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Table S1. Water density and self-diffusion constant at 300 K

CHON-2017_ w expt.
Water density (g /cm3) 1.00 1.00 [S1]
Self-diffusion constant (A2/ps) 0.24 0.23 [S2]

Table S2. Calculated proton self-diffusion constant in aqueous environment
employing different kinds of density functional and CHON-2017 w ReaxFF.

Density functional Basis set Excess proton self-diffusion constant
(A%/ps)
BLYP-D3 TZV2P 0.47 [S3]
BLYP DZVP 0.50 [S3]
BLYP-D3 DZVP 0.62 [S3]
HCTH DZVP 0.51 [S3]
ReaxFF with CHON-2017 w 1.09 [S4]
Experiment 0.93 [S5]

* Corresponding Author. Email: le.shi@mail xjtu.edu.cn (Le Shi)
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Table S3. Simulation setup for 2D-CAP and G4 in aqueous environment

a(A) b (A) c(A) Nuater Pwater(g/cm?)
2D-CAP 23.79 34.79 32.53 830 0.922
G4 29.20 25.29 33.08 741 0.906

Table S4. Calculated proton penetration energy barriers across G4 with different
simulation time

Simulation time 2 ns 4 ns 6 ns
Energy barrier (kcal-mol!) 2.43 2.62 2.62

Table SS. Calculated proton penetration energy barriers across 2D-CAP with
different initial geometries

Initial geometry Case #1 Case#2 Case#3  Average
Energy barrier (kcal-mol!) 5.53 5.80 535  5.56+0.23

Table S6. Calculated proton penetration energy barriers across G4 with different
initial geometries

Initial geometry Case #1 Case#2 Case#3 Average
Energy barrier (kcal-mol") 243 3.01 223 2554041
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Fig. S1. Predicted and fitted mean square displacement of water as a function of
simulation time.
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Fig. S2. Simulation setup for proton diffusion in aqueous environment
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Fig. S3. Influence of sampling rate on (a) obtained proton trajectory and (b) probability
distribution for proton position along x direction
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Fig. S5. Snapshot of NVT simulations with 2D materials fully relaxed in aqueous
environment.
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Fig. S6. Distance between proton and (a) 2D-CAP and (b) G4 as a function of
simulation time with 2D materials fully relaxed.




Fig. S7 Metadynamics setup for proton penetration across 2D-CAP.
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Fig. S8 Distance between proton and 2D-CAP (blue marks) and the coverage of visited
proton positions in the phase space (green line) as a function of time in “Case #1”
metadynamics simulation of proton penetration. The coverage was reset once it reaches
1. The pink area represents the data used to construct free energy profile.
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Fig. S9 Free energy profile of proton as a function of the distance to 2D-CAP for “Case
#1” metadynamics simulation of proton penetration.
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Fig. S10 Distance between proton and 2D-CAP (blue marks) and the coverage of visited
proton positions in the phase space (green line) as a function of time in “Case #2”
metadynamics simulation of proton penetration. The coverage was reset once it reaches
1. The pink area represents the data used to construct free energy profile.
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Fig. S11 Free energy profile of proton as a function of the distance to 2D-CAP for “Case
#s” metadynamics simulation of proton penetration.
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Fig. S12 Distance between proton and 2D-CAP (blue marks) and the coverage of visited
proton positions in the phase space (green line) as a function of time in “Case #3”
metadynamics simulation of proton penetration. The coverage was reset once it reaches
1. The pink area represents the data used to construct free energy profile.
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Fig. S13 Free energy profile of proton as a function of the distance to 2D-CAP for “Case
#3” metadynamics simulation of proton penetration.
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Fig. S14 Distance between proton and G4 (blue marks) as a function of time in “Case
#1” MD simulation of proton penetration.
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Fig. S15 Free energy profile of proton as a function of the distance to G4 for “Case #1”
MD simulation of proton penetration.
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Fig. S16 Distance between proton and G4 (blue marks) as a function of time in “Case
#2” MD simulation of proton penetration.
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Fig. S17 Free energy profile of proton as a function of the distance to G4 for “Case #2”
MD simulation of proton penetration.
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Fig. S18 Distance between proton and G4 (blue marks) as a function of time in “Case
#3” MD simulation of proton penetration.
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Fig. S19 Free energy profile of proton as a function of the distance to G4 for “Case #3”
MD simulation of proton penetration.
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Fig. S20. (a) slab considered when calculating the x-y slice of the time averaged water
density (b) mesh grid used when calculating the water density.
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Fig. S21. Atomic structure of the precursor of 2D-CAP
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Fig. S22. Distance between the oxygen atom of “anchored water” indicated by black
circle in Figure S5(al) and its nearest H atom in 2D-CAP as a function of simulation
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Fig. S23. Water wires penetrating G4 and 2D-CAP. Water molecules bonded to the
nanopores were highlighted with blue color
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Fig. S24 Mean squared displacement (MSD) of water molecules in both the 2D-CAP
and G4 systems as a function of time.

S12



071:;‘.‘.11.“...|."-.‘Ll..“}‘.l"““l....”..|. | Oj..”j‘."".|‘,,.1 .“ll],“d‘ 0
g 05 1 13 2 25 3 35 g 05 1 15 2 25

y (nm) y (nm)

Fig. S25 y-z slice of the dynamical propensity (#,=1 ps) at x as illustrated in Fig. 5 for
(a) 2D-CAP and (b) G4.
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Fig. S26 y-z slice of the dynamical propensity (#,=2 ps) at x as illustrated in Fig. 5 for

(a) 2D-CAP and (b) G4.

S13



‘.;—\:'«, % .'H 20 . - ” ' . b) 3— : f - .. DIP 2
i,: B RO SRR = 1.8
; : w A2.5:- . N 16
RS T : [t ' — 1.4
< d-p o a
S A bl . = — 1
—— N 1.57 5 : -
B e : Lyt ‘. — 0.7
T S Behna — 06
I .\‘ B » =k - - 5 04
o L 0.5r -2 520 I0.2
|,|-,|; i | 0:',’7. |.-‘.|_.,|;.,.;'|,‘H| 0

1 15 2 25 3 35 0 05 1 15 2 25

y (nm) y (nm)

Fig. S27 y-z slice of the dynamical propensity (#,=5 ps) at x as illustrated in Fig. 5 for
(a) 2D-CAP and (b) G4.
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Fig. S28 y-z slice of the dynamical propensity (z,=10 ps) at x as illustrated in Fig. 5 for
(a) 2D-CAP and (b) G4.
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Fig. S29 y-z slice of the dynamical propensity (z,=20 ps) at x as illustrated in Fig. 5 for
(a) 2D-CAP and (b) G4.
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Fig. S30 y-z slice of the dynamical propensity (z,=50 ps) at x as illustrated in Fig. 5 for
(a) 2D-CAP and (b) G4.
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Fig. S31 y-z slice of the dynamical propensity (¢)=100 ps) at x as illustrated in Fig. 5 for

(a) 2D-CAP and (b) G4.
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