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The heterojunction cathode materials NaMnO,-LiypsMn,O4 were
synthesized by solid-phase method. Using Na,COj3, LiIOH*H,O and MnO, as raw
materials with the molar ratio of Na:Li:Mn = X:0.2:0.8 (X=0.2, 0.4, 0.6 and 0.8).
with increasing the content of sodium, the content of NaMnO, increasing from
weight 49.74% to 69.30% in the NLMO-2 and NLMO-3, respectively. The Na-Li-Mn
ratio is the most critical factor that determines the phase of Na,MnO; products.! When
the molar ratio of Na:Li:Mn = 0.8:0.2:0.8, the Nay ¢sMnO, (space group: P63/mmc)
and NaMnO, (space group: Cmcm) was formed, corresponding proportion was
81.36%:18.64%. This phenomenon is attributed to the lithium may doped into

Nay 6sMnO, and NaMnO,_and the phase of Naj ¢¢MnO, preferential formation.



Table S1 Rietveld analysis of as-prepared samples

samples

Chemical Formula (Ratio)

NLMO-1

NLMO-2

NLMO-3

NLMO-4

LiMIl204
LigsMn,04 (50.26%), NaMnO, (49.74%)
LipsMn,04 (30.70%), NaMnO, (69.30%)

Na0,66Mn02 (8 1 36%), NaMn02 (1 864%)

Fig. S1. TEM image of NLMO sample (a) NLMO-1, (b) NLMO-2, (¢) NLMO-3, (d)

NLMO-4.

The initial charge/discharge was 136.1/118.5 mA h g, after 500 cycles it was

maintain at 110.2/104.1 mA h g'!, at current of 500 mA g'!, as shown in Fig. S2.
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Fig. S2 The long-term cycle stability of NLMO-2 at current density of 500 mA g! for
LIBs.

The XRD patterns of NLMO-2 before cycling and after1000 cycles at 2 A

g!, as displayed in Fig. S3. The main structure of NLMO-2 remains unchanged

at high current density of 2 A g-! and long terms cycle, which showing ultra-high

structural reversibility.
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Fig. S3 The XRD patterns of NLMO-2 before cycle and after 1000 cycles at current

density of 2 A g'! for LIBs.
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Fig. S4 The Ols and Mn2p XPS spectra of NMLO-2 before cycle and after 750 cycles
for LIBs.

XPS was utilized to investigate the binding state of manganese and oxygen
in NaMnO,-Lig sMn,0y, as illustrated in Fig. S4. The Mn3* peak areas of NLMO-
2 before cycle in Fig. S4(a) were observed at 641.77 eV and 653.26 eV, with
contents of 54.23% and 29.56%, corresponding to Mn3" 2p3/2 and Mn3* 2p1/2,
respectively. The Mn*" peaks of NLMO-2 before cycle were found at 643.98 eV
and 654.77 eV, with contents of 11.00% and 5.21%, corresponding to Mn*" 2p3/2
and Mn*" 2p1/2, respectively. After 750 cycles at 1 A g!, the Mn3* peak areas of
NLMO-2 in Fig. S4(b) were observed at 641.22 eV and 652.97 eV, with contents
of 56.97% and 24.23%, corresponding to Mn3" 2p3/2 and Mn’" 2pl/2,
respectively. The Mn** peaks of NLMO-2 were found at 645.66 eV and 656.00
eV, with contents of 14.72% and 4.08%, corresponding to Mn** 2p3/2 and Mn*"

2p1/2, respectively.



The Ols peak areas of NLMO-2 (before cycle) are depicted in Fig. S4(c). The
peaks at 529.00 eV, and 531.05 eV, 532.50 eV correspond to lattice oxygen (O*") and
surface-deposited oxygen, with a content of 23.97% and 76.03%, respectively. After
750 cycles at 1 A g!, the Ols peak areas of NLMO-2 are depicted in Fig. S4(d). The
peaks at 529.02 eV and 530.76 eV, 532.38 eV correspond to lattice oxygen (O?"), and
surface-deposited oxygen, with a content of 6.08% and 93.92%, respectively.
Compared to the pristine NLMO-2 (before cycle), the surface-deposited oxygen was
increased at high current density of 1 A g! after 750 cycles. However, it still exhibit an
excellent cycle stability as shown in Fig.4d. The initial charge/discharge was

172.6/107.1 mA h g'!, after 750 cycles it keeps 105.6/88.1 mA h g'!, at current of 1 A
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Fig. S5. The EIS of NLMO in LIBs (a) the AC impedance, (b) the equivalent circuit

fitting curve.



Table S2 Data of each electrochemical component of as-prepared samples.

samples R, (Q) R, (Q) Drif(em?s)
NLMO-1 0.36 656.4 1.37x1010
NLMO-2 3.68 167.0 1.28x107°
NLMO-3 4.35 225.0 3.83x107
NLMO-4 3.88 607.9 1.66x10-10

R;: solution impedance, R;: charge transfer impedance.

In order to further explore the conductivity of prepared samples, the
electrochemical impedance were tested, respectively, as shown in Fig. S5. The AC
impedance diagram is mainly composed of three parts. The intersection of the semi-
circle and the real axis in AC impedance is the total internal resistance (Rs). The fitting
data are shown in Table 1. In the AC impedance test of LIBs, the resistance of NLMO-2
(167.0 Q) is much smaller than that of NLMO-3(255.0 QQ), NLMO-1(656.4 Q) and
NLMO-4(607.9 Q2). The lowest charge transfer resistance is beneficial to improve the
charge transfer rate, so NLMO-2 shows well rate performance. In addition, the
diagonal line of Li" ions migration rate of NLMO-2 is closer to the X-axis,
indicating that the 0.5NaMnO,-0.5LiysMn,04 has a higher Li* ions migration
rate than the others.

The dynamics of heterostructures cathodes were studied, the lithium
diffusion coefficients (D;;*) were calculated through the equation (1) and
equation (2)

7=R;+R,+dw12 (1)
D=R>T*2n*¢*C*4A*F* (2)

Where R is the gas constant (8.3145 J mol-! K1), T is the thermodynamic
temperature (298 K), C is the concentration of Li*, n is the electron transfer
number, A is the electrode surface area (0.785 cm?), and F is the Faraday constant
(96485 C mol!). As shown in Table S2, the D;,;* values for NLMO-1 to NLMO-4
were 1.37x10°19, 1.28%x10, 3.83x10?, 1.66x10-1° cm? s''. The D;;* of NLMO-2



and NLMO-3 were larger than those of NLMO-1 and NLMO-4. These results
indicate that the 0.5NaMnO,-0.5LipsMn,0O,4 heterostructure can effectively

accelerate the electrochemical reaction kinetics of Lit ions intercalation and

deintercalation.
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Fig. S6. The rate performance of as-prepared samples of the heterostructure NLMO in
SIBs.

Fig. S6 is rate performance of NLMO for SIBs, which was activated at current
density of 10 mA g-! for 10 cycles. The rate performances tested at current densities of
50 mA g to 300 mA g-'. The NLMO-1 rate discharge capacities were 90.2, 63.4, 46.2
and 33.4 mA h g! at current densities of 50, 100, 200 and 300 mA g''; 155.2, 130.2,
109.4 and 95.4 mA h g'! for NLMO-2; 124.8, 101.3, 78.1 and 59.2 mA h g! for NLMO-
3;86.3,30.2, 5 and 0.9 mA h g'! for NLMO-4. With the rate current densities back to
200, 100 and 50 mA g-!, the discharge capacities of NLMO-1 were 35.9, 44.7, and 50.2
mA hg!; 108.2, 123.5 and 139.5 mA h g! for NLMO-2; 70.8,92.8 and 103.5 mA h g’!
for NLMO-3; 1.3, 8.8 and 37.7 mA h g'! for NLMO-4. Compared to NLMO-1, NLMO-
3, and NLMO-4, the NLMO-2 shows the best rate performance when sodium content

X=0.4.
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Fig. S7. The initial charge-discharge curves of as-prepared samples of the
heterostructure NLMO in SIBs .

Fig. S7 is initial charge-discharge curves of NLMO in SIBs, which was activated
for 10 cycles at current density of 10 mA g! and tested at the current density of 50 mA
g-!. During the charging and discharging process, NLMO-1 observed a pair of voltage
plateaus around 2.5 V. From the NLMO-2, it can be observed a smoother voltage
plateau than NLMO-1 at about 2.5 V. With the increase of sodium content in the
material, a pair of voltage plateaus were observed at about 4 V, it is speculated that the
appearance of this plateau is related to triggering anionic oxygen redox. A pair of
voltage plateaus around 3.3 V was observed from NLMO-3, and the same voltage
plateaus as NLMO-2 were observed around 4 V, and the plateaus were longer. A pair
of voltage plateaus around 2.3 V and a pair of voltage plateaus around 4 V was observed
from NLMO-4. The voltage plateaus alter demonstrated that spinel phase was existing
in NLMO-1, NLMO-2, NLMO-3 and disappear in NLMO-4, which agree well with the

analysis of XRD.
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Fig. S8. Cycle performance of the as-prepared samples of the heterostructure NLMO
in SIBs

Fig. S8 show cycle performance of NLMO for SIBs at current density of 100 mA
g-l. The initial charge/discharge capacity of NLMO-2 was128.64/125.34 mA h g'! at
100 mA g'. After 50 cycles, the charge/discharge capacity was maintained at
107.96/103.79 mA h g!, the capacity retention rate reached 83.92%/82.81%, and the
coulombic efficiency keep 96.14%. The cycle performance of the material shows
obvious fading, which is attributed to the irreversible anion oxidation-reduction at high

voltage, especially when the voltage is higher than 4.0 V.
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Fig. S9. CV curves of NLMO for SIBs. (a) NLMO-1; (b) NLMO-2; (c) NLMO-3;
(d) NLMO-4.

In order to further explore the influence of Na content on heterostructure NLMO
cathode materials, the CV test was carried out on the as-prepared samples within the
voltage range of 2-4.5 V at scanning rate of 0.1 mV s!. The CV curves is shown in Fig.
S9. Two pairs of redox peaks of NLMO-1 are located at 2.59 V, 3.54 V and 2.31 V,
3.04 V. The three redox peaks of NLMO-2 are located at 2.42 V, 4.12 V, 4.28 V and
2.58 V,4.29 V, 4.45 V. The three redox peaks of NLMO-3 are located at 3.26 V, 3.95
V,4.05Vand 3.37 V,4.07 V, 4.30 V. The two redox peaks of NLMO-4 are located at
4.09Vand4.42 V.

The redox peak 0f 2.3-2.6 V in NLMO-1, NLMO-2, and NLMO-3 corresponds to
Na* is insert into the spinel LiMn,0O4/LipsMn,O, and forms Na,LiMn,Og4/
NayLigsMn,O4. During charging, Na* is remove from Na,LiMn,04/NayLiysMn,0O4 to
form LiMn,0,/ Liy sMn,0,.> The electrochemical reaction is as follows equation (3):

LiMn204/Li0.5Mn204 + xNat + xe" < NaXLiMn204/NaXLi0_5anO4 (3)



With the increasing of Na content, the proportion of Liy sMn,04 in NLMO material
decreases gradually, and some parts form a heterostructure. Therefore, the intensity of
oxidation-reduction peaks decreases gradually at 2.3-2.6 V. The redox peak of 3.0-3.5
V corresponds to Na* is extracted from layered NaMnO, and forms Na;,MnQO,,
resulting in the formation of vacancies in the electrode material.? During the discharge,
Na* is inserted into the vacancy, and the electrochemical reaction is as follows equation
4:

NaMnO, <> Na; MnO, + xNa* + xe 4)

The oxidation-reduction peaks located at 3.9-4.5 V was generated from the
oxidation-reduction of the anionic oxygen, and O* in the material was oxidized into
products such as molecular O,, peroxide and superoxide (O,)*(n<2) in the organic
phase.* However, the oxidation-reduction peaks of NLMO-4 is significantly different
from that of NLMO-2 and NLMO-3. The reason can be attributed to the irreversible

structural transformation and structural collapse in the material due to the excessive Na

content.
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Fig. S10. The samples of NLMO for SIBs (a) the AC impedance. (b) the equivalent

circuit fitting curve.



Table S3 Data of electrochemical components of as-prepared samples.

samples R, (Q) R (Q) Dy (em?s)
NLMO-1 4.41 1835.00 8.21x10-14
NLMO-2 8.55 180.10 9.47x10°13
NLMO-3 5.72 977.30 1.01x10°13
NLMO-4 4.70 2776.00 3.80x10-1

R;: solution impedance, R¢: charge transfer impedance.

The fitting data are shown in and Table S3. The resistance of NLMO-2 (180.10 Q)
is much smaller than that of NLMO-3 (977.30 Q), NLMO-1 (1835.00 ©2), and NLMO-4
(2776.00 Q) in that AC impedance testing of SIBs. The lowest charge transfer
resistance is advantageous to increase the charge transfer rate, so that NLMO-2 shows
a good rate performance. In addition, the diagonal line of ion migration rate of NLMO-2
is closer to the X axis, indicating that the sample has a higher sodium ion migration
rate. The Dy, " values for NLMO-1 to NLMO-4 were 8.21x10°14,9.47x1013, 1.01x10
13 and 3.80x1074 cm? 5!, respectively. The Dy," of NLMO-2 were greater than those
of NLMO-1, NLMO-3 and NLMO-4. These results indicate that the NaMnO,-
LipsMn,O,4 heterostructure can effectively accelerate the electrochemical reaction
kinetics of Na* intercalation and deintercalation.

Based on the stable cyclability and reversible structure evolution of NLMO-2 in
the half cell, a hard carbon assembled full cell was tested in the range of 2.0-4.5 V. The
capacity of cathode and anode was in the range of 1:1.2 to guarantee sufficient (de)

insertion sites for Li" ions. As revealed in Fig. S11, the full-cell device exhibited well



cycle performance, the initial charge/discharge was 197.3/174.1 mA h g, after 30
cycles it maintains at 168.7/141.9 mA h g! with mass loading of 1.36 mg cm at current
density of 100 mA g!. The NLMO-2//hard carbon full cell exhibited a high energy

density 0f~484.00 Wh kg! with an average operation voltage of 2.78 V.
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Fig. S11 Electrochemical performance of NLMO-2//hard carbon in the voltage range
of 2.0-4.5 V for lithium batteries.

To confirm the suitability of the present NaMnO, as a cathode for SIBs, we

fabricated full cells paired with hard carbon anodes after adjusting the N/P capacity

ratio of 1.2 (Fig. S12). The initial charge/discharge was 90.5/83.2 mA h g!, after 10

cycles it was 73.7/69.2 mA h g-! with mass loading of 3.84 mg cm™ at current density
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Fig. S12 Electrochemical performance of NLMO-2//hard carbon in the voltage range

of 2.0-4.5 V for sodium batteries.



of 50 mA g'!. The NLMO-2//hard carbon full cell exhibited a high energy density of

~223.81 Wh kg'! with an average operation voltage of 2.69 V.
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Fig. S13. The charge-discharge curves of as-prepared samples of the heterostructure

NLMO in LIBs (a) NLMO-1, (b) NLMO-2, (c) NLMO-3, (d) NLMO-4.
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