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Abstract: The utilization of oxygen vacancies (OVs) in sodium
ion batteries (SIBs) is expected to enhance performance, but as
yet it has rarely been reported. Taking the MoO;_, nanosheet
anode as an example, for the first time we demonstrate the
benefits of OVs on SIB performance. Moreover, the benefits at
deep-discharge conditions can be further promoted by an
ultrathin AL,O; coating. A series of measurements show that
the OVs increase the electric conductivity and Na-ion diffusion
coefficient, and the promotion from ultrathin coating lies in the
effective reduction of cycling-induced solid-electrolyte inter-
phase. The coated nanosheets exhibited high reversible
capacity and great rate capability with the capacities of 283.9
(50mAg) and 179.3 mAhg ' (1 Ag™') after 100 cycles. This
work may not only arouse future attention on OV for sodium
energy storage, but also open up new possibilities for designing
strategies to utilize defects in other energy storage systems.

Defects such as oxygen vacancies (OVs) often dominate the
electric and chemical properties of transition-metal oxides,
and thus they play a crucial role in a wide range of
applications.'! Tn  lithium ion batteries (LIBs), OVs can
trigger changes in the electronic structure of metal oxides,
so affecting the energetics for electron and ion transport.”
Their presence at the electrode/electrolyte interface not only
can possibly facilitate the phase transition experienced in
lithiation by modified surface thermodynamics, but also well
preserve the integrity of the electrode surface morphology.”!
The effect of OVs on cyclability and rate capacity has been
widely reported in LIBs;"! however, as far as we know, the
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relevant study on sodium ion batteries (SIBs) is currently
missing. Such kind of knowledge is of great importance to
develop the large-scale energy storage devices.

SIBs have recently come again into focus as the important
alternative energy storage devices owing to the low cost of Na
associated with its natural abundance and decent energy
density bestowed by its similar chemical nature to Li. Many
electrode materials for LIBs have been investigated as drop-
in replacements for SIBs.’! Owing to the difference in the
standard electrochemical potential for Na (3.04 V) and Li
(2.71 V), the reduction of voltage can be expected in the Na
system when the same chemistry (redox species and host
crystal structures) with the Li system is used. The reduction
becomes even more significant as Na content in the host
structure increases because of the different chemistry from
the Na system, for which the larger size of Na-ion (1.02 A)
relative to Li-ion (0.76 A) is generally believed to be
responsible.! For example, MoQj is generally considered as
a LIB cathode but delivers comparable capacity as SIB anode
at deep-discharge condition (<0.1V vs. Na/Na").[ To
properly utilize OVs in such a low-voltage system, decom-
position of electrolyte (both solvent and salt) and formation
of solid—electrolyte interphase (SEI) have to be considered.
SEI can largely change the solid-liquid interface, and thus
interfere with the function of the OVs, leading to poor
coulombic efficiency (CE) and overall capacity loss. It is even
more critical for NIBs owing to the higher chemical reactivity
of Na over Li.!®! Therefore, using OVs requires combination
with other strategy to overcome the adverse effects of SEI
and maximize their advantages.

The proper functioning of OVs at the deep-discharge
condition requires the reduction of cycling-induced SEI. A
thin surface coating by atomic layer deposition (ALD) has
proved to be effective regarding the above-mentioned issue."”’
The thin layer can act as a mechanically stable kinetic barrier
against electron transfer to the organic carbonate molecules
of the electrolytes, thus preventing the formation of excessive
amounts of SEI and suppressing the side reactions. Mean-
while, ALD enables a precisely controlled thin coating with
pinhole free conformal morphology. A recent work reported
that a thin ALD coating of Al,O; can react with Na-ions to
irreversibly form a mechanically durable Na-Al-O layer that
acts as an ion transport channel and improves Na-ion
diffusion into the electrode through its whole surface.'”
This observation inspires us to use thin AlL,O; coating as
a suitable strategy to ensure the proper functioning of OVs.

In this work, we demonstrate, for the first time, the effect
of OVs on sodium energy storage by using MoO;_, nano-
sheets as anodes. The nanosheets exhibited improved electro-
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chemical performance comparing to the MoOj; counterpart
owing to the increased electric conductivity and Na-ion
diffusion coefficient deriving from the existence of OVs. By
coating an ultrathin Al,O; layer on the electrodes, the
function of OVs at the deep-discharge condition was further
promoted, giving rise to high reversible capacity and great
rate capability over long-term cycling.

The X-ray diffraction (XRD) pattern of the as-prepared
nanosheets (Figure 1a) can be assigned to the orthorhombic
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Figure 1. a) XRD pattern of the as-prepared MoO;_, nanosheets.
b) UV/Vis DRS spectra of the MoO;_, and MoO; sample with
corresponding photographs. c) Mo 3d and O 1s XPS spectra and
d) SEM (inset: TEM) image of the sample.

phase (JCPDS No. 5-0508). Although it is not distinguishable
from that of MoO; (Supporting Information, Figure S1a), the
exhibited intense blue color (b-Mo hereafter; comparison
shown in the inset of Figure 1b) was quite stable in air and can
remain unchanged for several months. It changed to white
(inset of Figure 1b, w-Mo hereafter) after annealing in air.
Both facts strongly indicate the existence of OVs.''! The UV/
Vis diffuse reflectance spectroscopy (DRS) spectrum shows
strong light absorption in the visible light region (350-700 nm,
Figure 1b). Such a blue color originates from the inter-
valence charge-transfer transition between Mo" and Mo
that coexist in the nanosheets.”? X-ray photoelectron spec-
troscopy (XPS; Figure 1¢; Supporting Information, Fig-
ure S2a) and energy-dispersive X-ray spectroscopy measure-
ment (EDX; Supporting Information, Figure S2¢) reveal the
existence of only Mo and O. The Mo 3d spectrum shows two
sets of doublets that are ascribed to Mo and Mo"™. The O 1s
spectrum provides auxiliary evidence of the OVs, where the
peak at 529.8 eV belongs to Mo-O-Mo bonds and the one at
531.1 eV is due to a high number of defect sites with a low
oxygen coordination."” Scanning electron microscopy (SEM)
image (Figure 1d) shows two-dimensional (2D) nanosheets
on a large scale with the diameter ranging from 400 nm to
2um and thickness of 20-30 nm. Transmission electron
microscopy (TEM) image (inset of Figure 1d) confirms the
shape of 2D nanosheets, and the HRTEM (Supporting
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Information, Figure S2b) image shows clear lattice fringes,
verifying the single-crystalline nature of the nanosheets.

To demonstrate the benefits of OVs, five samples denoted
as b-Mo, w-Mo, b-Mo-4Al, b-Mo-8Al, and w-Mo-4Al with the
number indicating ALD cycles were tested as SIB anodes
based on the existence of OVs and Al,O; coating thickness
(ca.1 A per cycle). EDX elemental mapping on the b-Mo-4Al
anode (Supporting Information, Figure S3) clearly shows the
uniform ALO; coating on electrode surface. The anodes
showed similar cyclic voltammetry (CV) curves (Supporting
Information, Figure S4) with a redox pair of 0.71 (anodic)/
0.22 V (cathodic) became pronounced after the first cycle,
indicating the reversible insertion/extraction of Na ion.”!
However, with the existence of OVs and ultrathin coating,
the retention of the anodic peak current is significantly
increased (Supporting Information, Figure S4 f). The charge—
discharge profiles (Figure 2a; Supporting Information, Fig-
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Figure 2. a) Charge—discharge profiles of the b-Mo-8Al anode.

b) Cycling performance (starting from the second cycle) and c) CE of
the anodes at the rate of 50 mAg™'. d) Rate capability in a current
density range of 50 mAg™'-1 Ag™".

ure S4) are in agreement with the corresponding CV results,
and the exsitu XRD measurements revealed that the
sodiation reaction is an insertion reaction (Supporting
Information, Figure S5). Analysis of cycling performance
(Figure 2b) and CE (Figure2c) allows us to draw the
following conclusions. 1) With OVs, b-Mo exhibited higher
capacities of 254.0 (10th), 139.9 (50th), and 100.1 mAhg™
(100th), compared to w-Mo. 2) The coated anodes displayed
increased capacities and better retention comparing to their
uncoated counterparts. The capacities of 123.9 (w-Mo-4Al),
254.1 (b-Mo-4Al), and 283.9mAhg' (b-Mo-8Al) were
obtained after 100 cycles. A higher CE of the first 20 cycles
(>95% after 5 cycles; inset of Figure 2¢) is responsible for
the higher capacity and better cyclability. 3) The magnitude of
the improvement after coating is more significant with OVs
than without OVs, indicating the coating facilitates OV
function at the deep-discharge condition. 4) The thickness
of AL,O; can be adjusted to optimize the properties. The b-
Mo-8Al anode delivered the capacities of 385.1 (10th), 319.2
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(50th), and 283.9 mAhg ' (100th) with the CE reaching 95 %
after only 4 cycles and remaining over 98 % after 12 cycles.
Comparison of rate capability (Figure 2d) shows the same
trends as in reversible capacity. Higher capacities were
obtained from b-Mo over w-Mo at all rates. Coated anodes
delivered higher capacities than their uncoated counterparts
and more significant enhancement is achieved with OVs.
Among all, b-Mo-8Al exhibited the best rate capability of
about 230 (0.5 Ag™") and about 180 mAhg™' (1 Ag™"). All the
results demonstrate the benefits of the OVs that can be
further promoted by ultrathin Al,O; coating. Compared to w-
Mo-4Al, b-Mo delivered higher capacity only at lower rates,
which leads us to investigate the coating-promoted benefits of
OVs at higher rates.

Cycling performance of the anodes with OVs at the rate of
0.2,0.5and 1 Ag ' is shown in Figure 3. Without coating, less
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Figure 3. Cycling performance of the anodes with OVs at the rate of
a) 0.2, b) 0.5, and c) 1 Ag™". d) Comparison of the CE at different
rates.

than 40 mAhg ' retained after 100 cycles at all rates. In
contrast, the b-Mo-4/8Al anode delivered significantly
increased capacities of 216.3/278.5 (0.2 Ag™'), 164.5/225.5
(05Ag") and 123.3/1793mAhg ! (1 Ag!'). It is worth
noting that similar improvement can be observed from w-Mo-
4Al (Supporting Information, Figure S6) but with less prom-
inent capacity increasing without OVs. Such comparison once
again confirms the benefits of OVs on cyclability at higher
rates. Figure 3d summarizes the CE of three different cycles,
where, for the same cycle, it generally decreases with
increasing rate. The numbers were substantially improved
after coating, which plays a fatal role on the long-term
cyclability. More importantly, the coating alleviates the CE
reduction caused by increasing rate, which explains the higher
capacity retention of the coated anodes at higher rates.

The improved performance of b-Mo over w-Mo can be
attributed to the increased electronic conductivity (that is,
reduced impedance) and Na-ion diffusion, which can be
verified by electrochemical impedance spectroscopy (EIS)
measurement. Table 1 summarizes the parameters obtained
from the Nyquist plots (Supporting Information, Figure S7)
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Table 1: Physicochemical properties measured and calculated from
EIS.F

sample  R[Q]  R.[Q  RI[Q  R.Q] Dy fem’s ]
before before after after

w-Mo 6.26 175.90 7.87 546.60 8.28x107 2

b-Mo 7.65 115.20 7.76 426.10 4.36x107"

[a] EIS= Electrochemical impedance spectroscopy. R, =electrolyte
resistance, R, = charge-transfer resistance.

before and after 100 cycles at 50 mA g'. Two anodes show
similar electrolyte resistance (R;) due to the same electrolyte.
However, b-Mo exhibits much lower charge-transfer resist-
ance (R,), indicating that the electron transport can be
significantly improved by OVs during the entire process.
After cycling, b-Mo possesses higher Na-ion diffusion coef-
ficient (Dy,) calculated from the low frequency Warburg
contribution (Supporting Information, Figure S7b).l* In
other words, increased Na-ion diffusion deriving from OVs
can be maintained even after long-term cycling.

To illustrate the promoting effect of ultrathin ALO;
coating on OVs, EIS and XPS measurements were carried
out on the anodes with OVs cycled at 0.2 Ag™'. As shown in
Figure 4a and the Supporting Information, Figure S8, the
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Figure 4. a) Comparison of R of the coated anodes during cycling.
b) C1s, ¢) O 1s, and d) Al 2p XPS spectra of the anodes after 100
cycles at 0.2 Ag™".

consistently lower resistance of b-Mo-4/8Al during cycling
agrees well with the CE trend and signals lower rates of SEI
formation. It demonstrates that Al,O; coating effectively
improves the kinetics at solid-liquid interface at deep-
discharge condition, leading to the higher reversible capacity
and better retention at higher rates. XPS results reveal the
surface information regarding cycling-induced SEI. In the
C 1s (Figure 4b), O 1s (Figure 4c), and Na 2s spectra (Sup-
porting Information, Figure S9), the peaks associated with the
electrolyte decomposition products (for example, alkyl,
alkoxy, carbonate, ether)!'™ show less intensity from the
coated anodes. The results support our assumption that AL, O;
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layer can act as a mechanically stable substitute for SEI to
suppress electrolyte decomposition and inhibit the formation
of thick SEL" thus promoting the function of the OVs at the
deep-discharge condition. Moreover, the fact that strong Al
signal is still detected after 100 cycles (Figure 4d) confirms
that the amount of SEI on the electrode surface is relatively
low.

In summary, taking ultrathin Al,Os-coated MoO;_, nano-
sheets as example, we have demonstrated the crucial role of
OVs in sodium energy storage, which is verified by a series of
measurements, including long-term cycling, EIS, and XPS. In
detail, OVs can enhance the electric conductivity and Na-ion
diffusion coefficient; meanwhile Al,O; coating can reduce the
cycling-induced SEI formation, facilitating the proper func-
tioning of OVs at the deep-discharge condition. Through the
combination of OVs and ultrathin surface coating, the b-Mo-
8Al anode exhibited high reversible capacity and great rate
capability over long-term cycling, delivering capacities of
283.9 (50mAg™") and 1793 mAhg™ (1 Ag™) after 100
cycles. This work aims at providing suitable strategy to take
full advantages of OVs in upgrading SIB properties and may
open up new possibilities of defects for new energy storage
systems.

Experimental Section

Material synthesis and electrode fabrication: MoO;_, nanosheets
were obtained by oxidizing Mo powders in H,O, followed by
solvothermal treatment in absolute ethanol. Electrodes were fabri-
cated by mixing active material, poly(vinylidenedifluoride) (PVDF),
and Super P at a weight ratio of 80:10:10, coated uniformly on Cu
foils, and dried at 110°C under vacuum. Al,O; was deposited on the
as-prepared electrodes using atomic layer deposition. Further exper-
imental details can be found in Supporting Information.

Keywords: alumina - molybdenum - nanomaterials -
oxygen vacancies - sodium ion batteries
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