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Fig. 1. (a) Molecular dynamics model for pressure-driven reverse osmosis by a pillared graphene. The dark gray particles are carbon

atoms of grapheme. The red, white, blue, and yellow spheres represent the oxygen atoms, hydrogen atoms, sodium ions, and chlor-

ide ions in the brine, respectively. The monolayer graphene at the left side is used to provide driving pressure, while the one at the

right side is rigid boundary to confine the solvent. (b) RO membrane with two pores (diameter of 1.2 nm).
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Fig. 2. Relationship between water flux and applied pres-
sure for a pillared graphene membrane with different pore

sizes.
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Fig. 3. Without shearing, salt rejection verses water mo-
lecules permeability for the pillared graphene with pore dia-
meter of 1.2 nm under different pressure and temperature:
(a) Salt rejection and water permeation rate for the RO
membrane under different pressure with the temperature of
298 K; (b) salt rejection and water permeation rate for the
RO membrane under different temperature with the pres-
sure of 200 MPa.
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tion of the pillared graphene membrane under different
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under different shearing speed and temperature: (a) Under different shearing speed (with the temperature of 298 K); (b) under dif-

ferent temperature (without shearing).
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Fig. 6. With the pressure of 200 MPa, the hydrogen bond autocorrelation function C(#) under different shearing speed and temper-

ature: (a) Under different shearing speed (with the temperature of 298 K); (b) under different temperature (without shearing).
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The first hydration shell
The second hydration shell

o The second hydration shell
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Fig. 8. Models of hydration shell: (a) In the feed region; (b) in pillared graphene nanochannels. The pink spheres represent the oxy-
gen atoms in the first hydration shell. The red spheres represent the oxygen atoms in the second hydration shell. The white and

purple spheres represent the hydrogen atoms andsodium ions, respectively.
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Fig. 9. Hydration number distribution of Na* in the first and second hydration shell under different conditions: (a) Hydration num-
ber distribution of Na* in the first hydration shell at different shearing speed; (b) hydration number distribution of Na* in the first
hydration shell at different temperature; (c¢) hydration number distribution of Na* in the second hydration shell at different shear-

ing speed; (d) hydration number distribution of Na* in the second hydration shell at different temperature.

W 10 Frs, B8 5K G b B E K71 IKEZIK T FEBEM, IKEFEH K> T A B
-4 SRS A 0 UL N K, B R BEZ AR, XA B A K il S &
AT e i R I DRI, B 09 DD S A 4R &, B4 AR, KA e AR X LR 55, 2Tl

098201-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 70, No. 9 (2021) 098201

ARSI 1k KL AH S M, IR T 2 55 K
G, FECEZ MR Tl gk AL. g5 T
W, OB B B UIVE R AT LA S0 3G 58 7K 7 [A]
FE B TR A FC R R, DB R B U AL
B HEHYE TR TBER, RILT BB,
JEHXT T RALZER B B, KO 2B Ew & n
IKAFIBIER, 18 Y HuE I BT UI/E FHREAE TR A H AR
BT BRI DI

4

(a) [ Na*-first-shell
I Nat-second-shell
2.95 2.98

il

Velocity/(m-s~1)

w

[\V)

"

The average number of HB per water

g 4
% [() 3T Nat-first-shell
= [ Nat-second-shell
-
[
; 3t 301 2.89 073
a ' 2.61
-
3
-
o o 1.94 1.87
2 1.76 165
3
S|
®
Pt
-
)
>
@
£
= 0
275 300 325 350
Temperature/K

Bl 10 7EARR T Nattg— 548 K& 5 h 407K 5
THHEARE  (2) TEARUIEET; (b) 7TEARRET
Fig. 10. Average number of hydrogen bonds (HB) per wa-
ter molecule in Na* first and second hydration shell under
different conditions: (a) Under different shearing speed; (b)

under different temperature.

4 % @

KT8 17 ETWT5E T AR A S A R A
FoEEVERE, 18 7K T RE T hnsfLEE. fLie
0.8 nm HYFEARAT SR A B 1k BE B s G 20
&, ATEL 100% BH k£ B ad, (R K o5k
Frofiz . HAORSLEARH R E] 1.2 nm B, 7K
A B S P I T e, S 5 B R
SR AR R JREE A TR 1ok

TR ES T B R, (EX B T R AN
K. ARSI b 5 ) RE (1% 3G 0 Rl D I i
MU FRMERE, (R BHREAR T A K . A SOk
BUREIR A SRR R HLAA R K S b kB, 7E SR 2

F R RN 88.9% MAE O T 3RA5 1 /Kl i 5y ik
56.15 L-cm 2-day -MPa !, X} S EER sh 4500
T, R TR RS T SR R e, S EUK
FIBEANYBE N 155 U B A hn S S
FE M, MEIK A F B . X K a7 T
)Y T %65 BE 43 AT R 3B, R BK 43— 1) T 4 A
KA G AR A B80S, T TR LK G 5e i
KGRl . fe)E, R FEK AR
Ko FHOR A EE S, &I B A T 2
TR AR, Ml 8 D)2 s S B 1
KGR, ARFSEIAR T K H R A SR
RS ERR, BoUE T HRAT S50 e T K R i
IR BT R, FFRAER T HRB BN, N
T ARG B IEIER IR T — e
KL

S 0k

Elimelech M, Phillip W A 2011 Science 333 712
Park H B, Kamcev J, Robeson L M, Elimelech M, Freeman B
D 2017 Science 356 1137
Lee K P, Arnot T C, Mattia D 2011 J. Membrane Sci. 370 1
Sint K, Wang B Y, Kral P 2008 J. Am. Chem. Soc. 130
16448
[5] Cohen-Tanugi D, Grossman J C 2012 Nano Lett. 12 3602
[6] Cohen-Tanugi D, Lin L C, Grossman J C 2016 Nano Lett. 16
1027
[7] Cohen-Tanugi D, Grossman J C 2014 J. Chem. Phys. 141
074704
[8] Zhang Z Q, Zhang F J, Liu Z, Cheng G G, Wang X D, Ding
J N 2018 Nanomaterials (Basel) 8 805
9] Ali M E A, Wang L 'Y, Wang X Y, Feng X S 2016
Desalination 386 67
[10] Hosseini M, Azamat J, Erfan-Niya H 2018 Appl. Surf. Sci.
427 1000
[11] Jafarzadeh R, Azamat J, Erfan-Niya H 2018 Struct. Chem. 29
1845
[12] Wang Y H, He Z J, Gupta K M, Shi Q, Lu R F 2017 Carbon
116 120
[13] Surwade S P, Smirnov S N, Vlassiouk I V, Unocic R R, Veith
G M, Sheng Dai S, Mahurin S M 2015 Nat. Nanotechnol. 10
459
[14] Song L B, Guo Z G, Chai G B, Wang Z H, Li Y G, Luan Y B
2018 Carbon 140 210
[15] Sakhavand N, Shahsavari R 2017 ACS Appl. Mater.
Interfaces 9 39122
[16] Wu C D, Fang T H, Lo J Y 2012 Int. J. Hydrogen Energy 37
14211
[17] Li R, Cruz-Silva E, Terrones M 2014 ACS Nano 8 4061

Lt

=

098201-8


http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1063/1.4892638
http://doi.org/10.1063/1.4892638
http://doi.org/10.1063/1.4892638
http://doi.org/10.1063/1.4892638
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.1200488
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1016/j.memsci.2010.12.036
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1021/acs.nanolett.5b04089
http://doi.org/10.1063/1.4892638
http://doi.org/10.1063/1.4892638
http://doi.org/10.1063/1.4892638
http://doi.org/10.1063/1.4892638
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.3390/nano8100805
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.desal.2016.02.034
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1016/j.apsusc.2017.09.071
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1007/s11224-018-1162-9
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1016/j.carbon.2017.01.099
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1038/nnano.2015.37
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1016/j.carbon.2018.08.058
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1021/acsami.7b16162
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1016/j.ijhydene.2012.07.040
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://doi.org/10.1021/nn502426c
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol.

70, No. 9 (2021) 098201

Wang Y C, Zhu Y B, Wang F C, Liu X Y, Wu H A 2017
Carbon 118 588

Duan K, Li Y J, Li L, Hu Y J, Wang X L 2018 Mater. Des.
147 11

Jiang H, Cheng X L 2018 J. Mol. Graphics Modell. 85 223
Hassani A, Mosavian M T H, Ahmadpour A, Farhadian N
2017 J. Nat. Gas Sci. Eng. 46 265

Zhou S N, Lu X Q, Wu Z H, Jin D L, Guo C, Wang M H,
Wei S X 2016 Chem. Phys. Lett. 660 272

Wesolowski R P, Terzyk A P 2011 Phys. Chem. Chem. Phys.
13 17027

Tofighy M A, Shirazi Y, Mohammadi T, Pak A 2011 Chem.
Eng. J. 168 1064

Corry B 2008 J. Phys. Chem. B 112 1427

Zhang Z Q, Li C, Liu H L, Ge D J, Cheng G G, Ding J N
2018 Acta Phys. Sin. 67 056102 (in Chinese) [7k£3, 2=, X
DUE, BERS, R 5, TET 2018 YBIAIR 67 056102]
Plimpton S 1995 J. Comput. Phys. 117 1

Hummer G, Rasaiah J C, Noworyta J P 2001 Nature 414 188
Joung I S, Cheatham T E 2008 J. Phys. Chem. B 112 9020

(30]
31]
(32]
33]

(34]

098201-9

Stuart S J, Tutein A B, Harrison J A 2000 J. Chem. Phys.
112 6472

Horn H W, Swope W C, Pitera J W, Madura J D, Dick T J,
Hura G L, Head-Gordon T 2004 J. Chem. Phys. 120 9665
Chen B, Ivanov I, Klein M L, Parrinello M 2003 Phys. Rev.
Lett. 91 215503

Todorova T, Seitsonen A P, Hutter J, Kuo I F, Mundy C J
2006 J. Phys. Chem. B 110 3685

Zhang Z Q, Yu F S, Liu Z, Zhang F J, Cheng G G 2020 Acta
Phys. Sin. 69 098201 (in Chinese) [5Kk &5, F LI, X%, fk4m
R 2020 P2 69 098201

Xu H, Berne B J 2001 J. Phys. Chem. B 105 11929

Xie M, Gray S R 2016 Sep. Purif. Technol. 167 6

LiTG, Tu@QS,LiSF 2019 Desalination 451 182

Tu Q S, Li T G, Deng A, Zhu K, Liu Y F, Li S F 2018
Technology 6 36

Zhang Z Q, Li S F, Mi B X, Wang J B, Ding J N 2020 Sci.
Adv. 6 eaba9471

Thomas M, Corry B, Hilder T A 2014 Small 10 1453


http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.carbon.2017.03.092
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.matdes.2018.03.033
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jmgm.2018.09.006
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.jngse.2017.07.021
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1016/j.cplett.2016.08.044
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1039/c1cp21590f
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1016/j.cej.2011.01.086
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.1021/jp709845u
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.7498/aps.67.20172424
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1038/35102535
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1021/jp8001614
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.481208
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1063/1.1683075
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1103/PhysRevLett.91.215503
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.1021/jp055127v
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.7498/aps.69.20191761
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1021/jp012749h
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.seppur.2016.04.044
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1016/j.desal.2017.09.015
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1142/S2339547818500024
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1126/sciadv.aba9471
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://doi.org/10.1002/smll.201302968
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 9 (2021) 098201

Reverse osmotic characteristics and mechanism of pillared
graphene membranes for water desalination”

Zhang Ze-Cheng!  Liu Zhen?  Wang Meng-Ni')  Zhang Fu-Jian
Zhang Zhong-Qiang V3T
1) (Institute of Intelligent Flexible Mechatronics, Jiangsu University, Zhenjiang 212013, China)
2) (School of Naval Architecture and Ocean Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China)
3) (Jiangsu Collaborative Innovation Center of Photovoltaic Science and Engineering, Changzhou University, Changzhou 213164, China)

( Received 23 October 2020; revised manuscript received 3 December 2020 )

Abstract

Because of the high water flux and excellent ion rejection, the pores graphene is considered as a promising
candidate material for fabricating the membranes in reverse osmosis (RO) process. Unfortunately, water
molecules cannot pass through the perfect graphene, and how to effectively create a large number of nanopores
with controllable size remains a challenge, which seriously prevents the practical application and development of
graphene membrane for desalination. Recently, the emergence of pillared graphene (PGN) might open a new
way for designing the graphene-based membranes, which can compensate for the deficiency of porous graphene
membrane. The PGN has been extensively studied in gas storage and separation, and its RO characteristics and
mechanism still remain unclear because the limitation of large area preparation in desalination. In this paper,
the RO process of seawater through PGN membranes is investigated by molecular dynamics simulations, and
the influences of the pressure within feed solution, temperature and the shearing of membrane on the
desalination properties are considered. It is found that the water flux increases linearly with the pressure within
feed solution increasing, and the PGN membrane with nanopore diameter of 0.8 nm can conduct water
molecules but completely rejects high-concentration ions. As the diameter of nanopores increases to 1.2 nm, the
rise of temperature can increase the permeability of water molecules, whereas the salt rejection is not
appreciably sensitive to the temperature. Particularly, the shearing membrane can improve the salt rejection
and hinder the water molecules from permeating at the same time. The designed PGN membrane exhibits
excellent performance of water purification, and the ultrahigh water flux obtained in this work reaches 56.15
L-cm 2.day “MPa! with a salt rejection of 88.9%. Subsequently, the hydrogen bond dynamics is calculated in
order to explain the variation of water permeability under different conditions. The result shows that the rise of
temperature reduces the stability of hydrogen bonds and leads the water flux to increase, while the increase of
shearing speed will enhance the stability of hydrogen bonds and inhibit water seepage. Furthermore, the
analysis results of hydrogen bond and ionic hydration structure show that the shear motion on RO membrane
will improve the stability of ionic hydration shell, which makes it more difficult for the ions to pass through
nanopores by weakening the hydration shell. On the contrary, rising temperature will impair the strength of
ionic hydration shell, leading more ions to pass through the RO membrane. The simulation results can provide
an in-depth understanding of the desalination performance of PGN membrane under different key conditions,

and further demonstrate the promising applications of graphene-based membrane in water desalination.
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