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Bio-inspired graphene-derived membranes with
strain-controlled interlayer spacing+

Enlai Gao @ *2 and Zhiping Xu (& *2P

The precisely controlled size of nanoscale fluidic channels plays a critical role in resolving the per-
meation-selectivity trade-off in separation and filtration applications, where highly efficient gas separation
and water desalination are targeted. Inspired by natural nacre where the spacing between mineral platelets
changes upon applying tension as fractured mineral bridges climb over each other, bio-inspired gra-
phene-derived membranes with sheets cross-linked by aligned covalent bonds are proposed in design, to
ensure a controlled interlayer spacing ranging from 4 A to 14 A while preserving structural and mechanical
stabilities by prohibiting swelling. The underlying mechanism is that the tension applied to the membrane
is transferred between finite-sized graphene sheets through interlayer shear of the cross-links, which
expands the interlayer gallery. First-principles calculations and continuum mechanics based model ana-
lysis are combined to explore the feasibility of this protocol, by considering the microstructures of gra-
phene-derived membranes that have recently been demonstrated to offer exceptional performance in
selective mass transport. The results show that the critical size range in molecular sieving is covered by
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Introduction

The two-dimensional (2D) structures and engineerable
physicochemical properties of graphene and its derivatives
such as graphene oxide (GO) offer exciting opportunities in the
design of molecular-sieving membranes by stacking 2D
nanosheets layer by layer."”® Typically, 40-60% total area of a
GO sheet is free from oxygen-rich functionalization, and fast
molecular permeation through graphene-derived membranes
(GMs) was argued to occur along a percolated pathway of
nearly-frictionless pristine graphene channels between functio-
nalized areas.””® The size of a GO channel is characterized by
the distance & between the basal planes of GO sheets, or the
void spacing 6 = h — ¢ that is defined through the interlayer
spacing of graphite ¢ = 3.4 A, which quantifies the size exclu-
sion effect in molecular sieving. For example, to reject sodium
ions from water, the void spacing should be lower than the
hydrated diameter of Na*, 7.2 A.>° With the hydrophilic nature
of GO, researchers reported that the GO membrane expands in
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this synergetic interface- and strain-engineering approach.

the humid environment, and the interlayer spacing can be tai-
lored in the range between 7 A and 12 A that is critical for gas
separation and water desalination applications.’®* Other
strategies have also been tried to engineer the interlayer
spacing of GO membranes, including partial reduction,"
ultraviolet reduction of a GO-titania hybrid,"* capillary com-
pression,’'® and hydrogen or coordinative bond assisted
cross-linking."”'® However, the GO membranes disintegrate
upon hydration owing to the electrostatic repulsion between
negatively charged GO sheets, and swell while immersed in
aqueous solutions.’®° It is thus challenging to control the
interlayer spacing at a specific value in the nanometer range to
selectively exclude ions such Na‘, K*, Mg**, and Ca**, while
maintaining the structural stability of membranes at the same
time.»® Moreover, reliable techniques for interlayer spacing
tuning while the selective molecular transport process is active
have not been discussed yet.

Also featuring a layer-by-layer microstructure (Fig. 1), nacre
consists of 95 vol% of inorganic layered aragonite (CaCOs;)
platelets (~200-500 nm thick) that are bonded by thin
(~10-50 nm) layers of organic proteins and chitin. This
natural composite exhibits the synergy between strengthening
and toughening through the staggered arrangement of plate-
lets and bonding layers, with the structural hierarchy estab-
lished through the evolution over billions of years,*" which has
been regarded as a fruitful source of inspiration in designing
high-performance and multifunctional materials,*** and sig-
nificant advances have been achieved in engineering the inter-
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Fig. 1 Natural nacre and the GM. (a) Optical image of the nacre. (b) The
electron micrograph of the nacre, showing the staggered arrangement
of CaCOs platelets in the layered composite. (c) Shear within the organic
matrix as the shell is stretched.?® The mineral bridges in the overlap
regions deform and fracture upon tensile loading. The two fractured
sides of mineral bridges intrude into the organic matrix, levelly sliding
along the opposite direction, and eventually climbed over each other,
leading to an increase in the interlayer spacing between the platelets. (d)
Optical image of the GM. (e) The electron micrograph showing the
cross-section of a GM with stacked GO sheets. (f) Snapshots of design
demonstrating structural evolution upon applying interlayer shear in a
GM where the cross-links rotate and the interlayer spacing increases.

face of GMs by incorporating covalent bonding and non-
covalent bonding (hydrogen bonding, ionic bonding, and n-x
interaction) to enhance the overall stiffness, strength, tough-
ness and fatigue resistance.>>>” Recent studies revealed that
the interlayer spacing between the mineral platelets increases
with longitudinal strain within a critical range, which is attrib-
uted to the climbing of fractured mineral bridges between the
neighboring platelets, as illustrated in Fig. 1c.*®

Although advances have been achieved in engineering the
interface of graphene-based films with various cross-links
experimentally, the cross-links should be stiff and strong
enough to maintain the structural stability of the interlayer
gallery with a specific interlayer spacing. We thus considered
short covalent cross-links to endow the GMs with interface-
and strain-engineered interlayer spacing, which were identified
experimentally in graphite®® and carbon nanotube bundles™’
as a result of the vacancy aggregation under irradiation, known
also as the extended inter-planar linking (EIL) structures.*! We
explored the structural and mechanical responses of a super-
cell with covalently cross-linked graphene sheets by perform-
ing first-principles calculations. The results are fed into the
deformable tension-shear (DTS) model to analyze the overall
behaviors of the GM, through a representative volume element
(RVE). We find that the interlayer spacing can be tuned by uni-
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axial tensile loading in parallel to the GO sheets through inter-
layer shear or rotation of the cross-linking units, while the
amplitude of the response depends on the microstructural
parameters including the size of GO sheets, type and density
of the cross-links, leading to a wide range of interlayer spacing
under control from 4 A to 14 A, which is critical for designing
high-performance membranes for nanoscale selective mass
transport.

Methods

The structural and mechanical responses of cross-linked GMs
are calculated using the plane-wave basis set based density
functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP), with the projector augmented
wave (PAW) method used for the ion-electron interaction and
the Perdew-Burke-Ernzerhof parameterization (PBE)*? of the
generalized gradient approximation (GGA) for the exchange-
correlation functional. The cross-linked GM is modeled by a
supercell with lateral dimensions of 19.7 A and 17.1 A along
the zigzag and perpendicular armchair directions, loaded
under simple shear by moving one graphene sheet with
respect to its next neighbor step by step. After each rigid dis-
placement, the atomic structures of the supercell are relaxed
while all the atomic degrees of freedom are constrained in the
loading direction. The interlayer shear force is calculated by
summing up all the forces acting on the carbon atoms of each
graphene sheet in the loading direction. More computational
details are described in our previous work.>°

Results and discussion

Fig. 1a and d present the optical images of natural nacre and
the GM constructed from the GO sheets. Fig. 1b and e show
scanning electron micrographs of their characteristic brick-
and-mortar microstructures. In nacre, the inorganic CaCO;
platelets with mineral bridges connecting each other are the
‘bricks’, glued by the organic ‘mortar’. Considering the finite
size of CaCOj; platelets, the in-plane tension applied has to be
transferred across the neighboring platelets through shear
within the interlayer organic matrix. The mineral bridges in
the overlap regions deform and fracture upon tensile loading.
The two fractured sides of the mineral bridges intrude into the
organic matrix, levelly sliding along the opposite direction,
and eventually climbed over each other, leading to an increase
in the interlayer spacing between platelets (Fig. 1c).*

Inspired by this layered-hierarchy-enabled mechanism and
without the loss of generality, we designed GMs with graphene
sheets cross-linked by three EIL structures (C1, C2, C3) with
lengths of 2b, 5b and 8b, measured in unit of the carbon-
carbon bond length b = 1.42 A (Fig. 2b). In these cross-linked
structures, 6, 10, and 14 carbon atoms in graphene sheets are
removed to create vacancy defects for bond reconstruction pro-
cesses required to form the cross-links. Structural and

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Mechanisms of strain-engineered interlayer spacing. (a) The
deformable tensile-shear (DTS) model, and the representative volume
element (RVE), before and after tensile loading is applied. The interlayer
spacing increases with tensile strain and thus exhibits negative Poisson’s
effect. (b) Detailed atomic structures of the three cross-links with varied
lengths, named C1, C2 and C3. (c) Responses in the interlayer spacing
and shear force as shear strain is applied. (d) First-principles simulation
snapshots showing microstructural evolution of graphene sheets cross-
linked by the C2 EIL structure. (e) The relationship between interlayer
spacing and shear force for the C2-crosslinked structural unit rotated in
the anticlockwise and clockwise directions.

mechanical responses of the cross-linked GMs are calculated
using the plane-wave basis set based DFT (see Methods for
details). The results are shown in Fig. S1,f which plot the
relationship between the interlayer spacing 7 and shear strain
y for all the three types of cross-links. As summarized in
Fig. S2,7 the interfacial shear strength of a single C1, C2 or C3
cross-link is ~13 nN. As illustrated in Fig. 2c and d by the
simulation snapshots of C2, it is clear that, working as
designed, both F and & can be continuously tuned through y
before reaching the shear strain corresponding to the peak
interlayer spacing. Specifically, for the C2 structure, the inter-
layer spacing of a GM can thus be controlled in the range from
4.8 A to 9.1 A with shear strain applied from 0 to 150%, while
the ranges of interlayer spacing for C1 and C3 structures are
4.1 A-4.5 A and 5.8 A-14.1 A, respectively (Fig. S1 of the ESIt).
It should be noted that shear and sliding at non-covalent inter-
faces between graphite,**** 1547
crystals*®*°
tioned about microstructural tailoring that results in and

nanotubes and cellulose nano-

were widely explored, but little has been men-

finely-tuned interlayer distances in a wide range under
mechanical loading while the structural stability of the inter-
layer gallery is maintained at the same time.

Considering the fact that in fabricating the GM, the orien-
tation of the cross-links may not be well controlled at the mole-
cular scale, we explore the response in interlayer spacing with
cross-links (C2 as a representative structure) in two opposite

This journal is © The Royal Society of Chemistry 2018
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directions (Fig. 2e). DFT calculation results show that the inter-
layer spacing increases by 87.1%, while it decreases by only
11.4% as the load is applied in anticlockwise and clockwise
directions. The response is thus asymmetric and the swelling
amplitude is more prominent than that of shrinking under the
shear force of the same amplitude in opposite directions. As
the GM is under loading, there are regions expanded or
shrunk, forming wide and narrow channels within the inter-
layer gallery (Fig. 2e, inset). However, the interlayer spacing for
the narrow channel is less than the initial value of 4.8 A,
corresponding to the effective void spacing which is less than
1.4 A (Fig. 2e), which is too narrow to transport ions and water
molecules. Hence, the widened channels control the process
of rejection. According to these facts, we limit our following
discussion to the situation where all cross-links aligned in the
direction with the maximum response that increases interlayer
spacing upon tensile loading (Fig. 2a). In addition, the cross-
links that rotate in the clockwise direction under loading
exhibit a brittle nature, with much higher interlayer shear
stiffness while lower shear strain to failure than those of the
ductile cross-links that rotate in the anticlockwise direction
(Fig. S3 of the ESIt). This contrast is attributed to the compe-
tition between bending and stretching of these two types of
cross-links under shear, which could inspire stiffening and
toughening strategies for the GMs.

To map the response of a single cross-linked structural unit
loaded with shear to a graphene-derived membrane with a
specific number of cross-links under tension, we consider the
brick-and-mortar structure of GMs in our RVE of DTS with uni-
formly-distributed cross-links, where the areal density ¢ is
defined as Ny/Nc. N¢ is the number of carbon atoms in pris-
tine graphene and Ny is the number of atoms removed to form
the cross-link. As a result, we have D = Dy(1 — a¢) and 6., = 6./
(1 + Bp)°°, where D, and o, are the tensile stiffness and
strength of the pristine graphene sheet, and «, f are the
numeric factor calculated for the mono-vacancies.’® In
addition, the effective interlayer shear modulus G scales line-
arly with ¢ as G = k¢/(Nyf). Here f = 0.026 nm” is the area of
each carbon atom in the graphene sheet. By virtue of the DTS
model (Fig. S4 of the ESIt) where the interlayer cross-links are
considered as continuum media under the shear that transfers
tensile loads carried by neighboring graphene sheets,*** we
analyze the overall mechanical response of the GM and the
change of interlayer spacing under uniaxial tension. The in-
plane displacements of the two graphene layers are denoted as
u4(x) and u,(x), where x is the in-plane coordinate measured
along the tensile loading direction. For the two graphene
sheets in the structural unit, the equilibrium equations are

&Py (x) up (x) — up(x)

axz =26 h() (13)
Puy(x) Uy (x) — uy(x)

e (1b)
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Combining the boundary conditions

b ox b ox ox

8112 (l)
ox

:0, :F(),D

= Fyand D

=0,

the displacements can be solved as

1 Fy Fol() . X F()lo 14+¢ X
=—|C+—x+——sinh—+— h-— 2
U (x) 2 ( + " + 5 sin A + D s 08 A (2a)

Uy (x) = % (C +%x - FOTfOsinh% - F%lol j Ccosh%) (2b)
Here s = sinh(//l,), ¢ = cosh(l/ly), F, is the applied tensile force,
[ is the lateral size of the RVE and thus 2/ is the size of the gra-
phene sheet. I, = (Dho/4G)"? is a characteristic length scale
defining the effectiveness of interlayer load transfer between
the neighboring sheets through the cross-links, where para-
meters D, G and h, are the tensile stiffness of the cross-linked
graphene sheets, the effective shear modulus of the interlayer
cross-links and the interlayer spacing before the tensile load is
applied. From the analysis, we found that the tensile strain in
the graphene sheet &,(x), and shear strain between the neigh-
boring sheets y;(x) in a RVE can be derived as

e(x) = 5—2 {1 — cosh (%) + ! ;r Csinh (%)] (3)

71(x) = Foly [(1 + ¢) cosh (lf) — s X sinh (%)] /s (4)

" Dhy o

From y,(x) one could evaluate the average shear strain y (0 < x
<) of interlayer cross-links, that is

I 2
B 71 (x) - ZF()Z()
r= J 4 = i

0

while the overall tensile strain of GMs can be expressed as a
function of the interlayer spacing

[
R L e

210 S D

)y(m (6)

With the first-principles results for the relation between the
shear strain y and changes in the interlayer spacing £, the tun-
ability of & through tensile strain ¢ can be assessed. It should
be noted here that the amplitude of shear strain is not
uniform along the sheet, as demonstrated in the DTS model.*”
However, we use the average shear strain (eqn (5)) to calculate
the change in interlayer spacing according to our previous
arguments on the size distribution of nanochannels. Using
this model and relevant parameters determined from the DFT
calculations, the results of changes in the interlayer spacing of
GMs upon applying tensile strain & are summarized in Fig. 3
for graphene sheets with lateral size 2/ cross-linked by C1, C2
and C3 cross-links. From the results we conclude that the
interlayer spacing of GMs can be finely tuned through the
amplitude of tensile strain, the areal density of cross-linking,
the size of graphene sheets, and the types of interlayer cross-
links, according to eqn (6). The changes in the interlayer
spacing are plotted before the peak value is reached upon
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Fig. 3 Tensile strain-controlled interlayer spacing in the GMs, which are
finely tuned by the areal density of C1, C2 and C3 cross-links and the
size of graphene sheets (50 nm, 100 nm and 200 nm), under tensile
strain loading.

loading, after which the spacing is reduced or structure fails,
marked as the grey regions in Fig. 3. It can be seen that as the
length of the crosslink increases from C1 to C3, the stiffness
decreases and so does the applied tensile strain required to
shear the crosslink to the upward configuration with the peak
value of interlayer spacing.

For filtration and separation applications of GMs, the mole-
cular sieving effect plays a central role in selecting the species
to be permeable and determining their permeation rates,
which decrease at reduced interlayer spacing (Fig. 4a).>?
Recent studies on the GO membrane reported that the ionic
permeation rates of Na" and K' demonstrate the exponential
dependence on the interlayer spacing, and decrease by two
orders of magnitude as the interlayer spacing is reduced from
9.8 A to 7.4 A. In this experiment, spacing control is estab-
lished by tuning the relative humidity, where the GO sheets

a b 16— T T T T T T
:(:9 Be> A upper limit
L& ME o v lower limit A
< E 8 & s
— graphene = .| o Pid 4
© Na* g2y | v £ e
oCr § ;; 7 Na \:LEE" - -
a | K CS P 4
e H,0 e 1 2 3 4
[} lonic diameter ()
) - c3
I P 1
= -
-7 c2
F - v -
. -
PO b
9T ]
L . \ . L . .
2 4 8

6
Length of cross-links (b)

Fig. 4 The critical ranges of interlayer spacing in molecular-sieving
processes. (a) The size-sieving mechanism in water desalination. (b) A
summary of the hydrated ionic diameters and the range of strain-con-
trollable interlayer spacing in the GMs as proposed in this work. The
upper and lower limits correspond to the range of interlayer spacing
tuned through strain (Fig. S1). The critical size range in molecular
sieving is covered by the strain-engineering approach.
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are encapsulated in an epoxy film for stabilization.® In an
aqueous environment, the ion-water interaction results in the
formation of a hydrated M*'(H,0),, complex with n water mole-
cules in the solvation shell of the M*" ion, the size of which
determines its permeability in the nanochannels. Fig. 4b sum-
marizes the values of strain-controlled interlayer spacing #,
which increase with the length of cross-links and range from 4
to 14 A through C1-, C2- and C3-cross-linking. This range
covers critical sizes of hydrated ions in the molecular sieving
processes for water desalination (Fig. 4b, inset).> Moreover,
the covalent nature of these cross-links maintain the structural
and mechanical stabilities upon hydration and strain engin-
eering, as the shear strain between graphene sheets is well
below the tensile strain to failure (Fig. 3). In addition, cross-
linking densities can also be tuned to optimize the mechanical
performance such as stiffness, strength and resilience by bal-
ancing the intralayer and interlayer load transfer.>°

Conclusions

In summary, bio-inspired graphene-derived membranes are
designed in this work, with graphene sheets bonded by
covalent interlayer cross-links. The rotation of cross-links
results in the change of the interlayer gallery upon applying
interlayer shear, induced by tensile strain applied to the mem-
brane. This phenomenon can also be considered as a negative
Poisson’s ratio effect that has raised interest recently.’*>” Our
first-principles calculations and model analysis demonstrate
that the interlayer spacing of the membrane can be well con-
trolled and tuned in a critical range of tensile strain, which is
highly promising in molecular sieving based filtration and sep-
aration applications, while the structural integrity and stability
are well preserved at the same time.
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Figure S1 The relation between interlayer spacing and shear strain calculated from DFT

calculations, for supercells with three types of interlayer cross-links (C1, C2 and C3).
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Figure S2 The interfacial shear strength for graphene sheets cross-linked by C1, C2 and

C3 structures, respectively.
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Figure S3 The shear force-strain relation calculated from DFT calculations for graphene

sheets cross-linked by the C2 cross-links that rotate clockwisely and anticlockwisely,

respectively.



RVE

cross-links

Figure S4 A schematic illustration of the RVE used in the DTS model, where graphene

sheets are crosslinked.



	Bio-inspired graphene-derived membranes with
	Bio-inspired graphene

	Button 1: 


