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A B S T R A C T

One of the key challenges of sodium ion batteries is to develop sustainable, low-cost and high capacity cathodes,
and this is the reason that layered sodium manganese oxides have attracted so much attention. However, the
undesired phase transitions and poor electrolyte-electrode interfacial stability facilitate their capacity decay and
limit their practical applications. Herein, we design a novel Al2O3@Na0.67Zn0.1Mn0.9O2 electrode to mitigate these
problems, by taking the advantages of both structural stabilization and surface passivation via Zn2þ substitution
and Al2O3 atomic layered deposition (ALD) coating, respectively. Long-range and local structural analyses during
charging/discharging processes indicate that P2–P2’ phase transformation can be suppressed by substituting
proper amount of Mn3þ Jahn-Teller centers with Zn2þ, whereas excessive Zn2þ leads to P2-OP4 structure tran-
sition at low sodium contents and facilitates the electrode degradations. Furthermore, the homogeneous and
robust cathode electrolyte interphase (CEI) layers formed on the Al2O3-coated electrodes effectively hinder the
organic electrolytes from further decomposition. Therefore, our synergetic strategy of Zn2þ substitution and ALD
surface engineering remarkably boosts the cycling performance of P2–Na0.67MnO2 and provides some new in-
sights into the designing of highly stable cathode electrodes for sustainable sodium ion batteries.
1. Introduction

Electrochemical batteries are of great importance to address the en-
ergy supply/storage demands for portable electronics, electric vehicles
and renewable energy sources. As potential substitutes to lithium ion
batteries, sodium ion batteries (SIBs) are promising energy storage de-
vices for large-scale applications, such as electrical grid systems [1].
Compared to other sodium cathodes [2–4], the layered transition metal
oxides (NaxTmO2, with Tm ¼ Mn, Ni, Co, Cr, Fe, etc.) have much higher
theoretical capacity and energy densities, which makes them one of the
most promising cathode candidates for SIBs [5–7]. NaxMnO2 materials
have attracted intensive interests in particular, owing to their high safety,
low-cost and environmental sustainability [8–11].

Ceder’s and Komaba’s group demonstrated that the layered NaxMnO2
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materials are more stable than spinel sodium manganese oxides during
cycling [12,13]. However, the layered P2-NaxMnO2 compounds still face
the challenge of multiple phase transformations induced by oxygen layer
glides and Jahn-Teller effect of Mn3þ/Mn4þ redox reaction, which leads
to poor structural stability and insufficient battery performances [10,14,
15]. To overcome the phase transition issue, various elements such as Ti
[16], Li [17,18], Mg [19–22], Cu [23,24], Al [25–27], etc. were intro-
duced into the transition metal layers. The practical effect is determined
by the type of dopants/substituents, compositions, the purity of the
product and the synthesis conditions. According to the researches from
Grey’s [15] and Bruce’s [21] groups, the qualified dopants/substituents
should maintain a single-phase behavior and smooth the electrochem-
istry. In our previous works [28–30], we have demonstrated that doping
Zn2þ into the P2-type Na0.67Ni0.33Mn0.67O2 is an effective strategy for
faces, and Department of Chemistry, College of Chemistry and Chemical Engi-
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inhibiting the P2–O2 phase transition, smoothing the charge-discharge
profiles and improving the electrochemical performances. In addition,
it should be considered that substitution of Mn3þ Jahn-Teller centers
with Zn2þ in P2–Na0.67MnO2 could increase the average Mn valence
state, reduce the concentration of Mn ions and suppress the P2–P2’ phase
transformation [10,20] at the high Naþ contents. Therefore, Zn2þ-sub-
stitution is suitable for improving the reversibility of P2–Na0.67MnO2
electrode. Recently, Bai et al. synthesized P2–Na0.67ZnxMn1-xO2 samples
and reported that P2–Na0.67Zn2/9Mn7/9O2 electrode exhibits anionic
(O2�/(O2)n-) redox reactions [31]. However, the structural transitions
upon cycling and the detailed electrochemical performances of these
compounds have not been exploited comprehensively.

Besides phase transformations, the interfaces play a critical role in the
electrochemical behaviors. It has been widely accepted that the layered
transition metal oxides undergo several pernicious changes such as: (i)
dissolution of the transition metal ions, (ii) surficial corrosion by the
attack of acidic species from the electrolyte, the formation of thick CEI
layer on the electrode surface after repeated cycles (iii) consumes enor-
mous electrolyte and (iv) blocks the diffusion of Naþ [32–34]. The most
straightforward and effective choice to solve these problems is forming a
protective nano layer of metal oxides either on the powder or electrode
[35]. The main roles of the coating layer are to avoid the direct contact of
active materials and electrolytes, scavenge the acid species such as HF
and mitigate the decomposition of electrolytes. Atomic layer deposition
(ALD), as an advanced gas-phase thin film deposition technique with
excellent coverage, conformal deposition, and precisely controlled
coating thickness, is considered as one of the most ideal approaches to
address the surface/interface challenges facing in batteries [36–38]. The
remarkable improvement is observed when depositing metal oxides on
the electrode rather than on powder in many researches, because the
latter sets a barrier layer between the active material and conductive
carbon/current collector, which result in the decrease of the electrical
conductivity [36,39,40].

Enlighted by the above considerations, we synthesized a series of
P2–Na0.67ZnxMn1-xO2 (x ¼ 0, 0.1 and 0.2) electrodes and investigated
their electrochemical performance. Ex-situ 23Na SS-NMR and in-situ XRD
characterization results reveal that substituting with 10 mol% of Zn
(Na0.67Zn0.1Mn0.9O2) remarkably suppresses the P2–P2’ phase trans-
formations of P2–Na0.67MnO2 electrode, offering an improved Naþ

diffusion coefficient and cycling stability, while Na0.67Zn0.2Mn0.8O2
electrode exhibits P2-OP4 transition which leads to faster capacity
degradation. On this basis, an Al2O3 ALD coating strategy is applied
directly on the Na0.67Zn0.1Mn0.9O2 electrodes to mitigate parasitic re-
actions at the surface. The thickness of coated Al2O3 layer is approxi-
mately 3 nm and exhibits little influence to the diffusion kinetics of Naþ

ions, as evidenced by GITT results. Ex-situ SEM, XRD and XPS confirmed
that the nano-Al2O3 layer on the Na0.67Zn0.1Mn0.9O2 electrode
(Al2O3@Na0.67Zn0.1Mn0.9O2) safeguards the electrode from the attack of
corrosive species andmaintains electrode integrity. Furthermore, a stable
‘artificial’ CEI layer is formed on the surface of Al2O3@-
Na0.67Zn0.1Mn0.9O2 electrode in the first few cycles and protects the
electrolyte from undesirable decomposition. Consequently, based on the
integrated strategy of proper amount of Zn2þ substitution and nano-
Al2O3 ALD coating, the cycling performance is extended from less than
70 cycles of Na0.67MnO2 to over 400 cycles of Al2O3@-
Na0.67Zn0.1Mn0.9O2 electrode with a capacity retention of 85%.

2. Experimental section

2.1. Synthesis of electrode materials

To synthesize the P2–Na0.67ZnxMn1-xO2 (0 � x � 0.2) materials,
stoichiometric amounts of MnO2 (99.95%, Aladdin), ZnO (99.99%,
Aladdin), and Na2CO3 (99.99%, Aladdin) were ball-milled in an agate
vessel with acetone solvent at 500 rpm for 3.5 h. Themixture was dried at
120 �C, pressed into pellets and heated at 900 �C for 15 h in air. The
2

pellets were then slowly cooled to 150 �C and transferred to an Ar-filled
glove box immediately. After grinding, the final samples were kept in the
glove box to avoid direct contact with moisture.

2.2. Atomic layer deposition

Atomic layer deposition (ALD) was carried out in a PICOSUN™ R-200
Advanced ALD system. The Al2O3 layers were directly coated on the
electrodes in nitrogen (N2) gas by using trimethylaluminum (TMA) and
H2O as the Al precursor and the oxidizer, respectively. During deposition
processes, the flow rate of N2 is 50 sccm and the reaction temperature is
100 �C. The purge time, exposure time and waiting time are 10 s, 0.1 s
and 10 s, respectively. The thickness of the Al2O3 layer was about 3 Å per
each pulse cycles and the electrodes which exhibit the best performances
were obtained by 10 precursor pulse cycles (Fig. S1).

2.3. Electrochemical tests

The electrodes are composed of 80 wt% active material, 10 wt%
polyvinylidene fluoride (PVDF) and 10 wt% acetylene black. The
aluminum foils were used as current collectors. The loading mass of
active materials in this study is 2.5–3 mg cm-2. The electrochemical
performances were tested in coin cells (CR2032), which were assembled
in Ar-filled glove box with sodium metal as counter electrode, Whatman
glass fiber filter as separator and 1 M NaClO4 dissolved in propylene
carbonate (PC, with 2 vol% propylene fluorocarbonate FEC) as electro-
lyte. The galvanostatic charge-discharge processes and galvanostatic
intermittent titration technique (GITT) were conducted on a LAND CT-
2001A (Wuhan, China) battery testing system. GITT was performed by
charging/discharging the cells at 12 mA g-1 for 5 min, then relax the cell
for 1 h to allow the cell voltage to a steady state. The Naþ diffusion co-
efficients in this article were calculated by the following equation:
DNaþ¼ 4

πτ ðmbVm
MbA

ÞðΔEsΔEτ
Þ [41]. Where mb, Mb, Vm and A are the electrode mass,

molecular weight, molar volume of the compound and the contact area
between the electrolyte and the electrode, respectively. The Vm values of
P2–Na0.67ZnxMn1-xO2 with x ¼ 0, 0.1 and 0.2 deduced from the Rietveld
refinements are 23.97, 24.13 and 24.30 cm3 mol-1, respectively. The
geometric mean (geomean) was adopted to measure the average value of
sodium ion diffusion coefficients during charge or discharge process, and
the geomean values during each charge/discharge process were calcu-
lated by the equation of: GeomeanDNaþ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D1D2D3D4⋯Dn
n
p

. Electro-
chemical impedance spectroscopy (EIS) tests were performed at the cell
voltage of 3.6 V vs. Naþ/Na by a four-channel multifunctional electro-
chemical workstation (Versa STAT MC, America) within the frequency
range of 100 kHz to 10 mHz.

2.4. Materials characterization

XRD patterns were recorded on a BrukerD8 Discover A25 diffrac-
tometer with Cu Kα radiation (λ ¼ 1.5406 Å). The XRD patterns were
refined using General Structure Analysis System (GSAS) program [42].
The stoichiometry of the prepared compounds was determined by
inductively coupled plasma-atomic emission spectrometry (ICP-AES, IRIS
Intrepid II XSP, Thermo Electron). Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) measurements were
performed on a Hitachi S-4800 microscope. The X-ray photoemission
spectroscopy (XPS) was performed on a PHI Quantum 5000 Versa Probe
III Spectrometer, with a monochromatic Al Kα X-ray radiation source
(25W, 15 kV) for excitation. Transmission electron microscopy (TEM)
images were collected with a Philips-FEI Tecnai G2 F20 microscope at
200 kV and an aberration-corrected (S)TEM microscope (Titan Themis
G2 60–300). 23Na magic-angle spinning nuclear magnetic resonance
spectra were acquired at a Brucker AVANCE III 400MHz spectrometer by
using a double resonance 1.3 mmMAS probe, spinning at frequencies up
to 50 kHz with a Hahn-echo pulse sequence (90� pulse – τ – 180� pulse –
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τ). The 23Na shifts were referenced to 1 M NaCl aqueous solution (0
ppm). The 90� pulse length for 23Na was 1.2 μs and the recycle delay was
10 ms. The in-situ XRD experiments were performed on a BrukerD8
Discover diffractometer equipped with a Cu Kα radiation. The X-ray
patterns were collected sequentially when the specific coin cell was
charging and discharging at a constant current density. To prepare the
electrodes for ex-situ XRD, SS-NMR, XPS and SEM, the cycled batteries
were disassembled in Ar-filled glovebox. Then, the electrodes were
washed with PC and dimethyl carbonate (DMC) solvents for three times
and dried in the glovebox.

3. Results and discussions

3.1. The chemical characterization and electrochemical properties of
Na0.67ZnxMn1-xO2

The Na0.67ZnxMn1-xO2 materials were synthesized via solid-state re-
action at calcination temperature of 900 �C with a slow cooling process.
The ICP-AES results indicate that the Na:Mn:Zn ratios of prepared ma-
terials are consistent with the expected stoichiometry of the compounds
(Table S1). The collected powder X-ray diffraction (XRD) and the cor-
responding Rietveld refinement patterns are shown in Fig. 1a. The re-
finements were conducted by GSAS software [42] and using P2-type
Na0.67MnO2 structure (space group: P63/mmc, JCPDF no. 27–751). A
good agreement between the fitting and experiment patterns was ob-
tained as the R factors are lower than 8%, thus the P2-type structure was
confirmed for the three prepared materials. Around 7 wt% content of
Mn-vacancy was fitted in Na0.67MnO2 sample as shown in the refined
crystallographic parameters (Table S2), which is consistent with previous
reports [9,43]. These Mn-vacancies disappear with the introduction of
Zn2þ into the transition metal layers. The lengths of Mn(Zn)–O bonds and
spacings of Naþ layers (dO-Na-O) of Na0.67ZnxMn1-xO2 samples are
deduced from the refinements results (Tables S2–3) and displayed in
Fig. 1a and Figs. S2a–c. The calculated results show that the lengths of
Mn(Zn)–O bonds increase with increasing the Zn2þ content (Fig. 1a)
because of the larger ionic radius of Zn2þ (0.74 Å) than Mn3þ (0.65 Å).
When Zn2þ content increased from x ¼ 0 to x ¼ 0.1, the dO-Na-O spacing
value increases slightly (3.900 and 3.906 Å), but the dO-Na-O spacing
value decreased to 3.765 Å for x ¼ 0.2 (Figs. S2a–c). As shown in
Figs. S2d–f, the primary particle size of Na0.67ZnxMn1-xO2 components is
Fig. 1. (a) Rietveld refinement results of powder XRD for Na0.67MnO2, Na0.67Zn0.1
curves of the three prepared materials at 12 mA g-1 within 2.0–4.1, 2.0–4.4 and
2.0–4.1 V and 2.0–4.4 V are presented in (c) and (d), respectively.
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around 1–3 μm and no obvious difference of the morphologies for the
three samples can be found.

To investigate the electrochemical properties of the prepared
Na0.67ZnxMn1-xO2 samples, galvanostatic charge-discharge curves in
different potential ranges are systematically compared and shown in
Fig. 1b. In the potential range of 2.0–4.1 V, P2–Na0.67MnO2 shows initial
specific discharge capacity of 163 mAh g-1, which is higher than that of
Na0.67Zn0.1Mn0.9O2 (134 mAh g-1) and Na0.67Zn0.2Mn0.8O2 (105 mAh g-
1). When the potential range is expanded to 2.0–4.4 V, the capacity dif-
ference of Na0.67ZnxMn1-xO2 becomes much smaller with delivered ca-
pacities of 176, 156 and 155 mAh g-1 for x ¼ 0, 0.1 and 0.2, respectively.
When the potential range further increases to 1.5–4.4 V, the reversible
capacity of Na0.67ZnxMn1-xO2 reaches 208, 197 and 187 mAh g-1 for x ¼
0, 0.1 and 0.2, respectively, due to the increased capacity associated with
Mn3þ/Mn4þ redox couple within 1.5–2.0 V. The voltage profiles of the
three samples start with a gentle slope, then followed by plateaus range
from approximately 4.0 to 4.4 V which corresponds to the oxidation of
lattice oxygen [31,44,45]. Specifically, the higher content of Zn2þ in the
sample leads to more significant oxygen redox reactions but lower ca-
pacities associated with Mn3þ/4þ redox couples. As a result, the initial
specific charge/discharge capacity of Na0.67MnO2 is higher than that of
Zn2þ-substituted Na0.67MnO2 samples. Furthermore, the dQ/dV plots
were obtained to identify the charge-compensation mechanisms
(Fig. S3). Consistent with the charge-discharge profiles, the strong anodic
peak of O2�/Ox- (0 < x < 2) redox couples are located at around 4.2 V.
The reduction peaks of Ox- are located at 4.12 V and 2.90 V for pristine
and Zn2þ-substituted P2–Na0.67MnO2 samples, respectively. The small
voltage hysteresis of oxygen redox reactions observed in the pristine
P2–Na0.67MnO2 sample is believed to be associated with the zero-strain
structural feature during the Naþ (de)intercalation [46]. The voltage
peaks of the reduction of Mn4þ ions in the prepared materials are located
at 2.1 � 0.2 V.

To compare the kinetic characteristics of the three prepared samples,
the galvanostatic intermittent titration technique (GITT) was employed
and the results of Na0.67Zn0.1Mn0.9O2 are shown in Fig. S4. The contin-
uous evolution of the quasi-equilibrium potentials with the charge and
discharge processes indicates that the extraction and insertion of Naþ

occurred through a solid solution reaction. The diffusion coefficients of
Naþ (DNaþ) have been calculated based on the GITT curves and the
equation described in experimental section. The DNaþ of the pristine
Mn0.9O2 and Na0.67Zn0.2Mn0.8O2 samples. (b) Comparison of charge-discharge
1.5–4.4 V. The cycling stability of prepared materials at 12 mA g-1 within
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Na0.67Zn0.1Mn0.9O2 electrode is approximately 10-9 cm2 s-1. During
charge, the DNaþ value decreases gradually with the extraction of Naþ

and the first lowest value of 3.7� 10-13 cm2 s-1 was obtained for z¼ 0.51
in NazZn0.1Mn0.9O2. This slower diffusion behavior could be associated
with the Naþ-vacancy ordering transition [15,47]. After rising to 2.8 �
10-11 cm2 s-1 for z ¼ 0.44, the DNaþ value decreases again and drops to
10-13 cm2 s-1 at the final stages of charge, thus suggesting that the
extraction of remained Naþ is harder because of the increased electro-
static attraction of oxygen ions. During discharge, the DNaþ value
maintains between 5 � 10-11 - 10-10 cm2 s-1 for 0.2 < z < 0.7 in
NazZn0.1Mn0.9O2, and decreases to 3.8 � 10-12 cm2 s-1 gradually at
2.0–2.3 V, indicating the sluggish Naþ diffusion during Mn4þ reduction.
Similar trends are observed for both Na0.67MnO2 and Na0.67Zn0.2Mn0.8O2
electrodes, as shown in Fig. S5. The geomean DNaþ values for
Na0.67ZnxMn1-xO2 electrodes with x¼ 0, 0.1 and 0.2 in the charge process
are 4.38 � 10-12, 7.28 � 10-12 and 4.18 � 10-12 cm2 s-1, respectively. In
the discharge process, the calculated geomean DNaþ value for
Na0.67Zn0.1Mn0.9O2 (4.16 � 10-11 cm2 s-1) is also higher than that of
Na0.67MnO2 (1.45 � 10-11 cm2 s-1) and nearly 5.1 times higher than that
of Na0.67Zn0.2Mn0.8O2 electrodes (8.03 � 10-12 cm2 s-1). The faster Naþ

diffusion behavior of Na0.67Zn0.1Mn0.9O2 is originated from the dimin-
ished phase transformations, which is beneficial for its electrochemical
performances. The cycling performances of the three prepared materials
at the current density of 12 mA g-1 are tested by galvanostatic technique.
In the potential range of 2.0–4.1 V (Fig. 1c), although Na0.67Zn0.1Mn0.9O2
electrode delivers lower initial discharge capacity than Na0.67MnO2 due
to the oxygen redox reactions, its discharge capacity after 60 cycles is
121 mAh g-1, much superior than that of Na0.67MnO2 (97 mAh g-1) and
Na0.67Zn0.2Mn0.8O2 (86 mAh g-1) electrodes. When working within the
potential range of 2.0–4.4 V, the specific discharge capacities of
Fig. 2. The operando XRD contour maps of (a) Na0.67MnO2, (b) Na0.67Zn0.1Mn0.9O2 a
peak of the three electrodes.
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Na0.67Zn0.1Mn0.9O2 electrode are always higher than Na0.67MnO2 and
Na0.67Zn0.2Mn0.8O2 electrodes during the second to the 50th cycles
(Fig. 1d). The above results indicate that Na0.67Zn0.1Mn0.9O2 sample
exhibits much better cycling stability than both Na0.67MnO2 and
Na0.67Zn0.2Mn0.8O2 electrodes.
3.2. The phase evolutions of Na0.67ZnxMn1-xO2 electrodes upon Naþ (de)
intercalation

The in-situ XRD experiments were performed to recognize the phase
evolutions of the prepared electrodes during the initial cycle and the
corresponding contour maps are shown in Fig. 2a–c. As can be seen in the
full in-situ XRD patterns Fig. S6, the P2-phase structure of Na0.67MnO2 is
maintained and no obvious new peak is found during 2.0–4.4 V. When
the Na0.67MnO2 electrode is discharged below the potential of 2.3 V
(Fig. 2a), the (008) diffraction peak shifts ~0.9� to higher angles by solid-
solution reactions, corresponding to the contraction of 0.02 Å of the
adjacent TM slabs. Similar behaviors are observed in the contour map of
Na0.67Zn0.1Mn0.9O2 electrode (Fig. 2b). The slight difference between
Na0.67MnO2 and Na0.67Zn0.1Mn0.9O2 lies in the intensity of diffraction
peaks at the high potential beyond 4.2 V, which could be caused by the
glide of TM slabs at the oxygen redox region of Na0.67Zn0.1Mn0.9O2

electrode. In the first charge process of Na0.67Zn0.2Mn0.8O2 electrode
(Fig. 2c), the intensity of XRD peaks decreases gradually since oxygen
redox reactions start at z ¼ 0.59 in NazZn0.2Mn0.8O2. Then, the P2-
structure changes into OP4-structure [21,48] at z < 0.32 with the shift-
ing of (002) peak to higher angle, in agreement with the previous reports
[16,31]. After that, the (002) peak moves back toward the lower angle
and the intensity of diffraction peaks increase with the insertion of
Naþ-ions. The comparison of enlarged (002) peaks in Fig. 2d clearly
nd (c) Na0.67Zn0.2Mn0.8O2 electrodes in the initial cycle. (d) The enlarged (002)
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confirm that Zn-substitution induces P2-OP4 transition. Furthermore,
except (002) peak, the other XRD peaks in the pattern of
Na0.67Zn0.2Mn0.8O2 at 4.4 V is extremely weak (Fig. S7), which could be
due to the loss of long-range order at the final stage of charge, as a result
of the high concentration of TMO2 stacking faults.

To further investigate the local structure evolutions of Na0.67MnO2
and Na0.67Zn0.1Mn0.9O2 electrodes, the ex-situ pj-MATPASS 23Na SS-NMR
measurements were performed and their corresponding spectra are
shown in Fig. 3. According to the previous works [20,27], the SS-NMR
spectra of P2-type sodium manganese oxides could be assigned to five
kinds of signals. The signals at 0 ppm are due to the presence of
diamagnetic sodium salts, such as the Na2CO3 from the manufacture
processes and decomposition products of electrolytes. The signals located
at around 250–500 ppm, 500–950 and 950–1720 ppm correspond to Naþ

in the sodium layers of hydrated, P20-type and P2-type phases, respec-
tively, while the one at 1750–2200 ppm could be assigned to the C2/c
phases with staggered stacks compared to P2-type structure [27]. The
hydrated phase is formed in the short period exposure of SS-NMR motors
to air. In the following part, we will mainly focus on the structural evo-
lutions of P20, P2 and C2/c phases.

As shown in Fig. 3a, the signals of the pristine Na0.67MnO2 electrode
are composed of hydrated, P2 and C2/c phases. During charge, the in-
tensity of both P2 and C2/c-phase signals ranging from 1000 to 2200
ppm decreases with the extraction of Naþ ions. When charged to 4.4 V (z
¼ 0.36 in NazMnO2), the C2/c-phase disappears due to the rearrange-
ment of TMO2 layers, and the signal of P2-phase widens caused by the
staking faults and complex Naþ local environments as a result of the
glides of the TM-O2 layers at low Naþ content. In the initial discharge
process from z ¼ 0.36 to 0.60, the P2 and partial C2/c signals recover
after the insertion of Naþ. When the Naþ content reaches z ¼ 0.99, all of
the Mn ions reduce to Mn3þ and the P2 and C2/c phases transform into
P2’ phase. Meanwhile, the almost completely occupied prismatic Naþ
Fig. 3. Ex situ 23Na SS-NMR spectra during the initial charge-discharge cycles of (a) N
of each spectrum. Pink, yellow, green and blue colored areas correspond to C2/c, P2
color in this figure legend, the reader is referred to the Web version of this article.)
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site reduces the local environments significantly and results in extremely
narrow P2’ signal. During the second charge process, the intensity of P2’
signal decreases and finally disappears at z ¼ 0.42 accompanied by an
increase of the valence-state of Mn ions. At the same time, the intensity of
P2-signal increases and only very weak C2/c signal could be observed,
indicating that the P2’ phase transforms into P2 structure with the
deintercalation of Naþ. The spectrum at the end of second discharge
process shows strong P2 and weak P2’ signals. The incomplete P2–P2’
structural transformation is due to the decreased amount of intercalated
Naþ (z¼ 0.93) as compared to the first cycle (z¼ 0.99). Fig. 3b shows the
SS-NMR spectra evolutions of Na0.67Zn0.1Mn0.9O2 electrode during the
first and second cycles. Compared with the unsubstituted sample, the
Na0.67Zn0.1Mn0.9O2 electrode shows narrower P2-signals at 1000–1600
ppm and no peaks of C2/c phase at 1750–2200 ppm, indicating that Zn2þ

substitution lowers the concentration of stacking faults and improves the
homogeneity of the local environment of Naþ. During charge, the width
of P2-signal is broadened and the intensity is decreased with the
extraction of Naþ, as well as the result of Na0.67MnO2 electrode. The
converse structure evolutions are observed in the initial discharge pro-
cess. Importantly, the P2’ signal located at 500–950 ppm is absent in the
spectra, indicating that the P2–P2’ phase transition in Na0.67MnO2
electrode is prevented by introducing 10 mol% Zn2þ. The change in the
23Na SS-NMR spectra during the second cycle is the same as that of the
first charge and discharge process, suggesting the excellent structural
reversibility of Na0.67Zn0.1Mn0.9O2 electrode. It should be noted that the
P2’ and C2/c phases are not observed by XRD, but their signals appear at
the 23Na SS-NMR spectra. The possible reason is that the XRD patterns
reflect long-range structures while SS-NMR is more sensitive to local
structures, and the size of these two phases are out of the detection range
of our home-made in-situ XRD device.

The above ex-situ 23Na SS-NMR results clearly indicate that the
unsubstituted Na0.67MnO2 electrode exhibits severe glide of transition
a0.67MnO2 and (b) Na0.67Zn0.1Mn0.9O2. The cycling curves are shown at the left
, P2’, and hydrated phases, respectively. (For interpretation of the references to
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metal layers and multiple phase transitions during charge and discharge,
which leads to structural defects in the framework of the material, and
results in poor electrochemical cycling performance. Nevertheless, the
23Na SS-NMR spectra of Na0.67Zn0.1Mn0.9O2 electrode indicate that Zn2þ

substitution can reduce the stacking faults formed during synthesis and
successfully inhibit the C2/c-P2 and P2–P2’ phase transitions during
cycling. Therefore, the volume expansion/contraction is reduced and
thus benefits the electrochemical performance of the material. Moreover,
the further increase of Zn2þ content leads to severe P2-OP4 phase tran-
sition at z < 0.32 in NazZn0.2Mn0.8O2, which results in poor electro-
chemical performance. Therefore, Na0.67Zn0.1Mn0.9O2 electrode exhibits
the best cycling stability among Na0.67ZnxMn1-xO2 (x ¼ 0, 0.1 and 0.2)
electrodes.

3.3. ALD nano-Al2O3 coating layer

To further improve the electrochemical performance of
Na0.67Zn0.1Mn0.9O2 electrode, an Al2O3 layer was deposited directly on
the electrode to reduce the undesired reactions at the interface between
the cathode and electrolyte. The SEM and TEM characterizations of the
pristine Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2 electrodes
are shown in Fig. 4. Top-view SEM images and EDS analyses in Fig. 4a–c
reveal that a uniform coating layer with homogeneous distribution of Al
element is formed on the electrode surface after 10 cycles of deposition.
TEM images (Fig. 4d–e) show that the Al2O3 coating layer on the surface
is amorphous and its thickness is around 3 nm. Moreover, as indicated by
the Al and Zn distribution profiles from line scan EDS analysis (Fig. 4f),
the Al element barely diffuses into the subsurface lattice and the Al2O3
layer only grew up on the surface of the particles, which is beneficial to
the (de)intercalation of Naþ as discussed below.

3.4. Electrochemical performance of Al2O3@Na0.67Zn0.1Mn0.9O2
electrode

To investigate the impact of the Al2O3 coating layers, the diffusion
coefficients of DNaþ were calculated from GITT result. As shown in
Fig. S8, the geomean DNaþ values of the Al2O3@Na0.67Zn0.1Mn0.9O2
electrode are 7.02 � 10-12 cm2 s-1 and 3.98 � 10-11 cm2 s-1 at charge and
discharge, respectively. The slight decrease compared to the uncoated
Na0.67Zn0.1Mn0.9O2 electrode (7.28 � 10-12 cm2 s-1 at charge and 4.16 �
10-11 cm2 s-1 at discharge) suggests that the (de)intercalation kinetics of
Naþ are almost unaffected by this nano-Al2O3 layer. At the current
Fig. 4. (a) Top-view SEM image of Na0.67Zn0.1Mn0.9O2 electrode. (b) Top-view SEM i
of (d) uncoated and (e) Al2O3 coated Na0.67Zn0.1Mn0.9O2 electrodes. (f) Line scan ED
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density of 12 mA g-1 within 2.0–4.4 V, the initial discharge capacities of
Na0.67MnO2, Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2 elec-
trodes are 176, 156 and 155 mAh g-1, respectively. After 100 cycles
(Fig. 5a), the capacity retention is only 41% and 73% for Na0.67MnO2 and
Na0.67Zn0.1Mn0.9O2, respectively, while 83% of the initial capacity can be
retained for Al2O3@Na0.67Zn0.1Mn0.9O2 electrode. The charge-discharge
curves of Al2O3@Na0.67Zn0.1Mn0.9O2 electrode at the specific number of
cycles are shown in Fig. 5b. The Al2O3 coated electrode shows smoother
profiles and lower initial charge capacity (88 mAh g-1) than that of un-
coated one (103 mAh g-1, Fig. 1b), indicating the suppression of side
reactions at the surface of electrode. The well obtained charge-discharge
profiles after cycling over 50 cycles within 2.0–4.4 V (2.33–4.73 V vs.
Liþ/Li) suggest that a stable interface is formed between ALD coated
electrode and electrolyte. The comparison of cycling stability between
Na0.67MnO2, Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2 elec-
trodes at 12 mA g-1 within 2.0–4.0 V is shown in Fig. 5c. After 200 cycles,
the capacity retention of coated electrode is 81% which is significantly
higher than that of Na0.67MnO2 (34%). The improved cycling stability
should be ascribed to the protective nano-Al2O3 layer and Zn2þ substi-
tution, which maintains the electrode integrity and stables the structure,
respectively. When cycling at a high current density of 120 mA g-1 within
2.0–4.4 V (Fig. 5d), the Na0.67MnO2 and Na0.67Zn0.2Mn0.8O2 electrodes
fade quickly and only 75 and 84 mAh g-1 is delivered after 100 cycles,
respectively. By contrast, 91 mAh g-1 is obtained at the 180th and 400th
cycles for Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2 elec-
trodes, respectively. The similar phenomena are also observed at the
potential range of 2.0–4.0 V and 1.5–4.4 V, as shown in Fig. S9. These
results evidence that the strategies of Zn2þ substitution followed by the
protective nano-Al2O3 layer coating is promising to enhance the cycling
stability of layered sodium transition metal oxides.

The electrochemical impedance spectroscopy (EIS) measurement was
further used to investigate the resistance change of electrodes during
cycling, as shown in Fig. 5e–f. The equivalent circuit is shown in Fig. S10
and the corresponding resistance parameters are fitted and summarized
in Table S4. The electrode impedances can be mainly attributed to the
combination of Ohmic resistance (Rohm), Warburg resistance in the low
frequency band, charge transfer resistance of cathodes (RC, CT) in the
medium frequency region, and the charge transfer resistance of Na discs
and the surface resistance of both Na discs and cathodes in the high
frequency region (RSEIþA, CT ¼ RA, SEI þ RA, CT þ RC, SEI) [7,49,50]. The
differences of Rohm for the three electrodes at both 1st and 100th cycles
are very small, and the decreased Rohm values after 100 cycles could be
mage and (c) EDS analysis of Al2O3@Na0.67Zn0.1Mn0.9O2 electrode. TEM images
S analysis of Al2O3@Na0.67Zn0.1Mn0.9O2 electrode.



Fig. 5. (a) The cycling stability, and (b) charge-discharge profiles at specific cycles of Al2O3@Na0.67Zn0.1Mn0.9O2 electrode at the current density of 12 mA g-1 within
2.0–4.4 V. (c) The comparison of cycling stability of different electrodes at (c) 12 mA g-1 within 2.0–4.0 V and (d) 120 mA g-1 within 2.0–4.4 V. Electrochemical
impedance spectroscopy analyses at the (e) 1st cycle and (f) 100th cycle.
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the results of the good contact between electrolytes and electrodes as
well as well-preserved cell configurations. In the first cycle, the semi-
circles of RSEIþA, CT and RC, CT are overlapped, as shown in Fig. 5e. The
sum of charge transfer resistance and surface resistance of Al2O3@-
Na0.67Zn0.1Mn0.9O2 electrode is slightly higher than both Na0.67MnO2
and Na0.67Zn0.1Mn0.9O2 electrodes. After 100 cycles, two semicircles that
correspond to RC, CT and RSEIþA, CT are observed at the middle and the
higher frequency regions, respectively (Fig. 5f). The RC, CT value of
Na0.67MnO2 (593 Ω) is six time to that of Na0.67Zn0.1Mn0.9O2 (99 Ω) and
Al2O3@Na0.67Zn0.1Mn0.9O2 (81 Ω) electrodes, as the results of the alle-
viation of the irreversible structure transitions by Zn2þ-substitution.
Moreover, the RSEIþA, CT values decrease from 619 Ω to 396 Ω and 192 Ω
for Na0.67MnO2, Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2

electrodes, respectively, indicating the homogeneous nano-Al2O3 layer is
beneficial to build a benign interface between the cathode and electro-
lyte. The EIS analyses reflect that Zn2þ-substitution and nano-Al2O3 layer
could decrease significantly the growth speed of charge transfer resis-
tance and surface resistance of Na0.67MnO2 electrode, respectively.

3.5. Mechanism analysis of the performance enhancement

To understand the effect of the nano-Al2O3 layer on
Na0.67Zn0.1Mn0.9O2 electrode during Naþ (de)intercalation, ex-situ SEM
and chemical analysis was conducted to observe the surficial evolution of
both Al2O3 coated and uncoated Na0.67Zn0.1Mn0.9O2 electrodes with
battery cycling. Specifically, the cycled electrodes are obtained at the
current density of 120 mA g-1 with potential range of 2.0–4.4 V. As
mentioned above, one of the main challenges is the attack of acidic
species which dissolves the transition metal ions and destructs the
integrity of the electrode. By comparing the SEM images in Fig. 4a and
Fig. S11a, the electrode corrosion of Na0.67Zn0.1Mn0.9O2 can be clearly
observed after only 5 cycles at the potential range of 2.0–4.4 V. In
contrast, as shown in Fig. S11b, the Al2O3@Na0.67Zn0.1Mn0.9O2 electrode
still presents a smooth surface at the same testing condition, indicating
that the nano-Al2O3 layer is effective for protecting the electrode against
the corrosive species in the electrolyte. As shown in Fig. 6a–f, the surface
of Al2O3@Na0.67Zn0.1Mn0.9O2 electrode is obviously different from that
of the uncoated one. The EDS elemental analysis results confirmed that
7

the mass ratio of C and O decreases while that of F increases by 2–3 times
after 1200 cycles (Table S5), clearly indicating that the film in the elec-
trode surface is cathode electrolyte interphase (CEI) which formed by the
decomposition of electrolytes. After 100 cycles, the CEI layer of
Al2O3@Na0.67Zn0.1Mn0.9O2 electrode (Fig. 6d) is denser and smoother
than that of Na0.67Zn0.1Mn0.9O2 electrode (Fig. 6a). The more uniform
CEI film of coated electrode is benefited from the integrity of electrode
(Fig. S11) as well as the minimized electrolyte decomposition rate, due to
the prevention of direct contact between active materials and electrolyte
solutions. In addition, the dense CEI film could significantly delay the
further oxidation of electrolyte, thus producing a virtuous cycle. X-ray
photoelectron spectroscopy (XPS) was further employed to investigate
the surface components of the bare- and Al2O3-coated
Na0.67Zn0.1Mn0.9O2 electrodes after 100 cycles. As shown in the C 1s and
O 1s spectra of Fig. 6g–h, the CEI layer components [51] of the bare and
Al2O3-coated Na0.67Zn0.1Mn0.9O2 electrodes are very similar. While in
the F 1s spectra, besides PVDF (687.9 eV) and NaF (684.7 eV) compo-
nents, the signal of side reactions products MnF2/ZnF2 (685.1 eV) can be
clearly confirmed in the bare-Na0.67Zn0.1Mn0.9O2 electrode (Fig. 6i). The
absent of MnF2/ZnF2 signal and the appearance of AlF3 (687.4 eV) peak
in Al2O3-coated Na0.67Zn0.1Mn0.9O2 electrode indicates that the Al2O3
layer serves as a scavenging agent to protect the active materials from the
corrosion of the acidic species. After 400 cycles, as shown in Fig. 6b and
e, the surface of Na0.67Zn0.1Mn0.9O2 electrode becomes rough due to the
continual decomposition of electrolytes, while the surface of Al2O3@-
Na0.67Zn0.1Mn0.9O2 electrode is still smooth and dense. To confirm the
tolerance of the Al2O3 nano-layer towards the acidic species, the surface
condition of Al2O3@Na0.67Zn0.1Mn0.9O2 electrode after 400 cycles is
further scrutinized by TEM. As shown in Fig. S12, the EDS line-scan
analysis indicates the Al2O3 layer is still remains on the surface of the
particle, which suggests the effects of nano-Al2O3 coating are well
maintained for over several hundred cycles. As a result, the discharge
capacity delivered by coated electrode is twice that of uncoated elec-
trode, as shown in Fig. 5d. After 1200 cycles, the delivered discharge
capacities of Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2 elec-
trodes are 2 and 30 mAh g-1, respectively. The failure of these cell after
long cycling mainly stems from the thick CEI film (Fig. 6c and f), which
consumes large amount of electrolyte, hinder the conduction of Naþ and



Fig. 6. Ex-situ SEM images of (a–c) Na0.67Zn0.1Mn0.9O2 and (d–f) Al2O3@Na0.67Zn0.1Mn0.9O2 electrodes at specific number of cycles. Note: the corresponding cycling
tests were conducted at the current density of 120 mA g-1 within 2.0–4.4 V. XPS spectra of (g) O 1s, (h) C 1s and (i) F 1s for the bare- and Al2O3-coated
Na0.67Zn0.1Mn0.9O2 electrode after 100 cycles.
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restrict the utilization of active materials. EDS mapping in Figs. S13a–b
shows that the Al element is still uniformly distributed in the electrode
surface after 1200 cycles, which confirms the robustness of Al2O3 coating
layer. Fig. S13c shows the comparison of XRD results of different elec-
trodes after 200 cycles. Compared to the pristine electrode, the shift of
(002) diffraction peak towards lower angle after cycling may be caused
by enormous structural defects. This phenomenon can be eliminated by
introducing 10 mol% Zn2þ into the TM layers. The difference in the in-
tensity of (004) peak between Al2O3 coated and uncoated electrodes
indicates that Al2O3 coating layer is possibly effective in suppressing the
amorphization with the repeated extraction/insertion of Naþ.

In summary, the advantages of Al2O3 coating layer in the
Na0.67Zn0.1Mn0.9O2 electrode were demonstrated, as illustrated in Fig. 7.
Firstly, this nano-layer protects the electrode from the attack of acidic
species and maintains its integrity at the starting cycles. Then, the sep-
aration of the active materials and the electrolyte solution slows the
decomposition of electrolyte and forms an uniform and dense CEI film.

4. Conclusions

The key problems for low-cost sodium manganese oxides to achieve
long service life are the Jahn-teller effects associated with Mn3þ/Mn4þ

redox couple, electrode corrosion and electrolyte decomposition at the
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electrolyte/electrode interface. In the light of this, we designed and
successfully prepared a novel Al2O3@Na0.67Zn0.1Mn0.9O2 electrode with
the introduction of Zn2þ ions to stabilize the structure and nano-Al2O3
layer to inactivate the surface. Ex-situ 23Na SS-NMR and in-situ XRD re-
veals that the introduction of proper amount of Zn2þ ions into
P2–Na0.67MnO2 is effective in enhancing Naþ diffusion coefficients and
suppressing the harmful C2/c-P2 and P2–P2’ phase transitions during
Naþ (de)intercalation. In addition, the ex-situ SEM characterization evi-
dences that the ALD Al2O3 layer offers advantages of preserving the
electrode integrity and suppressing the undesirable electrolyte de-
compositions upon repeated cycles. By integrating Zn2þ substitution and
ALD coating, the Al2O3@Na0.67Zn0.1Mn0.9O2 electrode exhibits remark-
able structural stabilization and high capacity retention. The synergic
effects of combining both lattice modification and surface passivation
strategies in this work can be readily applied to other SIB electrode de-
signs, especially in the case that the electrode materials which exhibit
high capacity but suffer from complex phase transitions and parasitic
electrolyte reactions.
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Fig. 7. Schematic illustration of the surficial evolutions of Na0.67Zn0.1Mn0.9O2 and Al2O3@Na0.67Zn0.1Mn0.9O2 electrodes.
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