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Molecular Simulation Study on Separation Performance of Two-

dimensional Material Stacked Nanochannel

Ke Gong (Materials Engineering)
Directed by Prof. Zhang Jun

Abstract

There are a series of biological nanochannels in the cell membrane of organisms, which
can selectively and rapidly transport ions, water molecules and various other small molecules.
Researchers have produced a series of artificial nanopores and nanochannels through repeated
research on biological nanochannels. In recent years, the emergence of two-dimensional
materials has enriched the types of nanopores and nanochannels. In addition, by changing and
combining two-dimensional nanosheets, different nanochannel membranes can be further
obtained. These nanochannel membranes can be widely used in various fields such as gas
separation, ion separation, and energy storage. The size of nanochannels is mostly at the sub-
nanometer level, which hinders the study of fluid transport behavior in nanochannels. In this
thesis, with the help of molecular dynamics simulation methods, the separation performance of
ions or gases in nanochannels constructed by graphene, carbonylated graphene and graphene
oxide is studied. The specific research content is as follows:

(1) Three-layer, six-layer and nine-layer porous graphene are used to construct
nanochannels of different lengths, and transmission and separation properties of K*/Na* in the
nanochannels are studied. The results show that the separation ratio of K*/Na* gradually
increases as the length of the nanochannel increases. By calculating the stability of the ion
hydration structure in the bulk solution, it is found that Na* have a more stable hydration shell
layer relative to K*, which makes it more difficult to "dehydrate" before transmembrane. The
calculation results of free energy of ions across the membrane also further show that Na*™ have
a higher transmission barrier than K* during the transmission process, and the barrier difference
gradually increases with the increase of channel length; in addition, K*/Na" both show
transmission mode like "Coulomb knock-on" in biological channels.

(2) Introduce carbonyl groups on the graphene nanopores to simulate the real environment

of potassium channels. Six-layer carbonylation graphene was used to construct nanochannels,

ii



and the transport behavior of K*/Na* in nanochannels was investigated. Results show that
carbonylation nanochannels can produce a higher K*/Na* separation ratio. The calculation
results show that the potential barrier that Na* need to overcome during the transmission process
is higher. In addition, it was also found that the multi-hydration structure will produce a higher
potential barrier when transmembrane, which indicates that the hydration structure of the ion
will also affect its transport process. As the number of surrounding hydrates increases, the
transport of hydrated ions will become more difficult.

(3) Further, gas separation is achieved by filling the channel between two-dimensional
layered membrane layers with a liquid which has selective gas adsorption. The results show
that GO-SDESM exhibits high CO- separation ability, DES itself exhibits good CO: affinity,
and the existence of GO nanomembrane changes the density distribution of DES in the
nanoconfined space. Compared with bulk DES, DES with a changed density distribution is
easier to form a hydrogen bond network to capture CO».

Keywords: two-dimensional materials, nanochannel, ion separation, gas separation
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Fig.1-1 Rupture behavior of the GNM (up) and GNM/SWNT (down) hybrid membrane imaged by
in situ SEM after poking with a micromanipulator, scale bars, 0.5 mm (up) and 1 mm (down)!¢8!
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Fig.1-4 Influence of temperature on GOP membrane performance for mixed gas (CO2: N2 = 15%:
85%0, vol%) separation under wet condition™
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Fig.1-5 MD simulations of the gas permeation through the MXene membrane compared with the
experimental resultsl’®l: (a) single-gas permeabilities through a 2-pm-thick MXene membrane as a

function of the gas kinetic diameter at 25 <C and 1 bar, (b) comparison of the experimental and MD
simulated results, (c) the number of gas molecules that passed through the MXene membrane in MD
simulation, (d) simulation snapshots at 0, 30, 100, and 300 ns for mixed-gas permeation system
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Fig.1-6 Gas separation performance of graphene membranes before and after the O3 treatment(78l:
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Fig.2-1 (a) simulation of the graphene nanosheet structure used, (b) the model box used in the
simulation, where the red atom represents O, the blue and pink atoms represent Na and K, the
middle cyan atom represents C, the surrounding cyan atoms represent Cl, and E represents the
electric field along the Z direction of the box
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Fig.2-5 Schematic diagram of the structure of Na* and K* across single-layer graphene nanopores
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Fig.2-7 Heat map of separation ratio changes in different layers of stacked nanochannels
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Fig.2-9 (a) The density distribution of water molecules in Y-axis in three to nine layers of graphene
stacked nanochannels, (b-d) the front views of the distribution of water molecules in three to nine
layers of graphene stacked nanochannels
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nine-layer graphene stacked nanochannel
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Fig.2-12 Hydration structure of ions in three-layer graphene stacked nanochannels under different
electric field strengths: (a-f) statistics of the hydration structure of K* and Na* (al-b1) monohydrate
and dihydrate structures of K* (c1) the dihydrate structure of Na*
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Fig.2-14 Hydration structure of ions in nine-layer graphene stacked nanochannels under different
electric field strengths: (a-f) statistics of the hydration structure of K* and Na*, (al) the dihydrate
structure of K*, (b1-cl) the trihydrate and tetrahydrate structure of Na*
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Fig.3-1 (a) Single-layer carbonylated graphene nanosheet, (b) the box used in molecular dynamics
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Fig.3-2 (a) The ionic currents of K* and Na* under different electric field strengths, (b) the
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Fig.3-3 (a) The potential of mean force (PMF) of K* and Na* across the carbonylated graphene
nanochannel, (b) potential curve of the carbonylated graphene nanochannel
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Fig.3-4 Statistical graph of the hydration structure of K* in carbonylated graphene stacked
nanochannel under different electric field intensities

60

o-(a) B 0.035v/A (b) I (9] i 0055ViA
s0f
_ 0t
& g 3
] o 30f =
E E E
20
10+
0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Hydration Number Hydration Number Hydration Number
60 (d) L 0.065V/A 60| (e) B 0.075V/A el (f) B 0.085V/A
sot 50
S 9 s
2 g i)
B e &

0 1 2 3 4 0 1 2 3 4 0 1 2 3] 4
Hydration Number Hydration Number Hydration Number

B 3-5 REMARBIBYCREEN Na EEAFHIGEE T HRIKEEHSTHE
Fig.3-5 Statistical graph of the hydration structure of Na* in carbonylated graphene stacked
nanochannel under different electric field intensities
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Fig.3-6 (a) Summary of hydration structures of two ions under different electric field strengths, (b)
the structure of K* in dihydrate, (c) the structure of K* in trihydrate, (d) the structure of Na* in
trihydrate (The red circles represent hydrogen bond)
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Fig.3-7 The forces to pull the K* and Na* out of the channel without water molecule (a and b) and
with water molecule (¢ and d)
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Fig.3-8 The forces to pull the different ions ((a-b) K* and (c-d) Na*) out of the channel with two or
three water molecules around them, respectively
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Fig.3-9 The four transmembrane processes for ion transport in our model system
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Fig.3-10 (a) Schematic diagram of the transmembrane structure of K* in dihydrate, K* in

trihydrate and Na* in trihydrate, (b) the binding energy between K*/Na* ions and water molecules

(cation@(H20)n), (c) the changes of the energy during ion transport in the multilayer graphene
nanopore
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Fig.3-11 The scatter plots of ion transport sites in nanochannel
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Fig.3-12 Green balls represent both K* and Na*, two modes of ions transport through the
nanochannel: (a) a self-driven transport model, (b) a Coulomb knock-on model, the picture below the
model is the schematic diagram of the two transport modes, respectively

i 3-12 (b s, H5—ANETHENIBIER, YRS TRl TR

41



SR PR SR AN ORIEIE A B/ B S T s oy BEYERIT T

T 5 HEN T 2 8] A R HE e T A HE e G . e A A a0 AR i IE
“Coulomb knock-on” fEHEAARIEML, ACRRHEy “FECiEdy” B KPR L4
AAEHE AHT LIS, M2, “EERfED” BN & TR R 2 R, fE
PEVNIEIE R, BT A e A R TR AN (R PR A A A M T 56 75 28 1 DR A% i L S

3.4 KT

AREREE T I SBIRAKIEIE . K 0018 77 S AR I T R R A K I8 TE R
FEV NS TR VAU, I £ A PAY I 55 5 AN (7] £ R 37 R 20 A P K E G o B 1 1
1o Bk e B A2 IE A s 4T 4 -

TR A SR W] 208 3 ) ASEI S T 1P 1) KN 73 85 o sl TS il s K
B, ZGNRIEIER P A T R IR 2 B PR RE . GUOKIEIE AR AR A3 B A I F R T
HABGRMHIRIERE, @I 8 12 shid R R G a5/ A R B, & e N JBIE 2 AT,
i B SEAE AT (K & S5 TR BB B 20 7K 0 7, RN H AR o3 1 R R A DAAE N B TE 1)
A

BEAh, B TR GE TAAEGURIETE N K E SR, B A R AR TR I

REF—E K E S . EIEIEN, 87 8 B AR K70 B 27 A i i B i Nz,
R BRI 2 HI 59 8 1 5 A SR IR I 2 [ AN AR AL, i BT TR
it FLIE XS SR AR AR ] o AL THEL A RR W], —K G KR T HAEIE N s . £
0.065 VIA HIHUZ T KYEAH R KA 850 b, X1 KRS Tz i T4 e 17
PERGRII . e, AFEEWE B AE TR, oAl C B IREh” B
“PEetEdr” A PRSI A AL AT R T B AEEE A AR, T B SE IR R R
SRS AT VBN ES T B S0, 100 B 4 R 9 oK 23 (0 L AR M T 425 1) 44 oK S 5 N
BT IR E ST SEBL & . R, ATt MR 2 240 SR 9 RIEIE O A
RN E TR G0 SR s A T Na' K 73 BT B oK o e B AR A 1 — Bl
L

42



EA R (RZR) TR 22 A i S

$BMME GO-SDESM FKiBE S B CO, MHLIER S

]l

4.1 3|

CO2 R FRANE A7 BT A BRI & N 1 B T F B Horb, IR B 4 Bl ok
CO2 [—FH 3 E RN E. JoAh, REHETEN AT B F AR SR T 1 R IR
FIPERE TS, (HR T B TR sA R =, 56 BT BRI R 2 T CO2 14>
B TR, RILIBVAT] (DES) MIHMIAE &AM EE T R s . IRILEEFIE
T b5 B I S AP 2R T R L A S A L R P R R ELR & T L AR L

(HR, A RIRSIRIA N Y2 G G40 F T U 23 B I FOAR T 02D o 55T G i)
B, WK T B DA I SRR TR 2. 8 (ChCIEG) 4RIz A E T4
KR A SR (GO) W, I T X CO. A M fE SR A A 9N KB I I 45 4
ARSI 53730 S AT T i GROE TG R AN RS 5 DES BAH BLEFH & DES 7E
QKB IE Y S5 HARAE, 7R T R A S CO2 SRR IIHLER 38 5 S L A R 3L CO2
oy EESE T B AR R .

4.2 1RBIRRGE
42.1 1REIME

AR FEAKH R 53 3 7 RN J5 2 KA 40 2 R R 45 4 5 AN ) AUAA 2 [R) FR) 5
Ak AT T — N ERGORME FUANA BN (GO) SCHEMIRILIFE T (DES)
fiX (GO-SDESM) A &AM esthfe. ikl 4-1 fos, A GO i EMHEHES It
CRIFHEAZ 2nm (2 RIEE, 20106 (0 450E e se i bl e 1538 A4 GO AR & 1.5
nm IR T, PRASGIKER 2 8] B 99K 8% w2 2E 2508 5.1 nm.

b5, 4 155 ANSEALAES (ChCD 41 A1 310 AN 4 (EG) 40T (BE/REEHN 1:2)
TRA A EE DES W HA 78 2 9K % B v o I T A o, FRA7{3 I CO2 Al N2(Haw CHa)
HHB A SR T COp HIEFEMENLEL. K 400 4~ N2 43T & 400 4~ COz 43 TR A I
AR SRS, THE RS EYIGEE SN 9.8 MPa. 1E5 —MICE T KZ
50 A MEBEMENBEE. AL, FFRIE 800 R TsCE AR R G s A e /e
M, DA 1 SARTERERL 2 FB 0% = 2 A1 8. BT &7 [ RST A 50x102>200 A%,
TE=ATr ) LR T R ok R, Bra M GO CGEHIERSN M

43



FIVUE  GO-SDESM ZKIBIE /5 CO: LB 7T

A SR P A1 R DR [ RE 1) o

B 4-1 BARERE, EESKEPHRE. FEMNLER/NRIHRE N AE2EK CO,, HREIERS
B, 46, Bakatn/ Ry NREEARIFE K DES,
Fig.4-1 The system for simulation, blue, cyan, and red balls in the left denote nitrogen, graphene
and carbon dioxide, respectively, cyan, red, white and blue balls in the middle of the box represent
GO and DES.
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Fig.4-2 The radial distribution function (RDF) between CI- and EG in bulk and nanoconfined
respectively
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Fig.4-3 The 2D-density distribution of (a)CI', (b)[CsH14NO]" and (c)EG in nanoconfined
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Table 4-1 The separation ratio of different gases in GO-SDESM by experiments

CO2/N2 CO2/CHa CO2/H2
1ChCI-2EG-GO 370.395 339.157 22.98
1ChCI-4EG-GO 467.961 359.701 35.182
1ChCI-6EG-GO 607.419 515.072 39.497
1ChCI-8EG-GO 663.408 522.388 58.725
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Table 4-2 The average value of interaction energy between different gases and DES

CO2/DES N2/DES CH4/DES H./DES CO2/DES f&#H
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(kcal/mol) -0.819 -0.051 -0.171 -0.101 .0.633
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