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Experimental Section

NASICON-type Na;Hf,Si,PO;, (NHSP) electrolyte fabrication: First, the NHSP
powder was prepared by a solid-state reaction method. A proper ratio of Na,CO;
(99.8%), HfO, (99.8%), Si0, (99.9%), and NH4H,PO, (99.9%) were ball-milled with
ethanol as dispersant for 48 h. The mixture was blown dry and sintered at 900 °C for
8 h. The obtained powder was pressed into pellets with a diameter of 12 mm and the
thickness of 1 mm, and sintered at 1250 °C for 16 h. The bare NHSP pellets were

obtained after polishing and drying.

Pb Layer Coating: The Pb layer on the surface of NHSP was realized by vacuum arc
ion plating. The chamber vacuum before sputtering was about 1.0x10™* Pa and the
current is 20 mA. The NHSP pellets were carefully polished before sputtering and Pb
was sputtered on both sides of NHSP for symmetric batteries and on one side for full

cells. The thickness of Pb layer was about 50 nm after sputtering for 500 s.

Structural and Morphology Characterizations: Morphologies of samples were
characterized by scanning electron microscope (SEM, Hitachi S4800) coupled with
EDS. The XRD patterns were tested by Riguka D/max 2500/PC diffractmeter using
Cu Ko radiation (A = 1.5418 A), the angle range is 10-90° (20). The impedance of
batteries was obtained by EIS in the frequency range of 10 kHz to 1 Hz with a voltage
amplitude of 10 mV. The charge-discharge data were obtained on a Land 2001A
battery testing system. The Tafel data were conducted by a CHI660E electrochemical
workstation. The conductivity and Na® migration number of the electrolyte were
measured by the alternating impedance method (EIS, IM6 electrochemical
workstation, German Global Analysis and Testing Instrument Co LTD.) at the

temperature range of 30-300 °C.

Batteries construction and testing: First, in order to guarantee a sufficient reaction

between the metal Na and the Pb layer, the Na metal surface was scraped to remove



the oxide layer and after that, the clean sodium sheet was attached to the Pb-coated
NHSP pellets to assemble the batteries. Na|[Pb-NHSP-Pb|Na symmetric batteries and
Na|Pb-NHSP|Na;V,(PO,); full cells were assembled. The Na;V,(PO,); cathode
included 70 wt% Na3;V,(PO,); sample, 20 wt% Super P, and 10 wt% PVDF on an Al
foil. After drying overnight in a vacuum oven, cut it into 10 mm diameter plates with
mass loading was around 1.0 mg cm2. In addition, 20 uL NaClO, electrolyte was used
between NHSP pellets and Na;V,(POy); cathodes. All the battery assembly process

was carried out in an Ar-filled glovebox.

Computational details: The energy barrier for were conducted with Vienna ab initio
simulation package code in density functional theory. The generalized gradient
approximation (GAA) of Perdew-Burke-Ernzerhof (PBE) was functioned with a cut-
off energy of 370 eV. The parameter of energy and force convergence was set as 10-
eV and 0.02 eV A, respectively. For structure optimization, the Monkhorst-Pack k
points was set as 3 x 3 x 1. To investigate the ionic conductivity transport process in
Na,Pb, sodium through vacancy mechanism in Na;sPb; was simulated through
Climbing Image NEB (cNEB) method.! The migration path and diffusion energy

barriers are obtained.

Calculation of thermodynamics: According Miedema model, the calculation
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formula of i-j system is as follows.
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Herein, AHj; is the enthalpy of formation; AS,# is the excess entropy; AG,# is the
excess Gibbs free energy; y; is the activity coefficient of component i; x;, x; are the
molar fractions of component i and j respectively; o is an empirical parameter: it takes
the value 0 for disordered alloys and the value 8 for ordered alloys; w; is the
experimental volume shrinkage parameter for component i: it takes the value of 0.14
for alkali metals, 0.10 for alkaline earth metals or other bivalent metals, 0.07 for
trivalent and precious metals, and 0.04 for other metals; V;, V; are the molar volumes
of component i and j respectively; @;, @; are the electronegativity of component i and
J respectively; nyg;, nyg are the electron densities of component 7 and j respectively;
The values of V, @, ny, are available in Table S1; P is an empirical parameter: in the
Miedema model, the metals are classified as class a (mainly transition metals) and
class £ (mainly non-transition metals); for components i and j, the value of P takes
10.70 if both belong to class «; the value of P takes 14.20 if both belong to class f; the
value of P takes 12.35 if the component belong to class a and S respectively, and the

r

T
classification can be checked in Table S2; (p)” (p)l (p)] if the component

r

r

belongs to class a and S respectively, (P)U: 0 if both belong to the same class. The

value of 7/p is available in Table S2. @ is a parameter that takes the value of 0.73 for
liquid alloys and 1 for solid alloys; AH™"S is the enthalpy of phase change due to the
entropy increase caused by the phase change in the system, and it is too small to be

neglected in qualitative calculations; Ti,; and T, are the melting points of i and j
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Table S1. The values of @, n,,, and V for different elements.

ectively.

H
5.20
338
1.70

Li Be Be B L N
285 | 5.05 505 | 530 | 624 | 686
094 | 466 M Symbol 466 | 536 | 555 | 449
13.00 | 4.90 . 490 | 470 | 326 | 4.10

in Eoll . :

Na Mg Mys mn cr&s1 Yy units Mg Al Si P
270 | 345 4 i e 345 | 420 | 470 | 555
0.55 1.60 1.60 | 270 | 3.38 | 449
2378 | 14.00 14.00 | 10.00 | 8.6 8.6

Ca Sc Ti % Cr Mn Fe Co Ni Cu Zn Ga Ge As
225 | 255 | 325 B0 | 425 | 465 | 445 | 493 | 510 | 520 | 445 | 410 | 410 | 455 | 480
027 | 075 | 2.05 | 351 | 441 518 | 417 | 555 | 536 | 536 | 3.8 | 230 | 225 | 257 | 3.00

4563 | 2620 | 1503 | 1058 | 836 | 723 | 735 | 709 | 670 | 6.60 | 712 | 9.17 | 11.82 | 987 | 11.85

Rb Sr Zr Nb Mo Te Ru Rh Pd A cd In Sn Sb
210 | 240 | 320 | 3as | 405 | 465 | 530 | 540 | 540 | 545 | %35 | 405 | 390 | 415 | 440
022 | 059 | 1.77 | 280 | 441 | 555 | 5903 | 613 | 545 | 466 | 252 | 191 160 | 190 | 2.00
56.07 | 33.93 | 19.90 | 14.00 | 10.80 | 940 | 864 | 820 | 830 | 890 | 1025 | 13.00 | 1575 | 1630 | 16.95

Cs Ba La Hf Ta w Re Os Ir Pt Au Hf Tl Pb Bi
1.9 232 | 317 | 360 | 405 | 480 | 520 | 540 | 555 | 565 | 515 20 | 390 | 410 | 4.15
0.17 | 053 | 1.64 | 305 | 433 | 5903 | 633 | 633 | 613 | 564 | 387 1.91 140 | 1.52 | 156
69.23 | 3810 | 22.55 | 13.45 | 1081 | 955 | 885 | 845 | 852 | 9.0 | 1020 | 1408 | 17.23 | 1828 | 19.32

ce” | Pr Nd Pm Sm Euv'” | Gd Tb D%r Ho Er Tm Yb© | Lu
308 | 309 | 319 | 319 | 320 | 320 | 320 | 321 3.21 322 | 322 | 322 | 322 | 322
1.69 | 1.73 1.73 | 177 | 177 1.77 177 | 1.82 | 1.82 | 1.82 1.86 | 186 | 1.86 | 191
21.62 | 20.79 | 20.58 | 20.25 | 20.01 | 19.97 | 1990 | 19.32 | 19.00 | 18.76 | 1845 | 18.12 | 17.97 | 17.77
Th Pa U Np Pu
3.30 3.90 3.80
2.10 344 299
19.80 13.15 12.06

Table S2. The classification of metals and the values of /p for different elements.

class o class 3
. Be B C N
ITA Transition metals, ITTA-VIIIA IB 0.4 1.9 21 23
Ca | Sc Ti A% Cr | Mn | Fe | Co | Ni | Cu Mg | Al Si
0.4 0.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.4 1.9 2.1
Sr Y Zr | Nb | Mo | Tc | Ru | Rh | Pd | Ag Zn | Ga | Ge | As
04 | 0.7 | 1.0 | 1.0 1.0 1.0 | 1.0 1.0 1.0 | 0.15 1.4 19 | 2.1 | 23
Ba La Hf | Ta W% Re Os Ir Pt Au Cd In Sn Sb
0.4 | 0.7 1.0 | 1.0 1.0 1.0 | 1.0 1.0 1.0 | 03 1.4 19 | 2.1 23
Th U Pu Hg Tl Pb Bi
0.7 | 1.0 | 1.0 1.4 1.9 | 2 2.3




Table S3. Calculated values of AHy,.py,, ASNapb, AGENapb, YNa and yp, of Na-Pb alloy

at 298K.
AHNapy ASFNa-pb AGENa-pp
XNa VNa VPb
/(kJ-molly  /U-mol-K)  /(kJ-mol)
0.1 -8 -2 =7 0.0000 0.7888
0.2 —15 =5 -14 0.0000 0.3391
0.3 22 -7 —20 0.0000 0.0653
0.4 —27 -8 —24 0.0000 0.0053
0.5 —28 -9 —25 0.0000 0.0002
0.6 —25 -8 -23 0.0007 0.0000
0.7 —20 —6 —18 0.0233 0.0000
0.8 -13 —4 -12 0.2279 0.0000

0.9 —7 —2 —6 0.7246 0.0000




Table S4. Calculated values of AHy,.sn, ASNa-sn, AGENa-sn, YNa @and ys, of Na-Sn alloy

at 298K.
AHNa,sn ASENasn AGFNasn

WNarmoll)  /UrmolK)  /(kJ-mol) Yiie Ysn

0.1 —4 1 3 0.0000 0.8859
0.2 -8 -3 —7 0.0000 0.5796
0.3 11 —4 -10 0.0000 0.2577
0.4 -13 —4 “12 0.0003 0.0775
0.5 -13 —4 ~12 0.0039 0.0174
0.6 ~12 —4 11 0.0350 0.0035
0.7 -9 -3 -8 0.1818 0.0008
0.8 -6 =) -6 0.5146 0.0002

0.9 -3 -1 —3 0.8664 0.0001




Table S5. Calculated values of AHya cu, ASPNa-cus AGENa-Cus YNa and yc, of Na-Cu

alloy at 298K.
AH Na-Cu ASET\Ia—Cu AGENa—Cu
XNa
/(kJ-mol) /(J-mol--K-1) /(kJ-mol-)

0.1 +10 +2 +9
0.2 +19 +5 +18
0.3 +24 +6 +22
04 +25 +6 +23
0.5 +23 +6 +21
0.6 +19 +5 +17
0.7 +14 +3 +13
0.8 +9 +2 +9

0.9 +5 +1 +4




Table S6. Calculated values of AHy,.cr, ASNa-crs AGPNa-cr, YNa @and yc; of Na-Cr alloy

at 298K.
AH Na-Cr ASENa—Cr A(;ENa—Cr
XNa
/(kJ-mol) /(J-mol--K-1) /(kJ-mol-)

0.1 +44 +10 +41
0.2 +&5 +19 +80
0.3 +109 +25 +102
04 +112 +25 +105
0.5 +102 +23 +95
0.6 +84 +19 +78
0.7 +63 +14 +59
0.8 +42 +9 +39

0.9 +21 +5 +20
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Figure S1. XRD characterization of Na;Hf,S1,PO; pellet.
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Figure S2. The Arrhenius plot of Na;Hf,Si,PO5,.
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Figure S3. DC polarization curve of Na;Hf,Si,PO,; at 30 °C.



il 3 i Hf
fn 5um . S pum 5pm 5um 5pm

Figure S4. Top view SEM image of Na;Hf,Si1,PO,, with Pb coating, and EDS maps

of O, Si, Na, Hf, P, Pb.

Figure S5. SEM images of Na;Hf;Si,PO, surface before cycling (a) with Pb coating,
and (b) without Pb coating. SEM images of NHSP surface after cycling. (c) with Pb

coating, and (d) without Pb coating.
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Figure S6. XRD of the Na;Hf,S1,PO,; electrolyte surface after cycling.
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Figure S7. The symmetric batteries of Na|Pb-Na;Hf,Si,PO;,-Pb|Na at 0.2 mA cm™ at

room temperature.
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Figure S8. Nyquist plots of the Na|Pb-Na;Hf,S1,PO,,-Pb|Na symmetric battery after

cycling for different times.
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Figure S9. The symmetric batteries of Na|Pb-Na3;Hf,Si,PO;,-Pb[Na at 0.5 mA cm™ at

60 °C.
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Figure S10. The symmetric batteries of Na|Pb-Na;Hf,Si,PO,-Pb|Na at 0.2 mA cm™

at 60 °C.
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Figure S11. Galvanostatic cycling performance of the Na|Na;Hf,Si,PO;|Na

symmetric battery at 0.05 mA c¢cm at room temperature.
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Figure S12. Galvanostatic cycling performance of the Na|Na;Hf,Si,PO;|Na

symmetric battery at 0.1 mA cm at 60 °C.
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Figure S13. Critical current density test of the Na|Cu-Na;Hf,Si,PO;,-Cu|Na
symmetric battery at 60 °C.
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Figure S14. Critical current density test of the Na|Cr-NasHf,Si,PO;,-Cr|Na

symmetric battery at 60 °C.
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Figure S15. Critical current density test of the Na|Sn-Na;Hf,Si,PO,,-Sn|Na
symmetric battery at 60 °C.
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Figure S16. The crystal structure, diffusion path and diffusion energy barrier of Na*
in N315Pb4.
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Figure S17. Discharge capacity of the full cell with and without Pb coating in the first

cycle, the blue one is with Pb coating and the black one is without Pb coating.
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Figure S18. The EIS profiles of the full cells with and without lead coated NHSP, the

blue one is with Pb coating and the black one is without Pb coating.
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Figure S19. Charge-discharge curves of the full cell with different amount of liquid

electrolyte in the first cycle under a current density of 0.5 C.
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Figure S20. Charge and discharge curves of the full cell with and without carbonate
liquid electrolyte under a current density of 0.5 C.

120

100 | 9900600000008400000000000000008

(o]
o
|

Capacity (mAh g™)

40
* NASICON
20 Carbonate
0 . ‘ ‘ :
0 10 20 30 40

Cycle Number

Figure S21. The cycling performance of the full cell with and without carbonate
liquid electrolyte under a current density of 0.5 C.
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Figure S22. The rate performance of the full cell with and without liquid electrolyte.



Table S7. Recent advances in long-cycle symmetric cells based on NASICON-type

electrolytes.
Critical Stability Test
Battery type current (mA cm- temperature Ref.
density /cycles)
(mA cm?)
Na-TiO,-NASICON N 0.1/860 RT 2
Na-Si0,-NASICON 0.5 0.1-0.2/135 RT 3
Na-AlF;-NASICON 1.2 0.15-0.25/300 60 °C 4
Na-CPMEA-NASICON N 0.2/380 65°C 5
0.1/2450 RT
Na-Pb-NASICON 2.5 0.2/900 RT This work
0.5/150 60 °C

Table S8. Recent advances in the electrochemical performance of full cells based on

Na3;V,(PO4); cathodes and NASICON-type electrolytes.

Stability Current Test
Battery type © density temperature Ref
/cycles)
Na-TiO,-NASICON 0.1 C/60 N 60 °C 2
Na-SiO,-NASICON N N N 3
Na-AlF;-NASICON 1 C/100 N RT 4
Na-CPMEA-NASICON 0.2 C/70 N 65 °C 5
Na-Pb-NASICON 0.5 C/150 3C RT This work
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