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AB and AA’ stacking

(@) AB stacking

(b)

AA’ stacking

Fig. S1 Schematic Diagram of AB Stacking (a) and AA’ Stacking (b).
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Fig. S2 Different configuration of vdW-CN with different periodic AB stacking for

structure optimization. The dash lines indicate the lattice boundary of the 3D structure
cell here.
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Fig. S3 Different configuration of vdW-CN with different periodic AA’ stacking for
structure optimization. The dash lines indicate the lattice boundary of the 3D structure

cell here.
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Fig. S4 Different configuration of vdW-CN with different periodic AA’ stacking. The
dash lines indicate the lattice boundary of the 3D structure cell here.
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Different Configuration of Periodic Stacking Patterns

Fig. S5 Structural energy comparison diagram of the three different stacking
configurations (AB, AA, and AA’) of the vdW-CN structure. A deep blue pentagram
marks the lowest energy point.

The thermal stability of vdW-CN

(a) (b)

-1600 -1590
Pqp -9, 2 Q B o ] pa P:qH
5 p— P 3 A < S g WPy (W
T2 300k B Y B K S00K RS
-1610 4 b q —d » -1600 S ali) € P
- s P % a¥4 ry o Gin Ve
~<p < F B - > P i
;‘ d_—‘hbo" o—q b ; o—q ndq» 5 &) J_b—q
< &pr}P Sps °bc4i’ z Z>l*—‘“n ps qq. ‘P‘b
q b = q }, ,
2:-1620 oo bde A 21610 | challe S
- —
) =
= =
= =
-1630 MMAWMWWW 1620 A AA Ao AAA N A AN AN
-1640 ' ' : : -1630 : L L .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (fs) Time (fs)

Fig. S6 Ab initio molecular dynamics of the vdW-CN. The energy change during the
AIMD simulation process at temperatures of 300 K (a), and 500 K (b), respectively; the
snapshots of the vdW-CN supercell structure (1 x 2 x 2) at the end of each stage are
inserted in the Figure.
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Electronic Properties of vdW-CN Stacked Structures
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Fig. S7 PDOS of vdW-CN bulk structure unit cell.

Intercalation behaviors of K/Na/Ca Ions in vdW-CN

Fig. S8 Top (a) and side (b) view of 2x2x2 supercell of vdW-CN bulk-phase unit cell.
The dash lines indicate the lattice boundary of the 3D structure cell here.
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The test results indicate that the per-atom energy of a single K/Na atom
intercalated into the AB stacking configuration is lower than that of the AA’
stacking configuration, as shown in Fig. S7. Due to the significant
intercalation energy of single K/Na/Ca atoms, even a low ratio of ion
intercalation (M,3CsNp) efficiently induces a transition to AB stacking in
the framework structure. Given the similar sizes of sodium and calcium
1ons, the test results for calcium i1ons can be referenced from those of

sodium 1ons.
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Fig. S9 The per-atom energy comparison diagrams for different AB stacking
configurations with a single K/Na ion intercalated (a) and (b). The gray dashed line
represents the per-atom energy of the lowest-energy AA’ stacking configuration with a
single K/Na ion intercalated. The insets display the top view of the lowest-energy AA’
stacking configuration and the top view of the lowest-energy AB stacking configuration
after intercalating a single K/Na ion, respectively. Carbon and nitrogen atoms in
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different layers are represented by balls with varying shades of brown and gray,
respectively. Top (c) and side (d) view of AB stacking configuration. The dash lines
indicate the lattice boundary of the 3D structure cell here.

Migration pathways

Fig. S10 Migration pathways Path-2 and Path-3 of K/Na/Ca ions along the b and
diagonal directions of the ab plane in vdw-CN, respectively. The dash lines indicate the
lattice boundary of the 3D structure cell here.
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Thermodynamically stable MxC¢Ns structure
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Fig. S11 (a), (b), (¢), (e), (), (g), and (h) correspond to the top and side views of the
thermodynamically stable MxCsNg (M=K, Na, Ca) structure, respectively. The dash
lines indicate the lattice boundary of the 3D structure cell here.
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Fig. S12 Ab initio molecular dynamics of thermodynamically stable Ko.sCsNs(a),
KCsNg(b), NagsCsNe(c), Naog7sCsNs(d), NaCsNe(e), CaosCsNe(f), and CaCeNe(g),
respectively. The energy change during the AIMD simulation process at temperatures
of 300 K; Top and side views of the configurations at the end of each stage are inserted

in the Figure.
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The thermal stability of MCsNs
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Fig. S13 Ab initio molecular dynamics of the fully inserted configurations KCsNs(a),
NaCsNe(b), and CaCsNe(c), respectively. The energy change during the AIMD
simulation process at temperatures of 500 K; Top and side views of the fully inserted
configurations of K/Na/Ca in vdW-CN at the end of each stage are inserted in the Figure.

The volumetric change rate of MxCsNe

Table S1 Volumetric change rate of NaxCsNgs, KxCsN¢ and CaxCsNg (x=0-1) during

charging and discharging

Volume 0.5 0.75 1
change rate
(%)
K -1.308 1.954 -0.660
Na -1.263 0.173 0.519
Ca -2.973 -3.265 0.336

13/ 16



Benchmarking table

Table S2 Comparison of vdW-CN as cathode material for K/Na/Ca-ion batteries with
other cathode materials. Scalability: *=Low, %=Medium, *%%=High;

Environmental impact: e=Low, e e=Medium, e ee=High.

Cathode materials Specific Energy Voltage  scalability  environmental
capacity density [V] impact
[mAh-g'] [Whkg']
PIBs
vdW-CN 137 506.1 3.8-3.6 1.8 8 ¢ °
Ki.7sMn[Fe(CN)s]o.03' 141 536 3.8 * % oo
KCo0>? 60 - 2.0-3.9 * oee
KVPO4F? 131 - 4.0 * % °
K. soMn[Fe(CN)s]o.92* 155 - 3.6-4.0 * % oo
P3- 120 - 1.5-3.9 %k oo
Ko.5[Mno.gsNio.1C00.05]O2'
K,VOP,07° 84 - 3.6 * °
P"2-K[Nig.05Mng.95]02° 155 420 1.5-4.3 1.8 8 ¢ oo
K3V2(PO4):F57 100 400 3.7 * K °
Ko.220Fe[Fe(CN)g]o.805’ 73 - 3.1-34 * oeo
SIBs
vdW-CN 150 470.8 3.3-3.0 1.8, 8 ¢ °
NaFePO4? 147 1.7 * K oo
P2-Nay[Fe12Mn»2]0,° 190 520 2.75 1.8, 8 ¢ °
B-NaMnO,!? 191 - 2.7-3.8 * ok eee
NasMnCr(PO4);'! 161 567 3.53 * K oo
P2-Nayg.¢7Mng sFe) 50’ 190 520 1.5-4.2 1.8, 8 ¢ (1
NaxK.06sMnO,!? 240 654 - * Kk oo
CIBs
vdW-CN 273 847.3 3.4-2.8 1.8 8 ¢ °
a-MoOs "3 165 - 2.7 * Yy
VOPO,'* 135 - 2.8 * K oo
KFe¥*(Fe**(CN)) ' 165 - 1.07 * eoe
CayNag sVPO4gF( 70 87 - 3.2 * % °
NaV,(POs),F5'7 110 342 3.5 * K oo
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