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Graphene oxide based ion-sieving membranes for water purification
Michat Maciatowicz

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

Graphene oxide (GO), a promising two-dimensional (2D) material, has attracted
much attention in membrane filtration techniques such as selective ion filtration
and contaminant removal in water treatment. However, its versatility is limited by
the fact that GO-based membranes tend to swell when submerged in water. This
swelling behaviour will lead to an expansion of the 2D interlayer space, resulting
in their inability to block particles in subnano-scale. In this thesis, | studied the
modification of GO membrane to fine-tune the 2D interlayer distance and tested the
ion-selectivity behaviour of modified GO membrane in lithium ion extraction appli-
cations. The impact of functional groups on GO membrane was evaluated by X-ray
di [raction, Raman spectroscopy, and scanning electron microscopy measurements.
This work will provide a simple strategy in the development of emerging filtering
materials for water purification applications.
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Introduction

The rst successful synthesis of graphene reported in 2004 [1] was without a doubt
a milestone in the area of nanotechnology. The signi cance of this discovery lies in
the fact that, for the rst time, it proved experimentally the possibility of creating
thermodynamically stable Ims with a sub-nanometer thickness. This possibility
opened up the way for the development of other two-dimensional (2D) materials.
These nanomaterials have many exciting potential applications, including eld-e ect
transistors, gas sensors, high strength composites and many others [2].

Graphene oxide (GO) is one of many such 2D materials developed in recent years.
Unlike its "parent-material” graphene, GO is hydrophilic. This makes it much easier
to handle for many applications, speci cally - membrane preparation. When akes
of GO are stacked on top of each other, they form nanochannels, with interlayer
spacing reaching sub-nanometer values [3, 4]. Molecules with sizes larger than the
interlayer spacing cannot easily penetrate such barrier which leads to the possibility
to develop membranes capable of precise and e cient sieving of molecules as small
as few angstroms [4, 5]. These type of devices show great promise and have been
tested in variety of di erent uses, such as power generation [6], managing nuclear
waste [4], water desalination and puri cation [5, 7, 8], proton conductors [5], energy
storage [5], gas separation [5] and ion separation [5].

It is important to note however, that GO membranes submerged in an aqueous solu-
tion tend to swell up, increasing their interlayer spacing to 13A [3, 5]. This makes

it impossible for pure GO membrane to block out sub-nanometer particles dissolved
in water and hinders the potential application of such membranes in separation of
smaller ions. To remedy this problem, various modi cation methods are being inves-
tigated with the goal of increasing stability of GO membranes and creating e cient
ion-sieving devices.

1.1 Background

With the environmental concerns growing ever stronger, there is a large push in the
transition from conventional to electric vehicles. It is expected that by 2030, 7% of
all vehicles present on the roads will be electric. Moreover, this ratio is expected
to increase even further, reaching a situation in which half of the vehicles become
electric in 2040 [9]. This in turn must naturally lead to an increase in the demand
for batteries necessary to power so many cars.

One example of batteries which are considered to be the right candidate for this
purpose are lithium iron phosphate (LFP) batteries. This choice is motivated by
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1. Introduction

their excellent properties ranging from high theoretical capacity and energy density
to high reversibility and thermal safety [10]. However they still have a limited
lifetime and eventually need to be exchanged for new ones and recent forecasts state
that the number of depleted lithium-ion battery packs per year will reach 1 000 000
in 2030.

Lithium is considered to be the most valuable element present in LFP batteries [11].
However, current techniques for lithium extraction are mainly based on hydrometal-
lurgy treatment, which needs harsh chemicals and consumes large amount of water
during the process. Moreover, it can bring potential contamination to the aquatic
ecosystem. Therefore, improving the processes used to extract it, either from nat-
ural sources or depleted batteries, is going to be a vital task moving forward. To
that end, the ion separation capability of graphene oxide membranes appears to be
a promising avenue for research.

1.2 Scope and overview

The main purpose of this thesis is to study the modi cation of GO membranes
to ne-tune the 2D interlayer distance. Additionally the ion selectivity behaviour
of modi ed GO membranes will be tested in lithium ion extraction applications.
The e ects of several modi cation methods on the membrane properties will be
investigated and compared between one another. The aim is to establish which of
them is best suited for the aforementioned extraction application.

The lithium ion extraction capability will only be studied on a laboratory scale,
l.e. in the milliliter range. No experiments scaled-up to the level of liters will
be performed to prove the usability of presented method in practical conditions.
Measurements of occurring to membrane properties after multiple cycles of operation
were also not performed.



2

Theory

2.1 Graphene

In order to give a good explanation of the properties and behaviour of GO, it might
be a good idea to rst talk a little bit about its "parent material” - graphene.
Graphene is one of the allotropic forms of carbon, just like fullerenes, diamonds
or graphite. Actually, graphene has a lot in common with graphite, since, strictly
speaking, graphene in its pristine state is a single, atomically thin sheet of graphite.
In order to better illustrate the relation between graphene and graphite, several
graphene sheets stacked on top of each other forming graphite are depicted in Fig-
ure 2.1.

Figure 2.1: The relation of graphene to graphite. (2009). CC BY-SA 2.5 [12]

Carbon atoms in graphene are arranged in a hexagonal lattice, often likened to
a "honeycomb” or "chicken-wire" structure. These atoms are bonded together by
strong bonds with a length of0:142nm [13]. The remarkable mechanical strength,
a Young modulus ofl:0 0:1 TPa and an ultimate tensile strength 0f130 10 GPa, of
graphene is attributed to the presence of these exact saméonds [14]. The bonds
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2. Theory

between carbon atoms are created b¥s, 2p, and 2p, electron orbitals hybridized
into sp? hybrid orbitals [13], which accounts for 3 out of 4 valence electrons of
graphene. The last one, in the form of a orbital, can move freely along a graphene
sheet, and is responsible for its electronic properties [13]. These properties include
not only an electrical conductance ofl(® S/cm but also occurrence of a quantum
Hall e ect and electrons behaving as massless Dirac fermions [14]. For clarity, the
structure of hybridized orbitals in graphene are shown in Figure 2.2.

Figure 2.2: Hybridized orbitals present in a graphene sheet. (2020). CC BY-SA
4.0 [15]

2.2 Graphene oxide

Now, with the better understanding of the nature of graphene, we can start talking
about GO, the main material of interest for the purpose of this thesis. As its name
suggests, GO is an oxidized form of graphene. Strongly reactive, oxygen-containing
functional groups bind to the hexagonal lattice, introducing defects into the crystal
structure. An example of what a graphene oxide structure can look like is shown
in Figure 2.3. Many theoretical models have been put forward with the aim of
describing exactly what types of defects are produced in this manner. These include
carbonyl, carboxyl and hydroxyl groups. They can be present at the edges of the
materials as well as randomly distributed on its surface disrupting the aromatic
structure [16]. Additionally, some of the newer models account for the possibility of
hole defects present due to over-oxidation [16].

One of the most important properties of 2D materials is the fact that majority of
their atoms, or in the case of graphene and GO all of their atoms, are present at
the surface. This means that surface functionalization can drastically change all of
their properties, which is very di erent to how more conventional 3-dimensional bulk
materials operate. In the case of graphene, the presence of defects is caused by the
oxidation. While GO is actually an insulator [18] and its Young's modulus drops to
below500GPa [19, 20]. Moreover, some of its most exotic properties, e.g. quantum
Hall e ect are no longer being reported in sheets with as many defects. However, this
does not mean that GO is an inferior form. The high speci c surface area remains
close to graphene [21]. Moreover, in exchange for the properties that GO looses due
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2. Theory

Figure 2.3: Chemical structure of graphene oxide (GO). (2012). Public Domain
via Wikimedia Commons. [17]

Three di erent functional groups which can be present in GO sheets are: A) epoxy
group B) hydroxyl group C) carboxyl group.

to defects in the crystal lattice, it becomes much more chemically active. Unlike the
purely aromatic graphene, many defects present on the GO o er an opportunity for
easy functionalization with a variety of chemical groups. Additionally, GO becomes
hydrophilic, making it possible to be prepared and handled in an aqueous solution
with ease.

The measurable spacing between layers also increases upon oxidation. While single
layer graphene sheets are usually reported to be separated by a distanc@:885nm

[22], GO sheets increase their distance up t00:8 nm [5]. This increase in thickness,
combined with hydrophilic nature of oxygen containing groups, form the foundations
for the most common approach to GO synthesis, the so-callédlimmers' method
[23]. This method consists of 2 distinct steps. Firstly, graphite crystals are treated
with strong oxidizing agents. This, as explained above, introduces oxide groups in-
between the sheets of graphite, causing the material to expand. This procedure forms
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2. Theory

Table 2.1: Hydrated atomic radii of some selected ions [26].

lon Hydrated radius (nm)
K* 0.331
Li* 0.382
Ni2* 0.404
cu® 0.419
Co** 0.423
Mg?* 0.428
Mn?2* 0.438
Fe** 0.457
Al® 0.475

an intermediate material known as graphite oxide. Next, graphite oxide is exfoliated
into GO form. Because the distance between the graphite oxide sheets increases
compared to graphite, the interactions keeping the material together weaken, making
the exfoliation process to require much less energy [24]. Thanks to the hydrophilicity
of GO, liquid phase exfoliation in water does not run into the risk of reaggregation
of akes, which can happen during the exfoliation of graphene. Because of the low
cost and ease of large scale production of GO it is often also used as a precursor in
the production of reduced graphene oxide - an intermediate for of material between
graphene and graphene oxide.

2.3 lon-sieving membranes

As was alluded to in previous sections, when sheets of a 2D material are stacked on
top of one another, thin channels, whose sizes can reach sub-nanometer level, are
formed between them. Thesaanochannelsas they are sometimes called, can be uti-
lized to construct the eponymous ion-sieving membranes. A qualitative explanation
of the mechanism responsible for the ion-sieving behaviour is rather straightforward.
Its foundation lies in the size exclusion e ect, also known as a steric exclusion e ect.
It means that molecules, whose diameters are larger than the interlayer distance
will nd it much more di cult to traverse the membrane. This principle has been
shown to work well for example in gas separation applications [5].

In the case of ions in an aqueous solution, the situation becomes a little bit more
nuanced. This is because of an e ect calleldydration which can happen to ions.
Due to their non-neutral electrical charge, ions in water experience electrostatic
interaction with water molecule dipoles. This interaction causes the water dipoles
to arrange themselves around the ions in a shell-like manner, e ectively increasing
their radius [25].

A comparison of hydrated radii of a few selected ions is presented in Table 2.1

To explain it further, ion hydration is an e ect reminiscent of the formation of double
layer upon the presence of surface charge. When ions of a crystalline salt separate,
the dipoles of water cluster around each one of them, forming the aforementioned
shells. These shells screen oppositely charged ions from attractive forces which would
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2. Theory

normally cause them to coalesce back together [25].

Notably the hydrated ions can pass through a membrane even when their hydrated
radius is larger than the interlayer distance of the lamellar structure. This can
happen thanks to a so-callegpartial dehydration [27]. Some or all of the water
molecules can get detached from the ion-water complex upon its entry into the
nanochannels. This means that even if a size of a nanochannel is xed to be lower
than the hydrated radius of an ions which are desired to stop, some of them can still
traverse the membrane. There is however an energy barrier to this process, provided
by the lowering of potential energy which occurs when ions and water molecules come
close together forming a hydrated complex. Due to this, ions with higher amounts
of charges are expected to need more energy in order to traverse such membranes
[28]. Additionally, it has been shown by molecular dynamics simulations that the
permeation rate should scale exponentially with decreasing channel size [28].

While the steric exclusion is considered to be the main factor responsible for slowing
down the permeation rate of ions [3, 29], it turns out, that the rejection performance
of membranes based on 2D materials is also dependent on another e ect. The sieving
of ions happens not only because of their size, but also due to their electrical charge
[29, 30]. Analogously to biological ionic channels, the presence of electrical charge
exerts repulsive force on incoming ions of the same sign [30].

2.4 Swelling

Now that both the material itself as well as membranes' principle of operation have
been su ciently explained, the time has come to tackle the main issue, rst men-
tioned in the introduction section. Unfortunately, it turns out that the same hy-
drophilic nature of GO which made it easier to synthesise and handle is actually a
double-edged sword when it comes to ion sieving membranes. The a nity of water
molecules towards the oxide groups causes the former to penetrate deep into the
lamellar structure, as depicted in Figure 2.4.

The amount of water which accumulates inside nanochannels is enough to force the
GO sheets apart, increasing the interlayer spacing. According to the de nition, such
expansion caused by an uptake of another substance is calldelling [32]. This
property to expand when submerged under water has been the reason why preparing
membranes with su ciently small spacing to exclude ions has been challenging [5].
Tendency to swell is so characteristic of GO, that some authors have suggested to
use this property as a de ning trait, distinguishing GO from less functionalized
derivatives of graphene which do not uptake water [32].

A typical distance between GO sheets stacked on top of one another is equal®A

[3]. However, as was explained in the introduction, swelling can cause it to increase
upto 13A[3]. Comparing this value with the hydrated radius presented in Table
2.1 makes it clear that membranes expanded in this manner no longer posses the
ability for steric exclusion.

Notably, this swelling behaviour is not unique to GO. As a matter of fact, it is

a common problem in membranes assembled from 2D materials [27]. It occurs
whenever we are dealing with with atomically thin, hydrophilic sheets stacked on top
of each other. For example, oxygen terminated MXenes face the same adversity [27].

7



2. Theory

Figure 2.4. Snapshot of graphene oxide in liquid water from molecular dynamics
simulation. (2020). CC BY 2.0 [31]

Therefore, nding e ective methods of increasing membrane stability and tuning the
interlayer distance to the correct size is crucial in development of ion-sieving devices
from such materials.

2.5 Swelling prevention

A possible approach to address the pressing issue of nanochannel expansion is to
utilize crosslinking. The idea is to decorate GO sheets with additional functional
groups with the aim of connecting them at a xed distance and preventing them
from swelling under water. Naturally, any such binding will have to be strong
enough to overcome the hydrogen bonding between the water dipoles and oxide
groups of the GO. To that end, some approaches utilizing covalent functionalization
have already been reported [33]. Using density functional theory simulations Yuan
et al. [33] managed to show that GO sheets functionalized with polyethylenimine

8



2. Theory

connect with each other through a network of hydrogen bonds. These bonds make
them stable in the presence of water.

Another approach is to intercalate a GO membrane with metal ions. Using molecular
dynamics simulations, Chen et al. [5] managed to show that hydrated cations can
play a role of a crosslinker. These positively charged ions travel towards places
on the GO sheet where aromatic rings meet the oxide groups. The water molecules
surrounding the cations form hydrogen bonds with GO sheets which were calculated
to be around 30 times stronger than those formed between GO sheets and pure
water. Moreover, this crosslinking behaviour is intensi ed bycation- interactions

[5]. They are based on electrostatic attraction between positively charged cation and
a negatively charged electron cloud of the aromatic structure. Much like hydrogen
bonding and stacking, cation- interactions are an example of a non-covalent
interaction. As a matter of fact, cation- interactions are considered to be the
strongest of these 3 types [34]. This makes them a promising strategy to counteract
the swelling behaviour mediated by hydrogen bonds.

Additionally, cation intercalation provides and additional advantage. By lling the
GO nanochannels with positively charged ions, it introduces a repulsive force to-
wards other ions with the same charge. This happens even though the nanochannels
were originally negatively charged [3].
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