnO2 NWs at 100mA g−1 b, rate capabilities of
TieMnO2 NWs and MnO2 NWs. c, separation of H+ and Zn2+ storage capacity at different rate. d, reversible (discharge) capacity vs. cycle number separated from
Plateau I (H+ storage) and Plateau II (Zn2+ storage). e, cyclic performance at 1 A g−1 of TieMnO2 NWs and MnO2 NWs.
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at 1 A g−1, 23% capacity of TieMnO2 NWs is still contributed from
Zn2+ storage compared with only 10% capacity of MnO2 NWs from
Zn2+, suggesting an improved Zn2+ storage capacity contribution after
Ti doping. We further quantify capacity contributed from H+ and Zn2+

based on the cycling performance at 100mA g−1 in Fig. 3d. The Zn2+

storage of TieMnO2 NWs contributes a very stable capacity of ∼100
mAh g−1 throughout the cycles. On contrast, MnO2 shows similar
trends in the initial cycles as shown in Fig. S9. During the capacity
fading process, both H+ and Zn2+ storage capacities decay in the initial
50 cycles. After then, the H+ storage capacities stabilize at ∼110 mAh
g−1 while the Zn2+ storage capacities keep on decreasing to ∼28 mAh
g−1. These results suggest that the capacity fading is mainly ascribed to
the decreased zinc storage capacity while the H+ storage capacity re-
mains constant. Thus, it can be concluded that TieMnO2 NWs is more
stable in accommodating Zn2+ ions intercalation/de-intercalation, as
zinc ions show more sluggish kinetic. The long term cycling perfor-
mance at 1A g−1 is also evaluated in Fig. 3e and outstandingly, the
TieMnO2 NWs shows a low capacity decay rate of 0.005% per cycle
after 4000 cycles, demonstrating the excellent long-term cycling per-
formance. To further to investigate the influence of Ti doping on the H+

and Zn2+ storage performance, EIS spectrum at different voltages, ty-
pically, at 1.5 and 0.9 V, which correspond to Plateau I (H+ storage)
and Plateau II (Zn2+ storage), respectively, are evaluated in Fig. 4a and
b, respectively. All the spectra exhibited a compressed semicircle cor-
related to the charge transfer resistance (Rct, high frequency) and an
inclined line (ω, low frequency). At 1.5 V, the EIS spectrum of TieMnO2

shows both smaller charge transfer resistance and Warburg impedance,
compared with those of pristine MnO2. The values of diffusion coeffi-
cients of H+ and Zn2+ can be calculated from the inclined lines in the
Warburg region using the following equation:

= R T A n F C δD /22 2 2 4 4 2 2

in which T is the absolute temperature, A is the surface area of the
cathode electrode, n is the number of electrons per molecule during
oxidization, F is the Faraday constant, C is the ion concentration, and δ
is the Warburg factor associated with Zre ( ∝ ωZ δre

1/2 ). Based Warburg
factor at 1.5 V, the apparent diffusion coefficients of H+ in TieMnO2

and MnO2 are 8.5×10−13, and 3.1×10−13 cm2 s−2. On the contrast,
the EIS spectrum at 0.9 V shows much lower charge transfer and dif-
fusion resistance in Fig. S8, compared with those at 1.5 V, further
confirming the sluggish kinetics of Zn2+. By calculating the Warburg
factor at 0.9 V, the apparent diffusion coefficients of Zn2+ in TieMnO2

and MnO2 are 5.0×10−15 and 3.6× 10−15 cm2 s−2, respectively.
Thus, it can be concluded that Ti-MnO2 shows improved kinetics in
both H+ and Zn2+ storage, which is critical in improving the electro-
chemical performance.

The morphology and structure after long-term cycling were also
investigated through TEM, STEM, and XPS. The TEM images in Fig. S11
show that the NW morphology is well retained and Ti-rich shell be-
comes more obvious compared with the pristine NW. We further ex-
amine the NW through STEM combined with EELS spectrum. EELS line
scan was collected at different positions from bulk to surface as shown
in Fig. S12a. By integrating the intensity of O, Ti, and Mn peaks, the
relative composition can be obtained in Fig. S12c. Interestingly, O K
edge pre-peak intensities are quite low on both surface sides. The re-
duced ratio of the O K edge pre-peak intensities to the main peak can
result from a change in the local environment of oxygen, especially
from the oxygen vacancies formed on the surface. The relative dis-
tribution of chemical composition of Mn, Ti, and O elements are plotted
in Fig. S12c. The oxygen ratio shows the same trend and gradually
increases from 39% in the surface and become stabilized at ∼43% from
10 nm towards the middle area. The lowered oxygen ration in the
surface suggests the formation of oxygen vacancy. The trend is similar
to the pristine NW, suggesting that the oxygen vacancies as well as the
concentration gradient structure retained in the NW body. We further
did the ex-situ XPS spectrum to investigate the valence state of Mn and
Ti during cycling in Fig. S13. It is found that there is no obvious shift of
Ti 2p spectrum during the cycling in Fig. S13c. On contrast, Mn 2p
spectrum shift towards low binding energy during discharging while
high binding energy upon charging. These results suggest that the redox
center in the electrochemical reaction took place in Mn rather than Ti.

To gain a better insight into the physical origin of improved kinetics
in both H+ and Zn2+ storage, we conducted DFT calculations in Fig. 4
to investigate the charge density distribution around oxygen vacancy.
The Ti substitution and its derived oxygen vacancy create a charge
depletion zone and finally form a built-in electric field. The unbalanced
charge and spin distribution in the tunnel induce an interfacial electric-
field within the interfaces, while lopsided charge distribution around Ti
substitution site and its derived oxygen vacancies resulted in a local in-
plane electric-field, open the [MnO6] octahedral walls, thus promoting
ion diffusion/electron transport (Fig. 4e). On the atomic level, upon
charging, the electron-dense area around the vacancy would attract
ions due to the Coulomb attractive force, which accelerate the ion
diffusion in the bulk. When fully charged, the electron-dense area will
tend to be electrically neutral. In this regard, upon charging, the sec-
ondary electric field induced by the vacancy will facilitate ion migra-
tion. In this way the much lower charge-transfer impedance and dif-
fusion rate of Zn2+ and H+ in Fig. 4a, and 4b is achieved, facilitating
the both Zn2+ and H+ intercalation in the tunnel [44,51,52].

Fig. 4. The electronic structure calculations of
the TieMnO2. EIS spectrum of a, MnO2 NWs and b,
TieMnO2 NWs. Charge density distribution of c,
TieMnO2 and d, MnO2. e, Charge density differences
of TieMnO2 and MnO2. Yellow and blue regions in-
dicate electron accumulation and depletion zones,
respectively. f, schematic illustration of corre-
sponding charge transfer behavior upon charging/
discharging.
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3. Conclusion

In summary, we have experimentally introduced of oxygen defect
through gradient Ti doping in MnO2 NWs as a high-performance
cathode material for zinc battery. In this system, the surface gradient Ti
substitution in MnO2 NWs creates oxygen vacancy and opens the
[MnO6] octahedral walls. In this way, the Ti substitution and its derived
the oxygen vacancy will induce a built-in electric field in the tunnel of
α-MnO2, which could accelerate ion/electron migration rates, leading
to high rate performance for zinc battery. Profiting from the Ti sub-
stitution and oxygen vacancies, both diffusion coefficients and charge
transfer resistances of Zn2+ and H+ ions in TieMnO2 NWs are im-
proved, leading to a high-rate and long-life Zn/MnO2 battery. More
significantly, the strategy of optimizing by tuning the ion/electron
migration behavior proposed in this work could provide a feasible de-
sign and doping strategy for developing other electrodes for multi-
valent-ion battery.
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