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Abstract: Sodium-ion batteries are regarded as a substitution for lithium-ion batteries for its abun-
dant resources, wide distribution, low cost, etc. The P2-layered sodium transition metal oxides
(P2-NaxTMO,) have attracted extensive attention due to their high rate and cycling properties. How-
ever, P2-Na,TMO; often undergoes structural transformations when exposed in ambient air, which
restricts its practical applications. Herein we studied the effect of Nb doping on the air stability
of P2-NayTMO,. We demonstrated that the Nb-induced surface preconstructed layer inhibited
the surface dissolution of the P2 material in the electrochemical reaction and formed a stable and
thin (cathode-electrolyte interphase) CEI film, which prevented water molecules from entering
the P2-NayTMO, lattice. Nag g7Mng ¢7Nig 33Nbg 030, could exhibit superior rate performance (a
reversible capacity of 72.5 mAh g~! at 20 C) and outstanding cycling performance (84.43% capacity
retention after 1000 cycles at 5 C) in a half cell after exposed in a moisture atmosphere (RH93%) for
20 days.

Keywords: sodium-ion batteries; P2-layered sodium transition metal oxides; air stability; surface
preconstructed layer

1. Introduction

Lithium-ion batteries (LIBs) are known for their high energy density but they are not
suitable for large-scale energy storage due to the limitation of lithium reserves [1-3]. There-
fore, new energy storage systems with lower costs should be developed to support lithium'’s
sustainable development [4-6]. In recent years, the sodium-ion battery has attracted wide
attention because of its abundant sodium resources, low cost, good comprehensive perfor-
mance, and the same working principle and similar battery components as the lithium-ion
battery [7-11]. Sodium-ion batteries meet the requirements of low cost, long life, and
high safety in the field of sustainable energy, and to some extent ease the limitation of the
shortage of lithium resources on the development of energy storage batteries [9,12]. Since
the late 1970s, when researchers found that Na* can be reversibly dragged/embedded in
the layered oxide NayCoO,, more and more studies have been conducted on the cathode
materials of sodium-ion batteries [13,14]. The cathodes mainly include the layered oxide,
polyanion, Prussian blue and organics [15-18]. The layered oxide material is the main
cathode material of the sodium-ion battery because of its advantages of simple production,
high specific capacity and high operating voltage [19-23].

Layered oxides are the earliest kind of embedded compounds studied and the general
formula of the structure is NaxTMO; (TM is mainly one or more transition metal elements).
Usually, the transition metal elements and the MOg polyhedron structure formed by the
surrounding six oxygen atoms form the transition metal layer, and the sodium ion is located
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between the transition metal layer, forming the layered structure of the MOg polyhedron
layer and the NaOg alkali metal layer arranged alternately. Delmas et al. divided layered
oxides into O3, O2, P3 and P2 according to the coordination configuration of the sodium
ion and the stacking mode of oxygen in MOg polyhedron [24]. The P2 and O3 phases
stand for the prismatic and octahedral coordination configuration of the sodium ion, with
ABBA or ABCABC stacking, respectively; the number represents the number of stacks with
minimum oxygen repetition units [25]. Nowadays, most of the research on Na,TMO; has
focused on improving electrochemical performance, such as achieving high energy density
and long cycle life [26,27]. However, Nay,TMO, are hygroscopic and unstable in ambient
air, which limits their practical application [28-33]. The hygroscopic and air instability of
NaxTMO; results in increased costs and hinders their commercialization. Therefore, it is of
practical significance to study the air stability of cathode materials [34-36].

Studies have shown that NaMn 5Nip 50, (mixed with an electronic conductor and
binder) slurry made in ambient air usually show obvious particle agglomeration [37]. Due
to the strong alkalescence of NaMny 5Ni 50, particles, OH™ reacts with polyvinylidene
fluoride (PVDF) in the slurry, resulting in the removal of F from PVDF and poor bonding
performance. By means of thermogravimetric analysis, gas generation analysis and neutron
pair distribution function, Nazar et al. found that P2-Nag ¢7Fep 5sMn( 50, instability in
humid air was caused by the reaction of water and carbon dioxide to generate CO32~, which
would enter the tetrahedral gap of the transition metal layer [19]. At the same time, Mn3*
would change into Mn** to maintain charge balance. Compared with Nag ¢7Feg5Mng 507
with surface protection, the water contaminated Nag g7Feg sMnj 50, showed more serious
polarization and lower specific capacity. Yang Yong et al. found that there was a critical
sodium content (denoted by n.) in P2-type layered oxide cathode materials, through a series
of comparative experimental studies and theoretical calculations [38]. When the sodium
content was higher than n., water molecules could not embed in the material. However,
the reasons for the structural transformation of materials in wet environments, especially
the mechanism by which water molecules were inserted into the sodium layer and which
factors dominated the structural transformation, have not been further investigated [39-45].

In this work, based on the P2-Nag g7Mng ¢7Nig 330, (P2-Nag ¢7MN) and P2-Nag ¢7Nig 33
Mny 67Nbg 9302 (P2-Nag ¢7MNNDb), we explored the effect of Nb doping on air and elec-
trochemical stabilities. Nb doping increased the c-axis spacing of P2-Nag ¢;MN, intro-
duced a strong Nb-O bond (753 k] mol~!), induced the formation of a preconstructed
layer on the surface, and greatly improved the air stability and electrochemical stabil-
ity. Characterizations such as XRD, SEM and TEM were applied to reveal the behavior
and structural transformation mechanism of P2-Nag gy MN before and after Nb doping in
different environments.

2. Experimental Section
2.1. Synthesis of Materials

The raw materials were purchased from Sigma-Aldrich (Saint Louis, MO, USA). The
following acetate salts were used in the synthesis of the target products [Mn(CH3COO),-
4H,0, Ni(CH3COO),-4H,0, Alfa Aesar (Haverhill, MA, USA)]. The method used for the
synthesis of the target products was co-precipitation. Firstly, 0.036 mol manganese acetate
and 0.018 mol nickel acetate were accurately weighed. Then, 50 mL deionized water was
added to dissolve the mixture, and the mixture was stirred with mechanical agitator for
60 min. Next, we dissolved 0.07 mol Na,CO3 with 20 mL deionized water. The sodium
carbonate solution was transferred to the transition metal solution at a rate of 2 mL min~!
using a micro-peristaltic pump. After a reaction of 18 h, this solution was washed three
times in deionized water and in ethanol and put in a vacuum drying oven at 80 °C for
10 h. The SEM images of the precursor after drying are shown in Figure S1. The 0.8 g
precursor was fully ground with sodium carbonate according to the specific molar ratio.
At this time, niobium pentoxide with a theoretical molar ratio of 0.03 was added; adding
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excessive niobium pentoxide produced impurity peaks (Figure S2). The ground powder
was put into a mulffle furnace for sintering at 500 °C, 10 h and 900 °C, 10 h.

2.2. Humid Environment Setting

Three different environments were set ((1) RH93% humid environment, (2) RH75%
humid environment and (3) conventional atmosphere, labeled Air in the picture). Specific
operations regarding wet conditions will be explained in detail. The saturated salt solution
of NaHCO3 was first prepared and the target product was placed in the centrifuge tube,
followed by the saturated salt solution of sodium carbonate and the target product in a
closed box. Then, we placed the enclosed box in an oven set at 40 °C. The hygrometer accu-
rately measured RH93%. Repeating the above steps, saturated sodium chloride solution
produced a stable humidity of 75% (as measured using a hygrometer) at a closed chamber
of 40 °C. According to the experimental requirements, the target product was placed for a
fixed number of days to obtain the experimental results.

2.3. Material Characterization

The crystal structure of the cathode material was determined using X-ray powder
diffraction (Smartlab 9 kw, Rigaku, Tokyo, Japan). The FullProf software (FullProf Suite
Linux (64 bits)) was used for Rietveld refinement. The morphology of the cathode materials
was characterized using scanning electron microscopy (SEM, ZEISS sigma300, Oberkochen,
Germany). The microstructure of the material was characterized using TEM JEOL 2100F
(Tokyo, Japan) and energy dispersive spectroscopy (EDS). The chemical composition of the
material was acquired by inductively coupled plasma-atomic emission spectrometry (ICP-
AES, PERKINE 7300DV, Perkin Elmer, Waltham, MA, USA). Fourier infrared spectroscopy
(Nexus 670, Thermo Nicolet, USA) was used to obtain information about chemical bonds.

2.4. Electrochemical Measurement

The active material, Super P, and binder PVDF were mixed in a mass ratio of 8:1:1.
The ground powder was dissolved with N-methyl-2-pyrrolidone (NMP) solvent and put
into a small bottle for stirring [46]. The electrode was dried in a vacuum oven for drying at
80 °C for 10 h and was cut in pieces with a diameter of 12 mm. An amount of 1 M NaClOy
in EC: PC (1:1 + 5% FEC) was used as the electrolyte. The electrodes were assembled
into a coin cell (CR2032) in a glovebox filled with argon gas using Whatman fiberglass
as a separator. The LAND CT2001A test system was used to test the charge-discharge
performance under different currents. Electrochemical impedance (EIS) was measured
using the CHI660 electrochemical workstation.

3. Results and Discussion

P2-Nag ¢zMNNb and P2-Nag¢yMN were prepared using a simple co-precipitation
method. The specific element compositions of P2-Nag¢;MNNb and P2-Nag ;MN were
obtained using inductively coupled plasma-atomic emission spectrometry (Table S1), which
was in line with the design experiment expectations. The crystal structure of the target
sample was identified using X-ray powder diffraction (XRD) and Rietveld refinement, as
shown in Figure 1a,b. All the diffraction peaks were well matched, indicating that the target
product was successfully prepared with high crystallinity. All the peaks of P2-Nag 47 MNNDb
and P2-Nag ¢y MN belonged to a hexagonal system with a space group of P63/ mmc (space
group no. 194) [35]. The crystallographic parameters of P2-Nag sy MNNb and P2-Nag ;MN
are shown in Tables S2 and S3. As shown in Figure 1c, the refined crystal structure showed
that Nb doping expanded the c-axis parameter from 1.1155 to 1.1161 nm and expanded
the a-axis parameter from 0.2885 to 0.2887 nm. After Nb doping, the parameters of c-axis
and a-axis of P2-Nag ¢sMNND increased. The refined structure of P2-Nag ¢y MNNDb showed
that Nb ions occupied the Ni site in the octahedral layers. The transition metals Mn, Ni
and Nb in P2-Nag ¢zMNND constituted the transition metal layer (represented by the blue
parallelogram), and sodium ions (represented by the yellow spheres) were located between
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the transition metal layers, forming a layered structure with an alternating polyhedron
layer and alkali metal layer.
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Figure 1. Rietveld refinement plots of (a) P2-Nag 47MN and (b) P2-Nag sy MNND. (c) The crystal
structures of P2-Nag 4y MN and P2-Nag ¢y MNNb.

To explore the influence of Nb doping on P2-Na,TMO, material, we took P2-Nag sy MN
and P2-Nag 47 MNND as examples. Three environments were set: (1) ambient air, (2) RH75%
humid environment and (3) RH93% humid environment (the setting methods of the three
environments were referred to in Section 2). As shown in the Figure 2a,b, the XRD patterns
of P2-Nay ¢7MN and P2-Nag zMNNDb did not change significantly in the three environ-
ments after a day of exposure, which indicated that one day did not lead to severe hydration.
When exposure time was further extended to 8 days, hydration peaks of 12.6° and 25.5°
were obviously observed in P2-Nag gy MN (RH93% humid environment, Figure 2c). How-
ever, the XRD pattern of P2-Nag gyMN remained unchanged in relatively dry air, which
indicated that water was one of the necessary factors for P2-Na,TMO; instability. Com-
pared with the phenomenon of hydration peaks generated from P2-Nag ¢;MN in a humid
environment, the XRD pattern of P2-Nag ¢y MNNDb material remained unchanged and the
position of the peak fitted well with the initial position, indicating that the air stability
of P2-Nag ¢zMNNDb was better than P2-Nag ¢7MN (Figure 2d). The results showed that
P2-Nag g7 MNNDb was more stable than P2-Nag ¢y MN in a humid environment. The doping
of Nb element effectively improved the air stability of P2-Nag ¢zMN material.

To further investigate the air stability of P2-Nag gy MNNDb, P2-Nag sy MNNb was ex-
posed to air and RH93% humid environment for 20 days, respectively. The XRD pattern
shows (Figure S3a) that the peak position was not shifted and no hydration peak was
formed. The doping of Nb element effectively improved the air stability of P2-Nag ¢7MN.
Figure S3b shows the XRD patterns of P2-Nag sy MNNb powder soaked in water for 0.5 h
and 14 h. No obvious changes were observed, indicating that this sample exhibited a strong
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shielding effect on water and outstanding air stability, which was consistent with the above
statement. The bonding energy of Nb-O (753 k] mol~1) > Mn-O (402 k] mol~1) > Ni-O
(391 k] mol~!) indicated that the doping of Nb introduced the strong bond energy of Nb-O,
which not only improved the stability of the transition metal layer but also improved the
air stability.
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Figure 2. The XRD patterns of (a) P2-Nag ¢7MN and (b) P2-Nag ¢y MNNbD samples exposed in different

atmospheres after 1 day of exposure. The XRD patterns of (c¢) P2-Nag ¢7MN and (d) P2-Nag sy MNNb
samples exposed in different atmospheres after 8 days of exposure.
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To further investigate the process of P2-Na,TMO, undergoing air exposure, the mor-
phological characteristics and particle size of the target material were studied using emis-
sion scanning electron microscopy (Figure 3a—i). Figure 3a,d,g shows the unexposed
morphologies of P2-Nag gy MN and P2-Nag sy MNNb. P2-Naj sy MN was composed of reg-
ular sheet particles. The bulk particles were about 1.9 um in diameter. P2-Nag ;zMNNb
consisted of regular particles, each of which had a standard hexagonal edge and a smooth
surface, with a diameter of about 1.05 um. The results showed that the morphology and
particle size of P2-NagcyMN are significantly improved by the effective doping of nio-
bium [47]. As shown in Figure 3b, P2-Nag ¢y MN was placed in a humid environment with
RH93% for 8 days, and the SEM images showed the formation of impurities on its surface.
Meanwhile, the surface of P2-Nag 7 MNNDb remained smooth (Figure 3e,h). After being
placed in a humid environment with RH93% for 20 days, SEM images showed that impuri-
ties were still generated on the surface of P2-Nag gy MN (Figure 3c). However, the surface of
P2-Nag ¢7MNNb remained smooth, which was consistent with XRD results (Figure 3f,i).
These impurities were the result of water molecule insertion into the sample P2-Nag 47 MN,
which was sufficient to indicate that P2-Nag¢7MN has a weaker defense against water
than P2—Na0_67MNNb.
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Figure 3. The SEM images of (a) pristine P2-Nag ¢;MN and (b,c) P2-Nag gy MN samples exposed
in RH93% humid environment after different days of exposure. The SEM images of (d,g) pristine
P2-Nag gy MNND. (e,h) P2-Nag sy MNNDb samples exposed in RH93% humid environment after 8 days
of exposure. (f,i) P2-Nag ¢z MNNDb samples exposed in RH93% humid environment after 20 days
of exposure.

Water molecules are important factors affecting the air stability of layered oxides.
The insertion of water molecules led to an increase in layer spacing, the collapse of the
Na,TMO; structure and a decrease in electrochemical performance. So far, many studies
have shown that CO, molecules in the air react with Na,TMO,, negatively affecting its
morphology, crystal structure and electrochemical properties. Therefore, the mechanism
of action between them on layered oxides is a topic worth discussing, and no unified
conclusion has been reached at present. In this study, P2-Nag ¢zMN and P2-Nag sy MNNb
were used as samples. As shown in Figures 5S4 and S5, the scanning electron microscope
images of P2-Nag yMN and P2-Naj ;zMNNb were placed in the air for 20 days. However,
the SEM image of P2-Nag yMN showed massive particles mixed with a large number of rod-
like particles (indicated by orange ovals and arrows). The diameter of the rod-like particles
ranged from 1.01 to 2.19 um. Obviously, the rod-like particles were not P2-Nag ¢y MN
samples. In order to explore the composition of the rod-like particles, the element mapping
of Na, O, Niand Mn in P2-Nag ¢y MN was demonstrated in Figures S6 and S7. Obviously, the
rod-like particles did not contain Ni and Mn; Na and O uniformly dispersed in the selected
region of the EDS. Infrared spectra showed CO,3~ bands at 1620 cm~! and 1128 cm !, and
O-H bands at 3462 cm ™! (Figure S8). According to the FTIR and EDS mapping results,
NaHCO; was clearly identified. The presence of CO, greatly influenced the structural
transformation of P2-Na,TMO, under ambient air exposure. Water molecules would insert
into the Na layer or exchange Na* with H", leading to the expansion of the layer spacing
and the formation of impurity phase. For most of the layered metal oxides in NayTMO,,
water molecules can release H* in exchange for Na* and maintain charge conservation
through the loss of Na*, which is the Na* /H* exchange reaction. In addition, the CO32~
generated by the reaction of HO and CO, in moist air will enter the tetrahedral gap of the
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transition metal layer, and the CO3%~ will form the impurity NaHCO3 with H* and Na*.
This process can be represented by the following formula:

XCOz + XH20 + NayM02 = Nay_XHXMO2 + xNaHCO3

Compared with P2-Naj gy MN, the SEM images of P2-Naj sz MNNb showed no large
number of rod-like particles, indicating that the doping of high-valence niobium enhanced
the stability of the transition metal layer and had a certain shielding effect on water and
carbon dioxide. The doping of niobium was effective for improving the air stability.

To further explain the outstanding air stability of P2-Nag ;7 MNND, high-resolution
TEM imaging, electron diffraction techniques and HAADF-EDS mapping were used. As
depicted in Figure 4a-e, the HRTEM and the magnification images of P2-Nag ¢7MNNb
showed clear stripes and high crystallinity. Interestingly, it was observed that the lattice
arrangement of the P2-Nag¢yMNND surface region was different from that of the bulk
phase, which indicated that Nb doping led to changes in the material surface layer, forming
a surface preconstructed layer (Figure 4c). The lattice spacing of the bulk phase was
0.557 nm, corresponding to (002) crystal plane of P2 structure, and the lattice spacing of the
surface phase was 0.269 nm, which confirmed the existence of a phase interface between
the bulk and the surface (Figure 4d,e). The thickness of the surface preconstructed layer
(vellow arrow) was 3.282 nm. The hexagonal layered structure of the P2 structure was
then determined by the selected area electron diffraction (SAED) pattern (Figure 4f). The
TEM images of P2-Nag sy MN showed that the lattice spacing was 0.556 nm, corresponding
to the (002) crystal plane of the P2 structure (Figure S9). The HAADF-EDS mapping was
used to further explore the element distribution of P2-Nag ¢y MNND from the bulk phase to
the surface phase (Figure 4g and Figure S10). It was found that Na concentration in the
surface preconstructed layer was relatively low, but Nb concentration in the same region
was relatively high, indicating that Nb>* tended to replace Na* on the surface. These results
indicated that a Nb°* rich preconstructed layer (3~5 nm, cation-mixed layer) was formed
when Nb was doped into P2-Nag sy MN. The pre-constructed layered structure effectively
prevented the Na*/H* exchange reaction, effectively resisted the entry of water molecules
into the lattice and significantly improved the air stability of P2-Nag ;MN [6].

In this part, P2-Nag sy MNNb and P2-Nag ¢y MN were used as samples to study how
exposure to a humid environment affected the electrochemical performance of batteries. P2-
Nag g7 MNNDb and P2-Nag ¢zMN under two conditions (1. exposed to RH93% moisture for
20 days and 2. in the pristine state) were assembled with Na metals. Figure 5a-h displays
the electrochemical performance of fresh electrodes and those exposed to RH93% moisture
for 20 days. Figure 5a,b displays the charge-discharge curves of pristine P2-Nag sy MNNb
and P2-Nag ¢zMNND exposed to RH93% moisture for 20 days at 0.2 C (1 C = 180 mAh g’l)
during the first three cycles. For the pristine P2-Nag¢;MNNDb cathode material, two
platforms appear above 3.0 V, corresponding to the redox reaction of Ni?*/Ni3* /Ni**.
However, in the first three cyclic charge—discharge curves of the exposed P2-Nag zMNND,
in addition to the platform provided by the transition metal, there were some small voltage
drops in the 2.0 V to 2.5 V voltage range, caused by the Na* /vacancy ordering (Figure 5b).
The redox potential of P2-Nag sy MNNDb before and after exposure was very similar and the
discharge capacity was not significantly different. Figure 5c showed the rate performance of
pristine P2-Nag ¢zMNNDb and exposed P2-Nag ¢7MNNDb. Pristine P2-Nag ;zMNNDb displayed
the reversible discharge capacities of 82.6, 81.7, 81.2, 80.3, 78, 76 and 76 mAh g_1 at0.2,
0.5, 1, 2, 5, 10 and 20 C, respectively. The reversible discharge capacities of exposed
P2-Nag gy MNND at 0.2, 0.5, 1, 2, 5, 10 and 20 C were 84.1, 84.1, 82.4, 814, 784, 75.6
and 72.5 mAh g, respectively, showing no significant difference. The charge-discharge
curves of the first three cycles before and after exposure to P2-Nag ¢y MN were displayed in
Figure S11. The charge and discharge curves of the first three cycles of P2-Nag gy MN before
and after exposure were similar, but P2-Naj ¢;7MN showed abnormal discharge capacity
after exposure [46]. Figure 5d was the rate performance of P2-Nag ¢;MN before and after
exposure. As can be seen from Figure 5d, abnormal electrochemical phenomena were also



Batteries 2023, 9, 183

8of 13

observed in P2-Nag ¢zMN after exposure, such as very low coulomb efficiency (72% on
average), further confirming the loss of Na* ions during exposure. Figure 5e,f shows the
charge—discharge curves of pristine P2-Nag gy MN and exposed P2-Nag 7 MN at different
rates. It was clearly observed that the specific discharge capacity of exposed P2-Nag ¢z MN
was much smaller than the specific charge capacity, and the coulomb efficiency was low.

Figure 4. (a,b) The TEM and (c) the HRTEM of P2-Nag ;zMNND. Enlarged images of the (d) red and
(e) purple boxes in (c). (f) SAED pattern of P2-Nag ¢zMNND (the SAED pattern was selected from the
blue box in (b)). (g) HAADEF-EDS elemental mappings of P2-Nag sy MNND (including Na-K edge,
Mn-K edge, Ni-K edge and Nb-L edge).

The capacity retention of pristine P2-Nag ¢zMNNDb and exposed P2-Nag sy MNNb were
84.64% and 84.43%, respectively, during 1000 cycles in 5 C, with no significant change
(Figure 5g). Conversely, P2-Nag s;MN showed severe capacity loss at 5 C and discharge
capacity retention of 80.32% for pristine Nag¢MN and 56.33% for exposed Naggz;MN
after 1000 cycles. It was evident that the exposed P2-Nag 47MN significantly reduced the
discharge capacity, the coulomb efficiency and capacity retention rate. The electrochemical
performance of P2-Nag¢;MN was more obviously reduced after exposure than that of
P2-Nag gy MNNDb, which showed that P2-Naj ¢z MNNDb had better air and electrochemical
stabilities. Electrochemical impedance spectroscopy (EIS) was employed to identify the
resistance of the battery. The resistance of the battery that based on P2-Nag ¢y MNNDb before
and after exposure was 280 () and 300 (), respectively, and that of P2-Nag ¢;MN before
and after exposure was 300 () and 380 (), respectively (Figure S12). The charge transfer
resistance of the battery that based on pristine P2-Nag ¢zMN and exposed P2-Nag yMN after
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1000 cycles at 5 C was 906 (2 and 2049 (), respectively, and that of pristine P2-Nag sy MNNDb
and exposed P2-Nag ;7 MNNb was 380 (2 and 619 (), respectively (Figure 5h). These results
indicated that Nb doping effectively reduced the charge transfer resistance of sodium
ion intercalation/de-intercalation. Even after moist air exposure or 1000 cycles of charge
and discharge, the charge transfer resistance of the P2-Nag 47 MNNDb based battery was
much smaller than P2-Nag ¢y MN. Compared with P2-Nag ¢z MN, P2-Nag ¢z MNND exhibited
excellent water resistance and electrochemical stability.
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Figure 5. (a,b) Galvanostatic charge/discharge voltage profiles of the pristine P2-Nag sy MNNb and
exposed P2-Nag sy MNND at the first three cycles in the voltage range of 2—4 V, respectively (exposed
P2-Nag gy MNND refers to exposing pristine P2-Nag gy MNNDb to RH93% humid environment for
20 days). (c) Rate capability of pristine P2-Nag ¢zMNNDb and exposed P2-Nag ;MNND. (d) Rate
capability of pristine P2-Nag gy MN and exposed P2-Nag 3y MN. Charge and discharge curves of (e)
pristine P2-Nag gy MN and (f) exposed P2-Nag yMN at different current densities. (g) Electrochemical
cycling performance of pristine P2-Nag g;MN, exposed P2-Nag ;MN, pristine P2-Nag 4y MNNDb and
exposed P2-Nag sy MNND at a rate of 5 C for 1000 cycles. (h) Nyquist plot of the coin cells that based on
pristine P2-Nag ¢7zMN, exposed P2-Nag 47 MN, pristine P2-Nag ¢y MNNbD and exposed P2-Nag sy MNNb
electrode materials after 1000 cycles at a rate of 5 C.

To further explore the mechanism of the excellent electrochemical performance of
P2-Nag ¢7MNND and the influence of the surface preconstructed layer, the microstructure
change after 500 cycles was also studied by HRTEM. The HRTEM results showed that
the thickness of the P2-Nag ¢zMNNDb surface layer remained at 3~5 nm after 500 cycles,
the bulk structure remained basically unchanged and the lattice spacing was 0.559 nm
(Figure 6a). After 500 cycles, about 2~3 nm CEI (cathode-electrolyte interphase) was
formed on the P2-Naj ¢z MNNDb cathode surface. The thin and stable CEI layer not only
reduced charge transfer resistance but also benefited electrochemical stability. In contrast,
with P2-Nag ¢7MN there was serious surface degradation and the thickness of CEI was
9.83 nm (Figure 6b). These results indicated that Nb rich preconstructed layer played a role
in inhibiting the surface degradation of P2 material during the electrochemical reaction



Batteries 2023, 9, 183

10 0f 13

and forming a stable and thin CEI layer, thus reducing the charge transfer resistance and
preventing water molecules from entering the lattice.

Figure 6. The HRTEM images of (a) P2-Nag ¢y MNNDb and (b) P2-Nag 4;MN after 500 cycles at 1 C and
25 °C in coin cells.

4. Conclusions

In this paper, P2-Nag ¢zMN and P2-Nag sy MNNDb were successfully prepared, and the
air stability of these materials in different environments were comprehensively studied.
Nb doping greatly improved the air and electrochemical stabilities of P2-Nag ¢z MN. We
successfully increased the c-axis spacing of P2-Nag ¢;MN after Nb>* doping and introduced
the Nb-O bond with strong bond energy (753 k] mol~!), which improved the structure
stability of the transition metal layer. In addition, the Nb-doping induced surface pre-
constructed layer played an important role in stopping the surface degradation of the P2
material during the electrochemical reaction, forming a stable and thin CEI film, reduc-
ing the charge transfer resistance and preventing the entry of water molecules into the
lattice of the material. Nb doping significantly promoted cycling stability, air stability
and the rate performance of P2-Nag ¢;MN, resulting in a better sodium storage property.
P2-Nag s MNND exhibited superior rate performance (a reversible capacity of 72.5 mAh g1
at 20 C) and outstanding cycling performance (84.43% capacity retention after 1000 cycles
at 5 C) in a half cell after being exposed in a moisture atmosphere (RH93%) for 20 days.
This work has provided a new strategy for improving the air stability of layered oxide
materials for sodium-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries9030183/s1, Figure S1: (a) The precursor SEM of
P2-Na0.67MN and P2-Na0.67MNNb. (b) The precursor SEM of P2-Na0.67MN and P2-Na0.67MNNb.;
Figure S2: The XRD patterns of P2-Na0.67Mn0.67Ni0.33Nb0.0502; Figure S3: (a) The XRD patterns
of P2-Na0.67MNNDb sample exposed in different atmosphere after 20-day exposure. (b) The XRD
patterns of water-immersed P2-Na0.67MNNb sample; Figure S4: (a) The SEM of P2-Na0.67MN after
20 days of air exposure. (b) The SEM of P2-Na0.67MN after 20 days of air exposure; Figure S5: The
SEM of P2-Na0.67MNND after 20 days of air exposure; Figure S6: SEM-EDS elemental mappings
of rod-like particles in P2-Na0.67MN sample; Figure S7: The spectrum diagram of total distribu-
tion diagram for SEM-EDS of rod-like particles in P2-Na0.67MN sample; Figure S8: The FTIR of
P2-Na0.67MN after 20 days of air exposure; Figure S9: (a) The TEM images of P2-Na0.67MN. (b) The
TEM images of P2-Na0.67MN; Figure S10: The spectrum diagram of total distribution diagram for
HADDEF-EDS of P2-Na0.67/MNNDb; Figure S11: Galvanostatic charge/discharge voltage profiles of
(a) the pristine P2-Na0.67MN and (b) exposed P2-Na0.67MN at the first three cycles at 0.2 C in the
voltage range of 2-4 V (exposed P2-Na0.67MN refers to exposing pristine P2-Na0.67MN to RH93%
humid environment for 20 days); Figure S12: Nyquist plot of the coin cells that based on pristine
P2-Na0.67MN, exposed P2-Na0.67MN, pristine P2-Na0.67ZMNNb and exposed P2-Na0.67MNNb
electrode materials; Table S1: The ICP date of P2-Na0.67MN and P2-Na0.67MNNDb cathode materials;
Table S2: Crystallographic parameters of P2-Na0.67MNND refined by the Rietveld method; Table S3:
Crystallographic parameters of P2-Na0.67MN refined by the Rietveld method.
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