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1. Supplementary Figures

(a) L 100
T 9
£ 80 T
< )
< 3
& L60 ©
’§ &
g o
(5] 10C20:43V C-7) - 40 _E
(8] n
£ 401 o NvPF | o
2 @ 1VA-CNTs-NVPF Lo B
2 @ 3VA-CNTs-NVPF o

01 o 5VA-CNTs-NVPF —
T T T T T 0

0 10 20 30 40 50 60
Cycle Number

(b) (c) - L 100

o Fo o . e
£ Je ~
< T g 00R) >
= e E 5
= 2 5 g 2
2 o
3 €S T
w 110 h} g [IT]
% O @ 60 9
(6] a O o
€ o £
o Jo! g
£ 100- @ NVPF £ 5 404 @ NVPF =
2 @ 1VACNTs-NVPF |5 3 € @ 1VACNTs-NVPF 20 3

o @ 3VA-CNTs-NVPF (S @ 3VA-CNTs-NVPF

@ B5VA-CNTs-NVPF 201 9 B5VA-CNTs-NVPF

90 - : . . —0 : ' . . . : Lo
0 20 40 60 80 100 0 50 100 150 200 250 300 350
Cycle Number Cycle Number

Fig. S1 (a) Rate performance of xVA-CNTs-NVPF cathodes (x = 0 wt.%, 1 wt.%, 3 wt.%, 5
wt.%). Cycling performance of xVA-CNTs-NVPF cathodes at (b) 1 C and (c) 10 C.
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Fig. S2 (a) CV curves of NVPF cathode at various scan rates. (b) GITT test and Na* diffusion

coefficients of NVPF cathode.
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Fig. S3 (a) XRD patterns of Kx-NVPF materials (x = 0, 0.05, 0.08, 0.10, 0.12). (b) Rate
performance of Kx-NVPF cathodes (x = 0, 0.05, 0.08, 0.10, 0.12). (c) Cycling performance of
Kx-NVPF cathodes (x = 0, 0.05, 0.08, 0.10, 0.12) at 1 C. (d) XRD patterns of KSy-NVPF
materials (y = 0, 0.02, 0.04, 0.06, 0.08). (¢) Rate performance of KSy-NVPF cathodes (y = 0,
0.02, 0.04, 0.06, 0.08). (f) Cycling performance of KSy-NVPF cathodes (y = 0, 0.02, 0.04, 0.06,
0.08) at 1 C.
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Fig. S4 The Nyquist plots and fitting equivalent of Kx-NVPF (x = 0, 0.05, 0.08, 0.10, 0.12)
cathodes (a) before and (b) after 500 cycles at 1 C.
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Fig. S5 (a) Structural schematic diagram of NVPF and KS-NVPF. Bond length analysis results

of (b) Na-O, (¢) V-0, and (d) P-O bonds of NVPF and KS-NVPF.
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Fig. S6 EDS elemental mapping images of (a) NVPF and (b) K-NVPF.
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Fig. S7 XPS spectra of (a) C 1s, (b) O 1s, (¢) V 2p, and (d) F 1s of the NVPF.
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Fig. S8 Ex-situ XPS spectra of the V element at different voltages of 0.1 C of (a) NVPF and (b)
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Fig. S9 (a) The charge-discharge curves of NVPF, K-NVPF, and KS-NVPF at 0.1 C. The
charge-discharge curves of (b) NVPF, (¢) K-NVPF, and (d) KS-NVPF from 0.1 C to 30 C.
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Fig. S10 (a) The XRD patterns of KS-3VA-CNTs-NVPF and NVPF before and after 1000
cycles at 5 C. (b) The enlarged patterns of the (220) and (113) peaks.
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Fig. S11 Cycling performance of 3VA-CNTs-NVPF and KS-3VA-CNTs-NVPF at 10 C.

Supplementary Discussion 1: It is noteworthy that, as observed in Figs. 2a and 7a, the rate
performance of 3VA-CNTs-NVPF and KS-3VA-CNTs-NVPF appears nearly identical, and both of
them exhibit comparable specific capacities under extremely high current densities. This
outstanding performance under high-rate conditions is primarily attributed to the critical role of the
VA-CNTs conductive network in facilitating rapid electron transport and ionic diffusion, which is
a common characteristic shared by the above two cathodes. However, the key contribution of K/Sc
co-doping lies not in further enhancing the ultimate rate performance beyond the effect of VA-
CNTs, but rather in improving the intrinsic ionic and electronic conductivity of the material (Fig.
3h and Figs. 6a-i). This ensures the structural and interfacial stability of the bulk material during
high-rate cycling, thereby promoting the stable retention of high-rate performance. To further
illustrate the role of K and Sc in rate enhancement, a comparison of the long-term cycling stability
between KS-3VA-CNTs-NVPF and the undoped 3VA-CNTs-NVPF at 10 C reveals that although
both cathodes exhibit comparable initial capacities, the undoped cathode demonstrates significantly
faster capacity decay (Fig. S11). In contrast, the K/Sc co-doped cathode exhibits markedly enhanced
capacity retention, indicating that K/Sc co-doping effectively improves the intrinsic ionic and
electronic conductivity of the material and stabilizes the crystal structure, thereby substantially
mitigating capacity degradation. This conclusion is further supported by the excellent cycling
stability of KS-3VA-CNTs-NVPF at 5 C and 30 C cycling tests (Figs. 7d and e). As for the rate
performance at high rate, the KS-NVPF cathode obviously delivers more stable and higher capacity
at high rates than the undoped NVPF cathodes in Fig. 7a. This also confirms the key role of K and
Sc in rate enhancement, which is consistent with the results of the above high-rate cycling test.
Additionally, comparative electrochemical studies of NVPF, K-NVPF, and KS-NVPF materials
without VA-CNTs demonstrate that the introduction of K and Sc leads to more stable cathode
reaction kinetics (Figs. 6a-f), enhanced bulk ionic diffusion rates (Figs. 6g-i), and improved
electronic conductivity (Fig. 3h and Figs. 7f and g). In summary, while the VA-CNTs promote rapid
ion and electron transport at the electrode scale, enabling excellent rate performance in both
cathodes, the K/Sc co-doping also promotes the rate enhancement of cathodes by improving the
intrinsic ionic and electronic conductivity within the material. This ensures structural and interfacial

stability during high-rate cycling, thereby achieving better long-term cycling stability.
S12
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Fig. S12 SEM images of the cross section of the KS-3VA-CNTs-NVPF cathode after 1000
cycles at (a-b) 5 C and (c-d) 10 C.
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the first cycle at 0.1 C.

S14



—_~
Q
S

o Observed
Calculalted
—— Differences

I Bragg peak positon
R,=3.96 %
R,,=6.03 %
X?=3.38

Intensity (a.u.)

NVPF-pristine (b) NVPF-30 C-1000 cycles » Opgerved

Intensity (a.u.)

Calculalted
—— Differences

I Bragg peak positon
R,=4.30%
Ryp=4.45%
X?=543

LA I S I R U AR UTRA U NIRRT LT LD L R T L]
T x T v T .z T ® T ¥ T - T T 1

10 20 30 40 50 60 70 80 90

2Theta (degree)

10 20 30 40 50 60 70 80 90
2Theta (degree)

—_—
O
~—

o Observed
Calculalted
Differences

I Bragg peak positon
R, =3.64%
Ryp=5.77T%
X?=288

Intensity (a.u.)

LA T R R U TR P IDRT T L LR T
T T T T T 1

3VA-KS-CNTs-NVPF-pristine (d)

Intensity (a.u.)

3VA-KS-CNTs-NVPF-30 C 1000 cycles

o  Observed
Calculalted
—— Differences

I Bragg peak positon
R,=421%
Ry~ 6.37%
X?=3.26

10 20 30 40 50 60 70 80 9C
2Theta (degree)

10 20 30 40 50 60 70 8 90
2Theta (degree)

Fig. S14 Rietveld refinements of (a-b) NVPF and (c-d) KS-NVPF cathodes before and after
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S15



2. Supplementary Tables

Table S1. EIS fitting results of the NVPF, 3R-CNTs-NVPF, and 3VA-CNTs-NVPF before
cycling and after 500 cycles at 1 C.

Factor NVPF 3R-CNTs-NVPF 3VA-CNTs-NVPF
Reer (©2) 1388 1225 720.8
Pristine Ry () 917.8 798.0 745.9
Riotal (©2) 2309 2027 1471
Regr () 83.47 64.04 54.63
After 500 cycles at 1 C R (©) 1503 466.6 420.5
Riotal () 1576 530.6 479.7
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Table S2. EIS fitting results of the Kx-NVPF (x =0, 0.05, 0.08, 0.10, 0.12) before cycling and
after 500 cycles at 1 C.

K0.05- K0.08- K0.10- KO0.12-
Factor NVPF

NVPF NVPF NVPF NVPF

Rcer (Q) 1388 862.0 835.8 871.9 1072

Pristine Ry (Q) 917.8 795.7 444.1 781.4 929.6
Riotal () 2309 1664 1285 1653 2006

Reer (Q) 83.47 58.44 88.49 67.64 60.06

After 500
Re () 1503 864.5 656.2 1377 1783
cyclesat 1 C

Riotal (Q) 1576 928.4 750.8 1450 1847
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Table S3. Lattice parameters of NVPF, K-NVPF, and KS-NCPF.

Sample a(A) b (A) c(A) Volume (A?)
NVPF 9.03586(19) 9.03586(19) 10.74617(17) 877.39(5)
K-NVPF 9.04032(8) 9.04032(8) 10.75664(10) 879.112(15)
KS-NVPF 9.03676(9) 9.03676(9) 10.74943(12) 877.831(18)
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Table S4. Refined structural parameters of NVPF, K-NVPF, and KS-NVPF.

Sample Atom Site X y zZ Occupancy Uiso

Nal 8i 0.52816 0.23128 0.00000 1.00000 0.02530

Na2 8i 0.81900 0.07509 0.00000 0.50000 0.04390

V1 8j 0.25006 0.25006 0.18646 1.00000 0.00690

P1 4d 0.00000 0.50000 0.25000 1.00000 0.00080

P2 4e 0.00000 0.00000 0.26032 1.00000 0.02920

NVPE 01 16k 0.09295 0.40076 0.16210 1.00000 0.01580
02 8j 0.09142 0.09142 0.16477 1.00000 0.00310

03 8j 0.39930 0.39930 0.16220 1.00000 0.00090

F1 4f 0.23456 0.23456 0.00000 1.00000 0.01990

F2 8j 0.24674 0.24674 0.36542 1.00000 0.01360

Nal 8i 0.52471 0.22792 0.00000 0.96500 0.03070

Na2 8i 0.80925 0.06398 0.00000 0.48500 0.04490

K1 8i 0.52471 0.22792 0.00000 0.03500 0.03070

K2 8i 0.80925 0.00000 0.00000 0.01500 0.04490

Vi 8j 0.25081 0.25081 0.18639 1.00000 0.00990

K.NVPE P1 4d 0.00000 0.50000 0.25000 1.00000 0.01000
P2 4e 0.00000 0.00000 0.26068 1.00000 0.01960

01 16k 0.09695 0.39873 0.16514 1.00000 0.01910

02 8j 0.08709 0.08709 0.16597 1.00000 0.00460

03 8j 0.40350 0.40350 0.15982 1.00000 0.00020

F1 4f 0.23692 0.23692 0.00000 1.00000 0.01850

F2 8j 0.24575 0.24575 0.36443 1.00000 0.00610

Nal 8i 0.52701 0.23508 0.00000 0.96390 0.02970

Na2 8i 0.82256 0.09064 0.00000 0.48610 0.05660

K1 8i 0.52701 0.23508 0.00000 0.03610 0.02970

K2 8i 0.82256 0.09064 0.00000 0.01390 0.05660

Vi 8j 0.24872 0.24872 0.18635 0.98190 0.00950

Sc 8j 0.24872 0.24872 0.18635 0.01810 0.00950

KS-NVPF P1 4d 0.00000 0.50000 0.25000 1.00000 0.04260
P2 4e 0.00000 0.00000 0.25256 1.00000 0.00760

01 16k 0.09338 0.40054 0.16306 1.00000 0.00340

02 8j 0.09012 0.09012 0.16068 1.00000 0.02760

03 8j 0.40082 0.40082 0.15985 1.00000 0.00730

F1 4f 0.23770 0.23770 0.00000 1.00000 0.01570

F2 8j 0.24171 0.24171 0.36575 1.00000 0.02190
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Table S5. EIS fitting results of the NVPF, K-NVPF, KS-NVPF, and KS-3VA-CNTs-NVPF
before cycling and after 500 cycles at 1 C.

Factor NVPF K-NVPF KS-NVPF KS-3VA-CNTs-NVPF
Rcgr (Q) 1388 835.8 687.7 530.4
Pristine Rt (©) 917.8 444.1 326.6 127.5
Riotal (Q) 2309 1285 1018 662.5
Rcgr (Q) 83.47 88.49 23.04 8.082
After 500
R (Q) 1503 656.2 462.9 222.0

cyclesat 1 C
Riotal (€2) 1576 750.8 490.6 234.2

Supplementary Discussion 2: It is worth noting that the "contradiction" between the relatively
large total impedance value of the battery under initial conditions and its satisfactory high-rate

performance can be explained by the following reasons:

As can be observed from Fig. 7f and Table S5, the large impedance observed in the Nyquist
plots of various materials before cycling is primarily attributed to the interfacial resistance (Rcgi).
This is because the cathode-electrolyte interphase (CEI) layer on the cathode surface is not yet
stabilized during the initial cycles, and its unstable structural change leads to a higher Rcg;. This
resistance dominates in the intermediate frequency range typically measured by EIS, which reflects
the energy barrier for Na* immigration across the electrode-electrolyte interface under near-
equilibrium conditions in the initial state. - 2 However, the interface resistance is no longer the
dominant element when cycling at high rates. Specifically, electrode reactions under high-rate
cycling are generally non-equilibrium processes with increased polarization. Under such conditions,
the driving force (overpotential) is relatively high. Therefore, although the interfacial resistance Rcg;
exists, the charge transfer resistance (R;) reflecting electrode reactions is actually the dominant
element in this situation. 34 For the KS-3VA-CNTs-NVPF material, the R before cycling is 127.5
Q, which is competitive compared to other similar materials, 3-!! and it only increases to 222.0 Q
after 500 cycles at 1 C, exhibiting high ionic and electronic transport abilities within the cathode.
These bulk material characteristics can further enable sodium ions and electrons to be transported
rapidly once the stable CEI layer is established (Fig. 7g and Table S5), allowing the cathode to
exhibit satisfactory high-rate performance (Figs. 7a, 7d-e).

Therefore, this seemingly "contradictory" phenomenon arises because the EIS test sensitively
captures the interfacial-limited kinetics of the battery under equilibrium conditions in the initial
state, whereas the high-rate performance of KS-3VA-CNTs-NVPF is collectively determined by the
rapid bulk transport kinetics under high-polarization conditions and the stabilization of the CEI layer

after cycling.
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Table S6. Electrochemical performance of the KS-3VA-CNTs-NVPF cathode compared to
that of other related cathodes.

. Modification Capacity retention
Cathode materials Rate performance Ref.
measures (%)

NVPF-Mg05 Mg 10 C: 96.6 mAh g-! 69.4 9
(1000 cycles, 10 C)

FCO.I-NVPF@ Fe, CNTs 10 C: 35 mAh g-1 74.53 4
N-CNTs (1000 cycles, 2 C)

NVPF@NC-Cu0.06  Cu, N-C 10 C: 99 mAh g’! 94 5

(500 cycles, 10 C)

NVPF@N-3 N-C 10 C: 102.6 mAh g'! 96.5 12
(100 cycles, 1 C)

Fe, Ni, Co,

NVMPF 10 C: 114 mAh g 94.6 13
Mg, Cr (200 cycles, 10 C)
K0.10-NVPF K 10 C: 90.6 mAh g! 97.5 6
(500 cycles, 1 C)
NVPF@C@CMC-2 CMC 10 C: 83.2 mAh g*! 74 10
(500 cycles, 10 C)
90.33
KS-3VA-CNTs- K, SC, 10 C: 100.1 mAh g'] (500 CYCleS, 5 C) (ThlS
NVPF VA-CNTSs 75.94 work)

(1000 cycles, 30 C)

S21



Table S7. Summary of data on the lattice parameters of NVPF and KS-3VA-CNTs-NVPF
cathodes before and after 1000 cycles at 30 C obtained by XRD Rietveld refinement.

Sample a(A) b(A) c(A) Volume (A3)
NVPF-pristine 9.0376(7) 9.0376(7)  10.7449(5)  877.62(16)
NVPF-30 C 9.0005(10)  9.0005(10) 10.6720 (6)  864.52 (14)
KS-3VA-CNTs-NVPF-pristine  9.0419(5) 9.0419(5)  10.7490(4)  878.80(12)
KS-3VA-CNTs-NVPF-30 C 9.0391(13)  9.0391(13) 10.7567(10)  878.88(31)
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