Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 September 2020. Downloaded on 4/2/2026 10:26:19 PM.

[{ec

7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Swelling properties of graphite oxides and

’ '.) Check for updates ‘
graphene oxide multilayered materials

Cite this: Nanoscale, 2020, 12,
21060 L
Artem lakunkov* and Alexandr V. Talyzin (2 *

Graphite oxide (GtO) and graphene oxide (GO) multilayered laminates are hydrophilic materials easily
intercalated by water and other polar solvents. By definition, an increase in the volume of a material con-
nected to the uptake of a liquid or vapour is named swelling. Swelling is a property which defines graphite
oxides and graphene oxides. Less oxidized materials not capable of swelling should be named oxidized
graphene. The infinite swelling of graphite oxide yields graphene oxide in aqueous dispersions. Graphene
oxide sheets dispersed in a polar solvent can be re-assembled into multilayered structures and named
depending on applications as films, papers or membranes. The multilayered GO materials exhibit swelling
properties which are mostly similar to those of graphite oxides but not identical and in some cases sur-
prisingly different. Swelling is a key property of GO materials in all applications which involve the sorption
of water/solvents from vapours, immersion of GO into liquid water/solvents and solution based chemical
reactions. These applications include sensors, sorption/removal of pollutants from waste waters, separ-
ation of liquid and gas mixtures, nanofiltration, water desalination, water-permeable protective coatings,
etc. Swelling defines the distance between graphene oxide sheets in solution-immersed GO materials
and the possibility for penetration of ions and molecules inside of interlayers. A high sorption capacity of
GO towards many molecules and cations is defined by swelling which makes the very high surface area of
GO accessible. GtO and GO swelling is a surprisingly complex phenomenon which is manifested in a
variety of different ways. Swelling is strongly different for materials produced using the most common
Brodie and Hummers oxidation procedures; it depends on the degree of oxidation, ad temperature and
pressure conditions. The value of the GO interlayer distance is especially important in membrane appli-
cations. Diffusion of solvent molecules and ions is defined by the size of “permeation channels” provided
by the swelled GO structure. According to extensive studies performed over the last decade the exact
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value of the inter-layer distance in swelled GO depends on the nature of solvent, temperature and
pressure conditions, and the pH and concentration of solutions and exhibits pronounced aging effects.
This review provides insight into the fundamental swelling properties of multilayered GO and demon-

rsc.li/nanoscale strates links to advanced applications of these materials.

materials and composites''™* since it can be easily dispersed

in water, reduced and functionalized in many different

1. Introduction

Graphite/graphene oxides have been the subject of tens of
thousands of studies over the past decade. Initially the interest
in these materials was mostly due to the possibility to convert
them into graphene using thermal or chemical reduction."?
However, graphene oxide (GO) itself emerged over the recent
years as an advanced material for many applications. For
example, a lot of research was recently performed with multi-
layered GO laminates cited as thin films,>” papers®” or
membranes®*° depending on specific applications. GO is also
used as a precursor for preparation of many other new
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ways.'>'® Swelling is one of the key properties of graphite
oxide (GtO) and GO multi-layered materials. For example most
often the chemical functionalization of GO is done in aqueous
solutions or in solutions prepared using other polar solvents.
Therefore the relationship of graphite oxides and graphene
oxide with water and other polar solvents is of key importance
for using them in many applications.

In fact, swelling of GO materials is the property which
makes them so unique. Water easily penetrates between GO
planes expanding the structure, while it is impossible in gra-
phitic materials. Dispersing graphite oxide in water to produce
GO is in fact swelling with infinity as an inter-layer distance.
Swelling enables the expansion of the graphite oxide structure
which allows the penetration of reacting ions, molecules and
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polymers into the inter-layers and exposes both the surfaces of
each GO sheet to chemical modification reactions. A high
surface area in the water-swelled state makes graphite/gra-
phene oxides very efficient adsorbents with potential appli-
cations in removing toxic contamination and waste water
treatment.'”>° Swelling of multilayered GO assemblies is also
a key property enabling their membrane applications.*!
Research related to using multilayered graphene oxide mem-
branes (mostly cited simply as GO membranes) has exploded
in the last 5 years demonstrating many possible applications,
e.g. in separation of gases, liquids, nano-filtration and desali-
nation.>” Expansion of the GO lattice due to swelling in polar
solvents (most importantly water) enables the formation of
“permeation channels” and defines the permeation properties
of the membranes.'®*"** It is clear that the progress in using
graphite/graphene oxide in many applications depends on the
good understanding of swelling properties and the relation-
ship between these materials and various solvents.

Fundamental research of GtO swelling and applications has
shown significant progress over the past years, but this knowl-
edge was not always used in application driven studies. It can
be partly explained by the absence of review papers which
connect fundamental and applied research related to the swell-
ing of GtO and GO. Many review papers have been published
about GO until now, describing a broad range of general or
highly specialized subjects, for example chemistry,'>** electro-
chemistry,'®  structure and  preparation  methods,*
reduction,”®”” biocompatibility and other biology related
subjects,”®?° graphene oxide based composites,® specific
types of GO materials or applications.'®*!'* Several mono-
graphs including many review papers have been published
about graphite and graphene oxides.>* However, to our knowl-
edge no focused review paper on the swelling of graphite oxide
and related materials is available.

The main purpose of this review paper is to summarize the
academic research related to the swelling of GtO and GO mul-
tilayers reported in many studies and to provide links to most
important applications of these materials. In fact, the history
of GO swelling research accounts for over 100 years with many
very interesting studies undeservingly forgotten and rarely
cited. Therefore, this review will start with historical introduc-
tion followed by an overview of academic research performed
in modern times (last 15 years) and demonstration of links
between swelling properties and using GO as an advanced
material for many applications. More detailed focus on mem-
branes is motivated by the critical need to control the swelling
of these materials for key applications.

2. Discovery of graphite oxide, and
the basic information about synthesis
methods and structure

Graphite oxide has been known for over 150 years and studied
extensively long before it started to be considered as a “gra-
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phene-related” material. Many of the early studies of GtO are
undeservingly forgotten, and others are rarely cited and not
known to broader audience. As a result, many of graphite
oxide properties have been re-discovered again independently
in recent years while they were actually reported tens or even
hundred years earlier. In fact, most of the important pro-
perties of graphite oxides were well known already by the
end of the 1960s.>* As noted by one of the pioneers of GO
research in modern times, A. Lerf: “most workers active in
the field of GO research since 2005 are just preparing foot-
notes to the seminal works of Kohlschiitter, Hofmann and
Boehm”. Most remarkably, early observations of graphene
oxide and graphene have been reported in papers authored
by H.P. Boehm®**® about 50 years before the “graphene revo-
lution” initiated by the studies of A. Geim and K.
Novoselov.>” Moreover, it should be remembered that H.P.
Boehm not only coined the name “graphene”, but also
officially registered it in the international registry of
materials TUPAC.

The difficulty in finding relevant old papers is not only
limited to the absence of on-line access to old and sometimes
not existing anymore journals, but also due to the fact that
several other old names have been used in the early years. The
name “graphite oxide” is found starting only from the 50s,
earlier it was most often cited as “graphitic oxide” or “graphitic
acid”. Another obstacle to learning from early papers is that
many of those were published in German language and have
not been translated to English until now.

The purpose of this section is to give a credit to the pio-
neers of graphite and graphene oxide research with
references to new studies which allows us to purify knowledge
verified by time. It also introduces the reader to some basic
knowledge of the graphite oxide structure and properties
useful as a starting point for learning about these largely excit-
ing materials.

The discovery of graphite oxide was reported in 1859 by B.
C. Brodie.®® He believed graphite to be a new chemical
element. This hypothesis was obviously not correct, but
Brodie’s attempt to oxidize graphite had resulted in the syn-
thesis of a new material. Repeated oxidation of
graphite using a mixture of fuming nitric acid and sodium
chlorate followed by washing with an excess of water
yielded light yellow coloured powder consisting of transparent
plates. This procedure will be named Brodie’s in the following
text.

Keeping in mind that no spectroscopy or diffraction
methods have been known at the time of Brodie’s research, his
paper provides amazingly precise analysis of the material.
Brodie reported the following chemical composition of the
new material: 67.70% carbon, 30.37% oxygen and 1.84%
hydrogen after two oxidation cycles. The C/O ratio of 2.23
reported by Brodie in 1859%% is remarkably close to modern
estimations provided in 2004 in the study by T. Szabo et al
where C/O = 2.22 was found for Brodie graphite oxide syn-
thesized using the same procedure after two oxidation
cycles.*®
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This first study of graphite oxide also reports some pro-
perties which made this material exciting for 2D chemistry
and physics. In particular, Brodie reports that his new material
explodes upon heating in air or in nitrogen or can be decom-
posed using deoxidized agents. He even performed thermal
reduction of GO in a mixture of hydrocarbons with high
boiling points at 270 °C. Both thermal and chemical methods
of GO reduction are currently very popular to produce pow-
dered reduced graphene oxide (rGO)> often simply cited as
“graphene”. However, already Brodie paper states that
reduction is not complete and the analysis of reduced samples
showed a C/O of ~4.3.>® Complete removal of oxygen func-
tional groups from graphene oxide without breaking the C-C
bonds remains to be a challenging problem even in modern
times.

The chemical properties of the new substance reported in
Brodie’s pioneering study included the formation of jelly in
liquid ammonia and “combining with alkalies” thus providing
the very first indication of swelling.*® Brodie also noted that
his new material is acidic in nature, which gave the name “gra-
phitic acid” or “Graphitsdure” in German in many followed
publications.

A lot of later studies were focused on “improving” the
Brodie oxidation procedure which required several oxidation
cycles and largely considered as dangerous. In fact, later
studies revealed that using different synthesis methods results
in graphite oxides which are close relatives but not the same
materials with a large variation of properties depending on the
details of preparation and oxidation degree.

L. Staudenmaier (1898) used a mixture of concentrated sul-
phuric and nitric acids with KCl105.*° In this way the final GO
could be produced in one oxidation cycle. Many other pro-
cedures for oxidation of graphite were also tested at the time*"
but only one became very popular. The new method proposed
in 1958 (patented one year earlier) by W.S. Hummers and R.E.
Offeman was the oxidation of graphite to graphite oxide by
treating graphite with a water-free mixture of concentrated sul-
furic acid, sodium nitrate and potassium permanganate.*>
This method was in modern times used in many
modifications®*™**  which involve different proportions
between reagents, more precise control of temperature in the
process of reaction®® or addition of various other reagents (e.g.
phosphoric acid®’). It should be noted that most of the syn-
thesis “improvements” were aimed at more easy dispersion of
graphite oxide in water for subsequent reduction to produce
graphene.*®*?

Currently all these modifications are commonly named the
“Hummers” or “modified Hummers” method. Most of the
studies published about “graphite oxide” during the past
decade were performed using the material prepared by
Hummers method and only relatively few with Brodie GO. The
name “graphite oxide” is used for all materials independent of
the method of preparation, including Brodie, Staudenmaier
and Hummers oxidations with all variations.

Many studies have contributed to a better understanding of
the graphite/graphene oxide structure over the past 100
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years.’>>' However, the structure of graphite oxides remains
somewhat uncertain. The “true structure” of graphene and
graphite oxide was debated in tens if not hundreds of
studies,”>>® very often performed using only one kind of
material prepared by certain method (most often Hummers™*
or Brodie®®*®) with a specific degree of oxidation and different
precursors. However, it also became clear that the properties
of graphite oxides are significantly dependent on the method
of preparation, e.g. thermal exfoliation temperatures,®”®
swelling,>® %> the mechanical strength of individual flakes,*®
the sorption of polar solvents® and the sorption capacity
towards radionuclides.?

In fact, graphite/graphene oxides are a family of materials
with a strong variation in the degree of oxidation and the
relative amounts of various oxygen functional groups.’®°
The structure of graphite oxide depends also on the type of
graphitic precursor.’”®® Moreover, the composition of GO is
affected by ageing effects when stored in air.””®® There is
also a very strong difference between the swelling properties
of graphite oxides produced by Brodie and Hummers oxi-
dation as will be discussed below in this review in more
detail.’®*® Therefore, it is an opinion of authors that no
single “true” molecular structure can be proposed for all
graphite oxides.

The detailed review of all structural studies related to
graphite and graphene oxide is outside the scope of this
review. Here we describe briefly only some general properties
which are common for all kinds of graphite oxides and
important for the understanding of swelling. Oxidation of
graphite by all the abovementioned methods results in the
addition of several types of functional groups on the gra-
phene oxide planes, most importantly hydroxyls and epoxy
groups, while carboxyls and carbonyls are the main function-
alities on the edges of flakes."””* The presence of many
other oxygen functional groups was also reported for
different types of graphene/graphite oxides, e.g. phenols,
ketones, enols etc. The oxygen functional groups are ran-
domly distributed over the planes formed by the graphene
skeleton. The non-stoichiometric composition of GO in com-
bination with complete disorder in the positions of oxygen
groups is common for all kinds of graphite/graphene
oxides.?>*"”%7! Graphite and multilayered GO laminates typi-
cally show a layered structure with the interlayer distance
increased to ~6-8 A (ref. 21 and 72) compared to ~3.3 A in
precursor graphite.””> The expansion of the distance between
graphene layers due to oxidation is one of the most impor-
tant parameters of the GO structure which correlates with
swelling properties. Swelling is not observed in graphitic
materials as water does not penetrate between hydrophobic
graphene sheets.

We consider swelling as the key property of graphite oxide
or graphene oxide in stacked multilayered laminates which
makes it distinct from many other kinds of oxidized graphitic
materials or oxidized graphene. In the absence of swelling the
materials need to be named “oxidized graphene” or “oxidized
graphitic carbon”.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr04931j

Open Access Article. Published on 10 September 2020. Downloaded on 4/2/2026 10:26:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

The simplest definition of graphite oxide is as follows:
“Graphite oxide is a hydrophilic layered material prepared
by oxidation of graphite and showing swelling in polar
solvents”.

3. Early studies of graphite oxide
swelling

In general, swelling might refer to rather different phenomena
related to the sorption of water and the increase in the volume
of materials. In this review we focus on intra-crystalline swell-
ing related to the change in the crystal structure of the
material caused by water or other solvents. That is distinct
from intercrystalline swelling which keeps the crystal structure
unchanged with the sorption of the liquid between the crystal-
lites. Intracrystalline swelling is rather common in layered
materials.”*”> It is well known that many clay minerals, e.g.
montmorillonites, kaolinites, and bentonites, swell in water
with expansion of the inter-layered distance due to the sorp-
tion of water between 2D layers.”®”® Clay minerals are some of
the most common in nature making the swelling everyday
experience in our life, e.g. when the ground road becomes
muddy after the rain.

It is little known and rather surprising that intracrystalline
swelling was discovered first in the exotic laboratory-synthesed
material graphite oxide.””®" Rather detailed studies of the
graphite oxide structure, chemistry and reduction were per-
formed by U. Hofmann in 1930-1934.”%%"52 (Fig. 1). His study
from 1934 became recently available in English translation.®!
Surprisingly, it reports almost all the most important effects
observed in GO due to swelling and remains one of the most
complete and precise studies of swelling even in modern
times. Unfortunately this study has been almost forgotten over
time and many facts reported by Hofmann et al. have been re-
discovered only during the past 15 years.
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Swelling of graphite oxide was found in this study to occur
both due to the sorption of water from vapour and in liquid
water. Quantitative evaluation of water sorption as a function
of air humidity was combined with XRD analysis providing
remarkably precise results even considering it 90 years later.%'
Graphite oxide was found to absorb water proportional to
humidity (up to ~40% by weight) with a simultaneous increase
in inter-layer distance from 6.09 A at zero humidity up to
10.75 A. Hofmann et al. reported the heat of swelling as +19.2
cal ¢! and estimated that water molecules can form two
monolayers between the neighbouring lattice planes of graph-
ite oxide. According to the experimental results some water
(~10%) is present in the graphite oxide structure even at zero
humidity and the maximal swelling in neutral water corres-
ponds to the monomolecular film of water on both sides of
graphene oxide sheets. However, the change in the interlayer
distance occurs continuously as a function of water vapor
pressure. This observation was rather puzzling at the moment
considering that insertion of the water layer is supposed to
change the inter-layer distance by minimum the size of the
water molecule (~2.5 A). A complete water sorption isotherm
of graphite oxide and the correlation between water content
and inter-layer distance was recorded also by J. C. Derksen and
J. R. Katz in 1934.% This study was also first to report a
remarkable pH dependence on swelling for GO in water.

Fig. 2 shows no certain values for d(001) in the pH interval
7-13% reflecting a remarkable property of graphite oxide to
disperse spontaneously producing single graphene oxide
sheets. It can also be considered as ultimate swelling with
infinity as a value for the interlayer distance. The formation of
colloids and gels in the GtO water system was studied also in
several other early studies.®® The possibility to produce disper-
sions with single layered graphene oxide in a basic solution is
rather appreciated in modern times as a method to avoid
defect-inducing mechanical treatments.*> To our knowledge
the study by J. C. Derksen and J. R. Katz in 1934% is the first
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Fig. 1 Sorption of water by graphite oxide measured in wt% and as a function of humidity (mm Hg). The table which relates the amount of absorbed

water and the interlayer distance as a function of humidity.®*
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Fig. 2 Inter-layer distance value provided by d(001) from XRD experi-

ments as a function of pH.8% Graphite oxide spontaneously disperses
into graphene oxide for the interval of pH marked as “peptisation.

one to report swelling in the water solutions of various salts:
nitrates, cyanides, iodides, bromides, chlorides, sulphates and
chlorates. Using the same 2 M concentration of salts they
demonstrated a significant difference in swelling with the
range of inter-layer distance values within 10.19-14.6 A.

Unfortunately this study has been well forgotten over the
years which leads in modern times to an incorrect but widely
publicized assumption that multilayered GO membranes swell
in all solutions exactly the same as in pure water. The “ultra-
precise” filtration by the size of ions was claimed based on the
incorrect assumption that swelling Is not influenced by the
nature and concentration of salts in solutions.®® J. C. Derksen
and J. R. Katz in 1934*° reported also the first study of GO
swelling in water-alcohol binary mixtures. It was also comple-
tely forgotten (the study is in German) over the years and re-
discovered independently by one of the authors of this review
about 80 years later.®”
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Hofmann et al.®" reported also rather detail study of graph-
ite oxide thermal deoxygenation which includes the estimation
of swelling in water, conductivity and the chemical analysis of
the C/O composition for the GtO material annealed at
different temperatures. Remarkably for the very early study of
GtO thermal reduction, the data for swelling of thermally
reduced GtO vs. C/O ratio remain unique even in modern days.

The C/O = 3.5 of pristine GtO in this study was relatively
large for modern oxidation methods. The change in the inter-
layer distance due to water swelling was 3.5 A at ambient temp-
erature. Annealing at 850 °C resulted in a decrease of inter-
layer distance from ~6 A for the pristine material down to the
value typical for graphite. The most important for this review
part of Table 1 provides the relationship between the compo-
sition of GO and its ability of swelling. The GtO annealed at
160 °C results in C/O = 4.25 and shows a somewhat smaller
interlayer distance of 5.76 A in the dry state but keeps original
swelling properties with 10 A inter-planar distance in water. An
abrupt change in swelling properties is found for samples
heated at higher temperatures. The swelling is almost negligi-
bly small for materials with a low oxidation degree C/O > 5 and
completely disappears for the sample with C/O = 8.5. Since the
hydrophilic properties of GO are provided by oxygen function-
alities, it is expected that removing oxygen will result in more
and more hydrophobic materials until graphitic carbon is pro-
duced. The Hofmann et al. study provides the first estimation
for the range of C/O ratios which allow swelling in water.®"
Considering the definition of graphite oxide as a material
capable of swelling, the materials with C/O > ~7 must be con-
sidered as oxidized graphite or in the case of single layers as
oxidized graphene.

Active studies of graphite oxides and their swelling pro-
perties continued in the 1930-60s>*®*® including more and
more methods, e.g. the first (to our knowledge)®® electron
microscopy images revealing a few layered GO flakes date back

Table 1 Analysis of the set of GO samples annealed at different temperatures up to 850 °C. The table reports the composition of each sample, C/O
ratio, interlayer distance in A for moisture free conditions and in the saturated swelling state. The last two columns on the right side report also the
resistivity of the annealed materials. Reproduced from ref. 81. Note that the reflection cited as (002) by Hofmann et al. is indexed as (001) in modern

studies due to absence of ordering of GO layers

Spec. Resistance

Cal per g graphitic  CalpergCin d(002) d(002) Dry Wet
Step Temp. %C  %H,0 %Ash %0, C:0 acid graphiticacid dryA  wetA Qcm
1 20 62.8 9.3 1.8 24.2 3.5 4883 7801 6.14 11.0 3960 (5 x 107)
62.4 9.6 4895 7847
2 160 63.9 8.5 — 24.0 3.6 — — 5.90 10.7 251
3 160 69.4 4.8 2.3 22.1 4.25 5375 7700 5.76 10.0 1.85 3.4
70.0 5.3 5391
3a 180 74.6 4.2 — 18.0 5.53 — — 4.67 4.97 2.2 3.6
4 200 79.6 2.9 3.1 15.1 7.1 6144 7740 4.41 4.67 0.39
79.7 1.7 2.8 6136 7725
5 320 82.1 2.2 2.9 12.9 8.5 6398 7805 4.05 4.05 0.20
82.1 1.9 2.9 6404 7820
6 500 84.6 3.1 3.3 9.6 12 6705 7870 3.61 3.61 —
85.2 2.6 3.1
7 850 88.8 2.0 3.2 5.5 21 7047 7910 3.38 3.38 0.05
87.6 3.2 3.2 7084 7970
Graphite 100 — — — — — 7856 3.39 — 0.023
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to 1952% and FTIR spectroscopy to 1955.5° The later study
reported FTIR spectra recorded as a function of a water
content of 0-60%. It also revealed that graphite oxide contains
characteristic hydroxyl groups that may be distinguished from
those of intercalated water and not easily substituted with deu-
terium when exposed to D,O despite the evident penetration
of heavy water between GO layers.®’

By the end of the 1960s the swelling of graphite oxide in
water vapours was studied in much detail. The isotherm of
water sorption by graphite oxide was reported by J.B. de Boer
and A.B.C. van Doorn in 1958.°° They noted that 4% of water
is absorbed by GO without any change in c-parameter and it
changes very little until ~10-15% of water is absorbed. A
similar effect was later found for vapour sorption of ammonia
by graphite oxide.”® These results indicate the presence of
some “empty” space in the GO structure which can be filled
with water without the expansion of the lattice. The “empty
spaces” are likely related to nm size unoxidized spots covering
the minor part of the GO flake surface. The studies of vapor
sorption by graphite oxides can be considered as a first step
towards using graphene oxide as vapour sensors in modern
times. Heats of immersion and adsorption were reported for
the GO-water system in 1960 by W. H. Slabaugh and
C. V. Hatch.”® They were possibly the first to evaluate the
surface area using water vapor sorption and the BET equation
reporting it in the range of 315-350 m* g™

Swelling of GO in liquid solvents was reported by the end of
the 1960s for many solvents at ambient temperature with some
fragmentary data for higher and temperatures.
Particularly strong contribution to this research was made by
MacEwan and co-authors. Despite the fact that several of these
papers were published in the high profile journal Nature,
these early papers are surprisingly little known and almost
never cited.”®°® The first paper by the MacEwan group (1955)
reported swelling tests for “graphitic oxide” in 19 organic sol-
vents.”® No swelling was found in non-polar solvents (benzene,
hexane + pentane). The increase of inter-layer distance by
2-4 A detected using XRD was found for several solvents
including acetone, ethylene glycol, glycerol, pyridine, small
alcohols, a much larger increase in some amines (7.6 A in
naphtylamine, 9.8 A in buthylamine) and aniline (11.5 A).”
Remarkably, intercalation of graphite oxide with aromatic
amines (including aniline) was reported again as a “first time”
study in 2014.%” Several studies by MacEwan and co-authors
reported the swelling of graphite oxide in a set of normal alco-
hols with the number of carbon atoms in the range 1-18 %%
and for aliphatic amines the number of carbon atoms was up
to 20.°%%® The studies included also swelling in diamines, fatty
acids and nitriles.’®

The studies of graphite oxide swelling in chain alcohols per-
formed by MacEwan et al. remain to be one of the most com-
plete to date. It sets several questions resolved only very
recently or not resolved until now.”>°® Fig. 3 summarizes the
data presented in two papers from this group which include
swelling in liquid solvents at ambient temperature for chain
alcohols starting from methanol (carbon number C = 1) to very
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Fig. 3 Swelling of graphite oxide in 1-alcohols. The interlayer distance
evaluated by XRD using d(001) vs. the number of carbon atoms in the
alcohol molecule (1 for methanol, 2 for ethanol etc.). Open symbols are
for data recorded in liquid solvents at ambient temperature (O- ref. 94;
O- ref. 95). Ref. 95 provides also data for swelling at =50 °C (A) recorded
using frozen solid samples (except for octanol recorded in liquid) and at
70 °C (m). Inset shows the hypothetical change in orientation of alcohol
molecules intercalated into the graphite oxide structure for larger alco-
hols.?® The data points were copied from the published figures and are
not precise.

long chains with C = 18. The data were recorded using XRD
and showed an increase of inter-layer distance d(001) up to
~50 A. Remarkably, these very old experimental studies from
1959-1965 make obsolete some modern theoretical models
which claim that octanol (C = 8) is too large molecule to pene-
trate between graphene oxide sheets in membrane materials.®®

The data shown in Fig. 3 demonstrate that the longer is the
alcohol molecule, the larger is the swelling effect. However the
increase in interlayer distance is not monotonous showing two
distinct steps. The three smallest alcohol molecules interca-
lated into the GO structure provide almost the same layer sep-
aration by ~10 A. For butanol the inter-layer distance increases
additionally by 5-7 A and after that it increases almost linearly.
The second less obvious step occurs around C = 10-11. One
needs to note that the discrepancies between two studies of
the MacEwan group (Fig. 3 for alcohols with C = 3-7) are likely
to be explained by different synthesis procedures. The earlier
work® cites preliminary experiments performed in 1956,
before invention of the Hummers method (1958).*> The later
study from 1965 explicitly used graphite oxide prepared by the
Hummers method.”

MacEwan et al. proposed a simple geometrical model (illus-
trated in the inset in Fig. 3) which suggests that alcohol mole-
cules are attached to certain points on graphene oxide sheets.
When the length of alcohol molecules is smaller compared to
the distance between the attachment points, the orientation of
molecules is parallel to GO layers (alfa-phase). When the
length of alcohol molecules exceeds the average distance
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between hypothetical attachment points the orientation of
alcohol molecules changes from parallel to stand-up (beta-
phase).”**>% For the second step which occurs in the swelled
structures of graphite oxide in alcohols with ¢ > 10 they
suggested a change in the structure of intercalated alcohol
molecular layers from “liquid” to “solid” based on the details
of XRD pattern analysis. The hypothetical stand-up orientation
of alcohol molecules looked completely logical having only
XRD data available to MacEwan et al., but did not stand when
verified in later modern time studies.”” The nature of the
second step in Fig. 3 observed for larger alcohols remains
unexplored. However, it is interesting to note that simple geo-
metrical models related to the change in the orientation of
intercalated molecules are likely be valid for other solvents,
e.g. amines and n-alkylammonium chain molecules which
tend to attach to the charged points of graphene oxide
sheets.'®

Fig. 3 also shows a remarkable difference in the swelling of
graphite oxide at three temperature points: ambient tempera-
ture, low temperature (—50°) and higher temperature of 70 °C.%>
However, detailed temperature dependent studies were not per-
formed back in the 1960s due to technical limitation. Note that
the low temperature part in Fig. 3 shows mostly points for sol-
vents which are frozen at —50 °C. The authors cited technical
problems to conduct experiments in rapidly evaporating liquid
solvents at low temperatures,”” thus making the studies of temp-
erature dependent swelling in small alcohols like methanol and
ethanol impossible at the moment. This gap was filled only
during the past decade (see below).

Detailed studies of swelling were reported in the 1960s also
for chemically modified graphite oxides in the methylated and
acetated state.*%10!

One of the most amazing achievements of graphite oxide
science in the 1960s was the isolation of graphene oxide and
the thermal conversion of graphene oxide to graphene. The
official inventor of the term “graphene” (in the 1990s) H.P.
Boehm back in 1961 listed the swelling of graphite oxide in
several solvents marking as infinity the inter-layer distance in
0.01 M NaOH. He described then the complete separation of
the GtO structure on individual macromolecular sheets and
chemically reduced it to graphene.**%'°* This contribution
was acknowledged by the 2010 Nobel prize winner for gra-
phene studies A. Geim in his Nobel lecture.'®® Even more
importantly, purely chemical separation of graphene oxide
layers in the extreme swelling state is a popular approach to
avoid defect inducing mechanical treatments in modern
times. Moreover, some types of graphite oxides (e.g. Brodie
GO) do not disperse in water even after intense sonication but
spontaneously dissolve in weakly basic solutions.®!

4. Early studies of “graphene oxide”
membranes

Possibly the only application of GtO emerged on the industry
related scale as a result of academic research in the 1960s was
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using graphite oxide membranes for sea water desalination
but even that direction was dropped after extensive work
within a government-funded program in the USA'™* and
almost completely forgotten. Nevertheless, the old studies of
membranes are still valuable even compared to recent papers.
To our knowledge the first report of using multilayered GO as
a membrane dates back to 1956.%® A. Clauss and U. Hofmann
reported a method to measure the water vapour pressure
based on the ability of GO membranes to permeate water
vapour but not air. Vacuum tight membranes were prepared
using slow drying of graphene oxide dispersion on a suitable
surface. Note that the term “graphene” did not exist at that
moment and the membranes were named “graphitic oxide”.
However, we know that the methods which were used back in
the 1950-1960s provided true graphene oxide dispersions. In
fact, first membrane-like foils were prepared by vacuum fil-
tration using colloid GO dispersions as early as in 1919 but
without testing any membrane properties.'®> As noted in 1958
by J.B. de Boer and A.B.C. van Doorn the graphite oxide mem-
branes are flexible and can be prepared in “any size”.”
However, the first rather detailed study of GO membranes was
published by H.P. Boehm et al. in 1961.>"

The membranes with a thickness of 0.05 mm were found to
be not permeable by gases like nitrogen and oxygen under
humidity free conditions. However, rapid permeation was
reported for water and “all substances which are able to pene-
trate between layers” following a zigzag permeation pathway
shown in Fig. 4. A nearly identical picture can be found in the
key studies which revived the interest in GO membranes in
modern times,** unfortunately without a reference to the early
work.”" In line with a modern understanding of GO membrane
permeation the study concludes that the existence of a three-
dimensional pore network is unlikely in GO membranes and
the mechanism of permeation is connected to swelling and
diffusion of water molecules along inter-lamellar interstices.
H.P. Boehm et al. tested vacuum driven vapor permeation
across the membranes and estimated the velocity of water
diffusion between GO layers to be 1 cm h™". The study is also
extended to the permeation of solutions and states that GO
membranes are impermeable to the “substances of lower
molecular weight” thus providing first insight into nanofitra-

enfrances fo interstices

| 7\l

interstice — T=——— — L
between = —iems——
graphitic oxide :
L4
route ofa
H,O molecule

Fig. 4 Zigzag pathway of water permeation across the graphene oxide
(graphite oxide) membrane. The size of permeation “channels” is pro-
vided by the distance between neighboring graphene oxide flakes and
by the effect of swelling in water.?*
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tion properties.>" Moreover, H.P. Boehm et al. was first to
measure the membrane potentials of GO foils. Since the gra-
phene oxide sheets are negatively charged in water, cations
easily permeate across the membranes while anions are
repelled. This results in some charge separation on the oppo-
site sides of the membrane immersed in aqueous electrolytes.
The membrane potentials were reported by H.P. Boehm et al.
for HCI, KCl, CaCl, and BaCl, solutions noting the significant
difference between the permeation of single charged and
double charged cations.”’ The membrane potentials of GO
were reported also in some other studies in the end of the
1960s."°® The drawbacks of the GO membranes were also
noted:

® poor mechanical stability in the swollen state and
extreme swelling in some solutions.

® the absence of the sieving effect for some large molecules
(large alkaloid ions were found to permeate across the
membrane).”!

The remarkable property of GO membranes to reject some
salts with potential application in water desalination was a
subject of a detailed four years project by the US Department
of Interior finished in 1970 with reports available (but not pub-
lished in per reviewed journals). The study reported excellent
salt rejection properties and suggested using GO membranes
enveloped by clay layers in order to improve their mechanical
stability.'®* However, the GO membranes were never used in
industrial sea water desalination due to concurrence from
other, a lot less exotic materials with better performance.
Instead of GO, the first generation of desalination membranes
employed by industry was based on acetylated cellulose."®”"*%®

It can be summarized that by the end of the 1960s most of
the main properties of graphite oxides were actually well
known, including most general swelling properties. However,
the studies had little effect on the development of practical
industrial applications. Graphite and graphene oxides
remained to be curiosity materials until the first half of the
2000s with many important fundamental contributions in the
1990s but rather a significant time gap in the 1970s and 1980s.
For the study of the swelling properties of graphite oxide one
can mark only the PhD thesis by R. Kruger with extensive
studies of GO swelling and intercalation by amines, amides
and several other molecules including some alcohols in the
1980s."°° Unfortunately this thesis work was not translated
from German and the data were not published in peer
reviewed journals.

It can only be regretted that many of the early studies were
not remembered and not acknowledged in the 2000s when the
interest in graphite oxides revived.

5. Swelling of graphite oxides:
methods

Swelling of GO in solvent vapours and in liquid solvents is
equally important to analyse as these are relevant to many
applications. Swelling in liquid solvents is for example the
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main parameter which affects the nano-filtration properties of
GO membranes.*" Swelling in vapors is important for the
binary gas mixture separation properties of GO membranes
which can be controlled by humidity.""® Swelling also signifi-
cantly affects the mechanical properties of GO papers and
membranes.®>°

Most common methods for characterization of graphite
oxide swelling in vapours (mostly water) and liquid have been
identified already by the end of the 60s and currently widely
implemented in the characterization of GtO and multilayered
GO materials. Several new experimental methods were added
in the recent 30 years broadening the range of possibilities.
Below these methods are listed and illustrated by examples.
Some common misunderstandings in using the methods are
also discussed.

X-ray diffraction method

XRD is possibly the most important structural method for
characterization of GO swelling as it allows to evaluate the
change of interlayer distance due to the intercalation of
solvent molecules. XRD was the method which was used to
study GO swelling from the very early times and is extensively
used in modern research using standard diffractometers and
synchrotron facilities. The examples of XRD patterns recorded
from graphite oxide in air and in excess of water are shown in
Fig. 5a.

The diffraction pattern of GO powder shows very few reflec-
tions due to the absence of ordering in the packing of individ-
ual layers and the random positions of oxygen functional
groups. XRD also do not provide structural information about
the state of solvent molecules in GO due to complete disorder.
The c-parameter of the GO structure corresponds directly to
the distance between graphene oxide layers due to the turbos-
tratic packing of layers. Typically the (001) reflection is the
strongest in the XRD pattern of GO and shows an asymmetric
shape. The position of the main component is considered as
the easiest way to evaluate the inter-layer distance using the
d(001) value. The broad and asymmetric shapes of the (010)
and (110) reflections are due to non-uniform interatomic dis-
tances in slightly buckled graphene planes. XRD do not
provide information about the nature or amount of oxygen
functionalities in the GO structure except for the change in the
inter-layer distance. Generally the stronger the oxidation, the
higher the inter-layer distance. However, the difference in the
d(001) between different samples needs to be treated with
caution if the XRD pattern is recorded under ambient air
conditions.

Water sorption causes the intercrystalline swelling of
GO®"*° and the same material recorded at low humidity or e.g.
in tropical climate with close to 100% humidity will exhibit
XRD with a dramatic difference in the value of c-parameter.
The change of the c-parameter of graphite oxide due to the
increase of humidity is non-linear’>*>°° and quantitatively
depends on the exact nature of the material, such as the syn-
thesis method and oxidation degree. The change in the swell-
ing state due to the variation of humidity is rapid according to
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Fig. 5 Examples of XRD patterns recorded from graphite oxide powder (synthesized using the Brodie method) in liquid solvents: (a) synchrotron
radiation (1 = 0.71170 A) XRD recorded in transmission mode under ambient air conditions from water filled sealed glass capillaries'*! (b) XRD pat-
terns recorded using a standard diffractometer with CuKa radiation in reflection mode.'? The samples are immersed in liquid alcohols and sealed

using plastic foil (the peak marked by * is from the foil).

several studies and occurs within minutes required to record
an XRD pattern. Complete removal of absorbed water is very
difficult even after prolonged exposure to humidity free con-
ditions but the very carefully dried material seems to show a
slower response to the increase of humidity. For example,
T. Szabo et al. used 1 month of drying in a desiccator over con-
centrated H,SO,/silica gel to produce a dry Brodie GtO
material which completely equilibrated with 50% humidity
after 3 hours of exposure showing an ~0.4 A shift in d(001).*
Swelling of GtO in liquid water and most of other solvents is
instantaneous; the maximal saturation state is achieved in
1-2 minutes."""

It can be advised to record the XRD patterns of GO under
vacuum conditions (to remove humidity related lattice expan-
sion) for standardization purpose, but that is rarely done. On
the other hand, a standard test can easily be performed e.g. in
liquid water thus providing information about the maximal
saturation hydration state of GtO. Fig. 5 shows the XRD pat-
terns recorded in liquid water and small alcohols. Swelling of
GtO is reflected in the strong shift of (00¢) reflections, while
the positions of in-plane peaks are not affected. Moreover,
intercalation of some solvents results in a swelling-induced
ordering effect as reported in several studies®””'"> The ordering
effect due to swelling in alcohols is evidenced by the decrease
in the width of (00¢) reflections compared to the solvent free
state and the increased intensity of higher order peaks from
this set. For example, the (002) reflection is barely visible in
solvent free GO and no peaks with higher order are typically
observed. Immersion of GO in e.g. alcohols and liquid amines
results in a sharply higher intensity of (002) and an increased
number of peaks from the (00¢) with ¢ up to 5-10 and even
higher.”>™'? Providing good sealing conditions is important
for recording high quality data in solvents with high vapour
pressure. The best results are achieved when experiments are
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performed inside of sealed capillaries (usually in transmission
geometry) or under plastic foil (kapton or polyethylene) in
reflection geometry (Fig. 5). One needs to observe that a strong
tendency of graphite/graphene oxide flakes to align parallel to
each other results in preferential orientation and the relative
intensities of XRD reflections must be treated with caution as
it depends on the orientation of the sample.''® Extreme
caution is also needed in experiments where the XRD pattern
is recorded in the solvent soaked state but in the absence of
sealing. Evaporation of solvent in the process of XRD recording
might result in the change of the swelling state of GO
materials and inaccurate evaluation of d(001)."" Using syn-
chrotron radiation provides an advantage of rather rapid
recording of XRD images in just 1-2 minutes and a possibility
to follow the changes of GO swelling under various tempera-
ture and pressure conditions with higher precision. The temp-
erature dependent studies of GO swelling will be described in
detail in the next sections. It is also very common now to use
synchrotron radiation with 2D detectors which provide the
images of whole diffraction rings and rather explicit infor-
mation about diffuse scattering. The diffuse scattering is
especially valuable as an instrument to detect the formation of
gel-like phases which are observed to form in GtO immersed
in some solvents.*”®

The same principle as in XRD can be used for the study of
GtO and GO using neutron diffraction as demonstrated by
several studies.""®""®

Summarizing this section, the diffraction method is a
powerful instrument for studies of GO swelling but it has also
some limitations. For example, it provides only the estimation
of the inter-layer distance based on averaging over many
layers, typically hundreds or thousands. XRD does not provide
quantitative evaluation for the amount of intercalated solvent.
The same separation of layers can in principle be achieved by
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intercalation of densely packed layers or diluted layers with
molecules scarcely distributed along the interlayer and serving
as “pillars”. Therefore, using other complimentary methods
for quantitative characterization of absorbed solvents is very
important and informative.

Quantitative evaluation of solvent sorption

The ability of graphite/graphene oxide to absorb rapidly large
amounts of polar solvents from vapour is useful for appli-
cations related to the removal of toxic or undesirable pollu-
tants from air.*?

The simplest method to study swelling caused by sorption
of water (or other polar solvent) vapours is to take measure-
ments of weight change when humidity (or vapour pressure) is
stepwise changed from one value to another.®"°>°> The weight
measurement can then be taken at every step of vapour
pressure after certain equilibration time (isopiestic method).
The easiest test can be performed simply by exposing GO
powder to solvent vapour inside of a sealed jar. Some liquid
solvent is placed inside of the jar and allowed to evaporate
until the saturation vapour pressure is achieved for a given
temperature (often ambient). The weight change due to vapour
sorption provides then the saturation value of sorption for
given conditions.®**° The dynamic isopiestic method suggests
changing the vapour pressure in controlled steps and record-
ing the weight change in every step. Saturation of sorption by
some solvents occurs in GO rather rapidly which allows one to
record the weight change continuously in the process of
vapour pressure increase. This method was used in early
studies of water sorption and in several studied performed
over the past decade for sorption of several other solvents. For
example, in situ weight change measurements of water sorp-
tion were performed in a sealed volume by placing inside a
simple humidity sensor and a small vial with solvents.'*® A
quartz microbalance was also used in other studies to control
the sorption of water by thin films."*® In other studies the
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weight change was measured only at saturation vapour
pressure.®?

Modern automated Dynamic Vapour Sorption systems
allow one to record complete vapour sorption isotherms and
to evaluate the BET surface area for a given solvent and to
extract some information about the pore size. The remarkable
ability of GO to swell in solvent vapours results in a very strong
difference in the values of the surface area estimated using
standard nitrogen BET tests, e.g. H,O BET. Nitrogen and other
gases do not penetrate between individual graphene oxide
sheets and adsorb on the outer surface of multilayered flakes,
while water penetrates and expands inter-layers. Typical N,
BET tests of powder graphite oxides provide rather small
values of the surface area on the level of few m”> g~* while H,0
BET provides for the same powder materials’ surface area
values on the level of 300-600 m”> g~ " (Fig. 6)."*" Considering
that the theoretical surface area of graphene oxide is about
2400 m> g~' (somewhat smaller compared to pure gra-
phene'??), the water vapour sorption results indicate that only
about 1 of total surface is accessible for vapors. On the other
hand the difference between theoretical and experimental
values can be explained by the limitations of the BET model
and the very small size of pores provided by GO interlayers
(0.7-1.0 A).

The gravimetric sorption method is especially powerful
when used in combination with XRD, thus providing infor-
mation both about the volumetric change in the GO structure
provided by expansion of inter-layers and quantitative evalu-
ation of the absorbed solvent.®°>'>* However, the gravimetric
method is not suitable for experiments with swelling in
liquids.

Quantitative evaluation of the solvent adsorbed by GO in
liquid solvents was successfully determined using the DSC
method. The amount of solvent adsorbed by the GO structure
can be determined using the known enthalpy of bulk solvent
freezing/melting. The solid GO material is loaded into a sealed
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Fig. 6 Water sorption and desorption isotherms recorded using an automated DVS system for samples of (a) thermally reduced graphene oxide
(rGO) (H,0 BET = 113 m? g™%) and precursor Hummers GO (H,O BET = 345 m? g~1).1%! Different shapes of isotherms reflect the hydrophobic nature
of rGO with the surface area related to the highly dispersed nature of this material (N, BET = 329 m? g~2) and the hydrophilic nature of GO with neg-

ligibly small N, BET surface area (<5 m? g™%) but high water sorption due to swelling.

This journal is © The Royal Society of Chemistry 2020

121

Nanoscale, 2020, 12, 21060-21093 | 21069


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr04931j

Open Access Article. Published on 10 September 2020. Downloaded on 4/2/2026 10:26:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

capsule with a known amount of liquid solvent sufficient for
saturated sorption; then the sample is cooled below the freez-
ing point of solvent and heated back to record the enthalpy of
melting. The amount of bulk solvent decreases due to the
intercalation into the GO structure and the part absorbed by
the material does not contribute to the measured melting
enthalpy. The decrease in melting enthalpy measured using
DSC allows the calculation of the amount of solvent sorbed by
the material.®>®*%7° Note that the sorption is strongly temp-
erature dependent for GO in many solvents, while the data
obtained by the DSC method are valid only for the temperature
point of solvent freezing. Recording temperature dependent
quantitative sorption of solvents by GO in the swelled state
remains to be unexplored due to the lack of suitable methods.

Methods related to the change in film thickness due to
swelling

Exposure of GO to polar solvent vapors results in a significant
increase of material’s volume which can also be quantified for
evaluation of swelling. It can possibly be done for powder
materials as well, but so far this method is mostly used for GO
thin films deposited on some substrates or free standing GO
membranes.'** Parallel orientation of graphene oxide flakes in
multilayered assemblies and thin films results in an increase
of sample thickness due to swelling. This increase can be
detected by optical microscopy, electron microscopy or using
more advanced methods like Neutron Reflectometry (NR).">
The advantage of NR is a possibility to determine simul-
taneously the change in the film thickness and composition of
GO intercalated by solvent vapors. Moreover, the inter-layer
distance of GO laminates can be determined using reference
XRD measurement, which provides the number of GO layers
for a given film thickness. However, NR requires using rather
advanced facilities and is very demanding for the quality of
thin films.'?%'*”

Electron microscopy is usually performed under conditions
of high vacuum which does not allow to do direct imaging of
GO in liquid solvents. Therefore, electron microscopy of
swelled structures is typically performed using frozen samples
under cryogenic conditions.'*®

The method allows one to study solid materials formed by
GO when frozen in the swelled state. However, it is not poss-
ible to compare directly the structure and composition of
frozen samples with GO swelled in excess of liquid solvents.
Experiments performed using XRD demonstrated that a sig-
nificant part of solvent escapes from the GO structure in the
process of freezing."*° Using Environmental Scanning Electron
Microscopy (ESEM) the thickness of GO films was measured as
a function of humidity using a specially designed setup
(Fig. 7)."*°

Some attempts to study the thickness of thin GO films
using optical methods were also presented.’*’ However, a very
high inter-layer distance of GO in water reported in this study
(~60 A) is not independently verified and likely related to
partial delamination of the film.
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Fig. 7 Multilayered GO film thickness measured directly using ESEM as
a function of humidity.*?°

Most of the methods used so far to study the swelling of
GO have been applied to multilayered materials. To our knowl-
edge there is only one study where the distance between two
layers of graphene oxide was directly measured using Atomic
Force Microscopy (AFM) as a function of humidity. High
resolution imaging in combination with height profiles on a
fraction of the Angtsrom scale is unique for the AFM method
which allows one to study swelling along a single inter-layer
formed by two graphene oxide sheets."*?

6. Swelling of graphite oxides in
water

Water is the most common solvent on the Earth and most
important for applications of graphite oxides and multilayered
GO laminates. For example, most often chemical modification
of GO is performed in aqueous solutions."> GO as a sorbent
has great potential for waste water treatments; aqueous solu-
tions are used in membranes for nanofiltration™****® and sea
water desalination.”®” Moreover, even the deposition of GO
multilayers is typically done in the water swelled state using
aqueous dispersions.® Swelling is very important for these and
other applications. Therefore, research related to the hydration
of graphite oxides will be reviewed in this section in more
details. Swelling of GtO in water is also distinctly different
compared to most of other solvents due to the small size of
the water molecule and its unique chemical nature.

Swelling of graphite oxides in water vapours was studied
starting from the 1930s (see above) and has been re-evaluated
many times over the past 90 years. In recent years the interest
in the sorption of water from vapour was heated up by sugges-
tion of application in water sensing. For example, superfast
sensing abilities of graphene oxide towards water vapours were
demonstrated in several studies'*®*'*° and a simple device
composed of a graphene oxide film with attached electrodes
patented for mobile phone protection applications to detect

This journal is © The Royal Society of Chemistry 2020
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liquid and vapour water."*" The change in the conductance or

capacitance of graphene oxide films under conditions of

varying humidity is typically used in these sensors.'*®'*?
Graphene oxide papers were also proposed for air
dehumidification.'*?

Sorption of water from vapour depends somewhat on the
nature of graphite oxide, its oxidation degree, the method of
synthesis and several other parameters. However, some sorp-
tion properties are very general for all kinds of graphite oxides.
Many studies reported gravimetric water uptake and/or change
in the inertlayer distance as a function of
humidity.”’55’64’90’92’123'144'145

The maximal hydration at 100% humidity is typically
reported to be on the level of ~40-75 wt% depending on the
type of graphite oxide. The numbers on the lower side of this
interval are reported for Brodie GO (e.g. 43% in ref. 123) and
on the higher side for Hummers GO (e.g. ~75% in ref. 64). The
same trend is also confirmed by the TGA method which pro-
vides data for evaporation of water from air-saturated humidity
GO in the temperature interval below 100 ©°C. Typically
Hummers GO shows a larger loss of water compared to Brodie
GO for the samples studied starting from the same air
humidity.”®>® However, higher water sorption is likely to be
connected to stronger oxidation of GO (lower C/O ratio). For
example J.B. de Boer and A.B.C. van Doorn reported water
sorption isotherms for graphite oxides prepared using the
Brodie procedure repeated 3 and 6 times; this corresponded to
an increase of saturated water sorption from ~65 wt% to
80 wt%,’® on the level with strongly absorbing Hummers GO.
There are also indications that sulfur impurity which is usually
present in Hummers GO stimulates higher water sorption.
Freshly prepared multilayered GO assemblies (papers, thin
films or membranes) typically show maximal water sorption
very similar to the precursor graphite oxides up to
~60-75 Wt(%).64’119’143’146

The sorption of water is reflected in the expansion of the
GO structure along the c-direction. The increase in inter-layer
distance at 100% humidity is about 4-6 A relative to the water
free state. Note that many studies reported the change in the
inter-layer distance but not always relate it to specified
“ambient” air humidity. The moisture-free GO typically exhi-
bits d(001) in the range of 6-8 A and in the saturated water
vapour state it is around 11-12 A. Once again the exact change
of the inter-layer distance to swelling in vapours depends on
the method of GtO preparation (e.g. Brodie vs. Hummers oxi-
dation) and several other parameters. For example A. Lerf
et al.>® studied 5 samples synthesized using the Brodie pro-
cedure but somewhat different in composition and prepared
in different groups. The interlayer distance in the range of
10.5 A-11.7 A was reported for four relatively freshly prepared
samples at the highest humidity. Some swelling was found
even for the sample stored in air for about 30 years but in this
case the increase of inter-layer distance by only 1 A (up to
~8 A) was found.>® Once again, similar expansion of the GO
lattice as a function of humidity is also found in multilayered
GO laminates.>?
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A remarkable feature of GtO swelling in water vapours
noted already in very early XRD studies back in the 1930s is
the gradual change of d(001) (or more generally the c-unit cell
parameter) as a function of humidity. The increase of humidity
never results in step-like changes of interlayer distance related
to the formation of water layers which would be easily detected
by the diffraction methods. Insertion of water molecules
between GO layers is expected to result in an increase of inter-
layer distance related to the size of water molecules (~2.5 A).
The gradual change of d(001), including the range of values
below the size of the water molecule, is sometimes incorrectly
interpreted as a true change of inter-layer distance in GO mem-
brane “permeation channels”."”* However, it is obvious that
water cannot be intercalated into GO by e.g. 1/3 of the mole-
cule to provide a 1 A increase for the size of the “channels”.
The gradual changes in d(001) are typically explained by the
effects of random interstratification. Interstratification with
random stacking of differently hydrated layers is very com-
monly observed e.g. in hydrated clay minerals.'*”""*° The XRD
method provides the lattice spacing value averaged over hun-
dreds and thousands of layers. In the case of humidity depen-
dent swelling the continuous shift in d(001) of GtO and GO
laminates is typically interpreted as a change in the proportion
between the numbers of differently hydrated layers.>>****>! In
the case of random stacking of differently hydrated layers only
one diffraction peak is observed while the position of this
reflection shifts depending on the proportion between the
numbers of differently hydrated layers.

This concept was recently slightly modified to include
intrastratification which is a result of the averaging of the
inhomogeneous interlayer distance over the length of individ-
ual interlayers. The effect of intrastratification was introduced
following the microscopic studies of humidity-dependent
hydration performed using AFM on bilayered graphene oxide
flakes.™?

This method allows direct measurements of distance
between individual graphene oxide layers and thus excludes
the effects of averaging over a larger number of layers un-
avoidable in XRD analysis. Instead, AFM demonstrates the
averaging of inter-layer distance over the length of individual
interlayers when the scan is performed using relatively low
resolution (Fig. 8)."*?

The interlayer distance in bilayered GO averaged over the
lengths of a few hundred nm showed gradual changes upon
variations of humidity, similarly to the change in the continu-
ous shift of d(001) in XRD experiments. The height difference
between two GO flakes gradually grows with the relative
humidity (Fig. 8) from about 0.73 nm at 18% RH to more than
0.80 nm above 80% RH and increases further to 1.1 nm in
liquid water. The gradual expansion of bilayer GO implies that
the simple model of two flat plates separated by water mono-
layers very often used in the literature is oversimplified for the
description of GO hydration. High resolution imaging demon-
strates that hydration of the graphene oxide interlayer is
inhomogeneous on the scale of a few nanometers. The topo-
graphy of the GO flakes shows granular “hills and valleys” with
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Fig. 8 Top panels. Left: the image of bilayered graphene oxide flakes and the height profile recorded across the smaller top flake. The height profile
allows one to calculate the height difference which corresponds to the interlayer distance averaged over the whole length of scan (few hundred
nm). Right top panel: the interlayer distance of bilayered GO as a function of relative humidity. Bottom panels: AFM height images of the same area

on top of a double layer Hummers GO flake imaged under (a) 3% and (c) 65% R

a typical lateral size of spots in the range of 10 nm. An increase
of humidity from 3% to 60% showed a number of new “hills”
due to the local hydration of interlayers with height change
mostly within 3-4 A, thus corresponding roughly to the size of
the water molecule."®® This suggests that hydration through
water vapor is a continuous process of incorporation of water
molecules into various randomly located sites within the GO
interlayers. Variation of the interlayer distance over the length
of the individual interlayers was proposed to be named
intrastratification.'*

Effects of random interstratification have been also typically
used to explain the gradual changes also in the swelling state
of GtO in liquid water. Expansion of the GtO lattice measured
directly in liquid water has been reported in many studies over
the past 100 years but mostly only at ambient temperature
(Table 2). More recent studies revealed unusual anomalies in
temperature and pressure dependence of water-swelled
Gto.102,131

GtO immersed in liquid water shows slight expansion of
the structure upon cooling due to insertion of additional water
into interlayer space.'®® Expansion of the GtO lattice at lower
temperatures was later also observed in experiments with
cooling of GO papers under fixed humidity conditions and

named “pseudonegative thermal expansion”.'”* An interesting
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effect is observed also when liquid water surrounding fully
hydrated GtO gets frozen. About half of the water included in
fully hydrated GtO escapes the structure when bulk water
outside of GO flakes freezes (Fig. 9). The decrease of the d(001)
value by ~2.5 A corresponds approximately to the size of the
water molecule and interpreted as a loss of one water layer.
However some water remains in the structure of GO even after
solidification of bulk water as evidenced by the d(001) value of
8.7 A (at 230 K), about 2.1 A higher compared to the water free
material (6.6 A at ambient humidity).'*> Therefore, tempera-
ture dependent XRD data provide evidence for two types of
water intercalating GO structures at ambient temperature. The
first layer of water is more strongly bound to GO sheets and
has lower mobility; this water remains in the GO structure
below the water freezing point. The second type of water is
mobile and can be considered as liquid-like since it easily
escapes from the GO structure below the freezing point and
reversibly fills it again above the melting point of bulk
water."®® Note also a somewhat smaller thickness of the first
water layer more strongly attached to GO sheets as compared
to the second liquid-like layer.

The maximum in the d(001) position observed in Fig. 9 at
the point of liquid water solidification is a result of (a) the
increase in hydration at lower temperature and (b) different

This journal is © The Royal Society of Chemistry 2020
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Table 2 Swelling in organic solvents. The interlayer distance at ambient temperature for Brodie and Hummers graphite oxides

Solvent Brodie graphite oxide, d(001) Hummers graphite oxide; d(001)

“Dry”-state 5.5-5.9 A’161,163—166 6.2-7.4 5’93,97,99,111,130,162,167—182 7.8 A 183 6.4-6.9 A,21,161,164 7.9-8.3 Ay58,97,127,177,184—190

8.6-9.0 A 1917194

Water

Water 7.7-11.3 A(vapour), 610647169 11.6-12.4 A 21,58:184.195
9.2-11.2 A 93,111,130,156,173,175,176,195

Protic Polar solvents. Alcohols

Methanol 90_10.1 A 161,174,176,183,195,196 13.0_14.0 A 58,127,161,181,182

Ethanol 9.2-10.0 A 161,162,174,182,183,196 15.0-15.5 A21,127,161,181,182

Propanol-1 9.2-10.0 A,103174:183,19 14 7 g 161 16.3-16.4 A 127161

Butanol-1 16.0 A-17.0 A, 101183196 18,5 A197 17.8-17.9 A 27101

Pentanol-1 17.0-17.2 A,'°H183:196 50 0 A 197 18.6-18.8 A 127161

Hexanol-1 19.2-20.0 A, 101183196 99 3 4 197 20.0-20.8 A 127:161

Heptanol-1 19.0 A*° 22.7 A%

Octanol-1 8.5 A,1%° 10.0 A,'®% 23.1-25.0 A 99161:175:197 23.8-24.8 A 127198

Nonanol-1 8.5 A,1%° 26.7 A7 26.7 A%

Dodecanol-1 39.2 A7

Tridecanol-1 429 A7

Tetradecanol-1 46.3 A7

Pentadecanol-1 46.6 A7

Hexadecanol-1 48.3 A7

Heptadecanol-1 49.3 A7

Octadecanol-1 50.4 A1%7

Ethandiol-1,2 9.0-9.6 A 93161175 16.6-16.8 A 2161

Propandiol-1, 3 9.6 A'® 16.6 A *°*

Butandiol-1,4 9.6 A 14.3 A0t

Pentandiol-1,5 9.6 A,1%1 14.1 A1°! 16.8 A1%1

Aprotic polar solvents. Other solvents

Acetonitrile 8.9-10.7 A 161,00:199 12.7 A,*°1 141 A7

Benzonitrile 9.2 A6t 9.6 A161

THF 9.8 A 16.8 A%

Acetone 8.9-9.2 A 93161175 9.3-9.8 A 21161 12,5 A 187

DMSO 9.3 A 17.7 A,*°1 19.8 A 1%

DMF 15.4 A%t 17.0 A,*°1 17.7 A**°

Dioxane 9.9 A 14.2-15.5 A 21101

Pyridine 10.8-11.8 A %3161 13.7 At

N,N- 16.1 A%t 17.1 A%t

Diethylacetamide.

N-Methylformamide ~ 11.9 A*°! 19.6 A 0!

N-Methylacetamide ~ 13.9 A*°! 15.9 At

N-Ethylacetamide 13.6 A 17.3 A

Non polar solvents. Other solvents

n-Hexane No swelling,* 7.6-7.9 A (“dry state” 6.3-7.0 A)**'¢>

Toluene No swelling,* 7.3-7.6 A (6.3-7.0 A)°**¢?

Nitrobenzene 8.7-8.8 A (5.5 A)*>1¢! 9.5 A (6.4 A)***

Intercalation. Amines

n-Propylamine 13.0 A,"°° 16.1 A ! 20.3 A%

n-Butylamine 8.3 A:11§36 A170178.200 95 0 A 175 16.0-16.8 A,2>1°° 18.1 A,1%! 10.0 A,*°° 11.8 A,19 22.3 A °*
19.5 A

n-Hexylamine 21.0 A™9° 11.8 A

n-Octylamine 25.0@%,61178 28.0 A19° 8.9 A,ﬂli‘;nj A1 15.2-15.8 A,19019%193 9g 1 A 113

1,2-Diaminoethane 9.4 A 15.9 A

1,3-Diaminopropane 9.8 A,'® 13.5 A% 16.1 A 0!

1,5-Diaminopentane ~ 13.8 A '®* 15.0 A !

Aniline 8.84,°717.0 A, 18.5 A% 14.4 A,'*7 18.8 A'®!

Cyclohexylamine 16.5 A 19.6 A ¢!

n-Hexadecylamine 24.0-30.0 A,'®° 44,0-49.0 A '%°

compositions of the GO-water solvate structure in equilibrium
with liquid water and solid water. Similar but a lot more pro-
nounced maximum in the expansion of the GO lattice was
found also in the pressure dependent studies of GO

This journal is © The Royal Society of Chemistry 2020

28 A,185 48 A 185

hydration,"'! historically even earlier than in temperature
dependent experiments. Brodie GO immersed in excess of
water showed an increase in d(001) by ~2 A upon compression
up to the point of water solidification (1.4 GPa), see the inset
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Fig. 9 Temperature dependence of the d(001) of Brodie graphite oxide
immersed in liquid water.*>® The inset shows the pressure dependence
of d(001) of GO/H,0.™* Solidification of liquid water (at low temperature
or high pressure) results in sharp downturn of d(001) due to partial with-
drawal of water from the GO lattice.

in Fig. 9. Volumetric negative compressibility is forbidden by
thermodynamics. Therefore, the pressure driven expansion of
the lattice can be explained only by the insertion of additional
water between GO sheets. When liquid water solidifies above
1.4 GPa, part of water escapes from the GO structure. The
difference in interlayer d spacing between water-immersed and
water free samples was found to be about 2.5 A at 3.5 GPa
which corresponds to intercalation of one water layer which is
more strongly bound to GO sheets. The maximal difference
between d(001) of the hydrated state and the water free state is
observed just before the water solidification point (13 A-6.6 A
= 7.4 A) which corresponds to insertion of three water layers.
Note again that no true layered structure is observed for GtO in
water and the inter-layer distance changes continuously as a
function of pressure.

Fig. 9 shows that a very similar GO-H,O solvate is formed
in both temperature and pressure dependent experiments in
equilibrium with solid/frozen H,O. Interestingly, the
maximum in interlayer d-spacing observed just below the
temperature point of water solidification is found to be stron-
ger in basic solutions and smaller in acidic solutions."?
Brodie GO pressurized in NaOH demonstrated an increase of
d(001) up to 21.47 A at 1.7 GPa compared to 6.6 A in the dry
state thus providing a structure mostly composed of water but
anyway maintaining the ordered packing of GO layers. The
pressure driven hydration of the GO structure was found also
to be stronger in electrolyte solutions (copper acetate) and
smaller in molecular solutions (sucrose)."®

The pressure induced hydration first discovered in GtO
later appeared to be a phenomenon common for materials
exhibiting swelling in water. Stronger hydration at high
pressure was reported for several hydrophilic layered materials
with very different chemical natures, e.g. synthetic clays'>” and

111
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MXenes."”® Moreover, pressure induced swelling was found
also in natural clay minerals (kaolinite) providing important
insight into the understanding of processes in the deep earth
environment of subduction zones.'*® As noted above the swell-
ing was discovered first in rather exotic synthetic laboratory
GtO materials and only later found in very common natural
clay minerals.>® The history repeated itself for pressure
induced hydration which was discovered first in exotic labora-
tory made GtO and a decade later in very common natural clay
minerals.

A lot of studies were aimed in the past two decades at
understanding the state of water in swelled GO structures. As
noted above the water in the GtO structure is completely dis-
ordered providing no additional diffraction peaks in the XRD
patterns even at temperatures below the freezing point of
liquid water."”® There is extensive evidence that water
adsorbed between GO sheets in the initial stages of sorption is
more strongly bound while the fully hydrated structure
includes also highly mobile and “liquid-like” water. The
maximum isosteric heat of adsorption is less than 1.5 times
that of the heat of condensation of water vapour, indicating
that the process is close to physical adsorption. The early
study of water sorption from vapour revealed a maximum in
the heat of adsorption in the range of 0.2 to 0.4 fraction of a
monolayer.””> The water molecules must first adsorb at the
edges of GO flakes and then gradually separate the layers to
the extent that water molecules could reach the more active
sites between layers. The final lattice expansion corresponds to
2-3 monolayers of water under ambient conditions (Table 2).
Note however that the term “monolayer” needs to be used with
caution since the layers are not resolved by most of the experi-
mental methods. Dynamics of water in hydrated GO was
studied in detail using neutron scattering methods.’>'**
These studies showed distinctly different types of water in GO
(Brodie) vapour hydrated at 75% (9 A interlayer distance) and
100% humidity (>10 A interlayer distance). Samples equili-
brated at 75% relative humidity exhibited two types of loca-
lized motions with different activation energies. Saturated
hydration at 100% resulted in the detection of water with
translational motion assigned to water molecules in pores
between the GO particles.”>'** However, later it was suggested
that some water with translational motion at 100% humidity
or in liquid water is also present in between GO layers.®"'??
Broadband Dielectric Spectroscopy (BDS), DSC and FTIR were
used by Cerveny et al.'*® to study the state of intercalated water
in Brodie GO hydrated to 25% humidity. The increase of inter-
layer spacing from 5.67 to 8 A corresponded to the uptake of a
water monolayer. A clear relaxation due to water molecule reor-
ientation was found by BDS. The rotational water dynamics is
dependent on the hydration level. At high water concentration
(>15 wt%), water-water interactions were reported to dominate
the dielectric response.’*

Hydration was also studied using NMR and FTIR methods.
For example the study by D. W. Lee and ]J. W. Seo suggested
the formation of phenolic groups on the edges of GO sheets in
the hydrated state.'®® Moreover, a “dynamic” molecular struc-
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tural model was proposed to distinguish between the pro-
perties of water free and hydrated graphene oxide.®”

7. Swelling of graphite oxide in
solvents other than water

Swelling of GO was studied in many solvents over the past 150
years. The best parameter which describes swelling is the
value of inter-layer distance, most often evaluated using diffr-
action methods. Table 2 provides a summary for swelling of
(most common) Brodie and Hummers GtO materials in a
variety of common solvents at ambient temperature. These two
types of graphite oxides exhibit also somewhat different inter-
layer distances already in the “dry” state, Brodie GO showing
typically the d(001) value ~1-1.5 A smaller compared to
Hummers GO with a similar degree of oxidation. Note also
that the “dry” state of graphite oxides is often reported for
ambient humidity conditions. In some studies the samples
were dried for a long time in a desiccator but for recording
XRD patterns they were anyway exposed to ambient humidity
and the recorded value might be affected by rapid sorption of
water. It is more correct to report d(001) for GO recorded
under dynamic vacuum conditions but these data are available
only in very few studies. The difference between the vacuum
dried state and structure saturated by solvent is possibly the
best parameter to describe the swelling. However, the swelling
state of graphite oxides in liquid solvents reported in Table 2
does not seem to depend on the air humidity (at least in many
cases). The values of inter-layer spacing recorded in liquid sol-
vents are well reproduced and easy to compare. Strictly speak-
ing the swelling properties of GtO need to be compared only
for materials with an identical oxidation degree. However,
Table 2 includes data for all graphite oxides which are avail-
able in the literature, including materials with rather different
degrees of oxidation.

We note also that a significant part of Table 2 describes the
data reported in Renate Kriiger's PhD thesis from 1980'°!
which provides possibly the most comprehensive study of
graphite oxide swelling in many solvents available by now. The
data were never published in peer-reviewed journals, originally
available only in German and so far known only to very few
German-speaking researchers. The authors of this review were
also not aware of this study until recently, otherwise it would
be cited in several of our earlier publications. Only parts of
data are cited in Table 2, the thesis includes also swelling of
three kinds of Brodie GO. However, the difference between
these three samples was not significant for most of the sol-
vents and only one most representative Brodie GO sample was
selected for Table 2.

Analysis of Table 2 shows that swelling provides a rather
broad range of interlayer distances with the highest values up
to 50 A. It also shows that swelling of Brodie and Hummers
GO is significantly different for many solvents and generally
stronger for Hummers GO. For some solvents the increase in
inter-layer distance recorded in a liquid solvent correlates well

This journal is © The Royal Society of Chemistry 2020
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with the size of the molecule, thus providing evidence for
insertion of one solvent layer, e.g. for Brodie GtO in methanol,
ethanol, acetone and acetonitrile.

On the other hand, the GtO lattice expansion in many sol-
vents is significantly stronger compared to the solvent mole-
cule size. In this case one needs to suggest either multilayer
intercalation of solvent®® or stand-up orientation of long mole-
cules attached to GO planes® as will be discussed in more
detail below.

Table 2 includes also solvents which are solid at ambient
temperature (sugar alcohols) but in the molten state they are
polar solvents. Technically the values of inter-layer distance
listed in the table for sugar alcohols are not for GO immersed
in liquid solvents but for the solid formed below the point of
solidification.

There is a consensus that pristine (chemically not modified)
GO does not swell in non-polar solvents, but few studies
reported the increase of interlayer distance by values which are
typically below 1 A.?>'°> A very small change in inter-layer dis-
tance should not be considered as evidence for swelling in our
opinion. In some cases small shifts of (001) reflection can also
be attributed to the technical details of XRD recording, e.g.
due to a change in the sample height in the process of solvent
evaporation.

Swelling of GO in amines is possibly a border case between
swelling and functionalization. It is believed that amines are
attached to graphene oxide sheets in stand-up orientation and
the longer the molecules, the larger the separation of GO
layers”* Table 2 includes only liquid amines and in this case
swelling is certainly a part of the intercalation and functionali-
zation process.

Swelling of GO in alcohols is possibly one of the most
important for practical applications. Many chemical reactions
aimed at functionalization and intercalation are performed in
alcohol solutions.?*™% Solvothermal reactions in alcohols
under elevated conditions are also commonly used for the syn-
thesis of various pillared GO materials®*** and graphene oxide
frameworks."?*2%°72% gwelling is an important step in these
reactions since it expands the GO lattice to allow reactive mole-
cules and ions to access the planar surfaces of graphene oxide
sheets. Most of the reactions are performed in ethanol and
methanol as the most common solvents which provide an
increase in the inter-layer distance by 3-8 A depending on the
type of graphite oxide. Table 2 shows that swelling of GO is
progressively stronger for longer chain alcohols. Therefore,
much larger molecules can possibly intercalate into the GO
structure if reactions are performed in larger alcohols (up to
50 A interlayer distance).”” This was never tested to our
knowledge.

Progressively larger swelling of GtO in 1-alcohols was
assigned in early studies to the stand-up orientation of larger
alcohol molecules attached to graphene oxide planes.”*?>%
This was the logical assumption for the time. An alternative
explanation with layered intercalation of solvent molecules
parallel to the planes of GtO has emerged over the past
decade. The first evidence for the multilayered structure of
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GO-alcohol solvates was found using pressure and tempera-
ture dependent studies of swelling. Following the discovery of
the pressure induced swelling of GtO in water,""" pressure
dependent studies of GtO in other polar solvents were per-
formed. Surprisingly, instead of a gradual shift of d(001)
observed for Brodie GO in water, an increase of pressure in
several other GO/solvent systems resulted in a reversible step-
like phase transition with an increase of inter-layer distance
well correlated with the size of solvent molecules.

For Brodie GtO immersed in methanol and ethanol the
increase in the interlayer distance due to the pressure induced
phase transition is about 3.3 A and 3.8 A (respectively) in good
agreement with the size of the solvent molecules (Fig. 10a).
The change in the GtO structure at high pressure was inter-
preted as a transition from the ambient structure intercalated
with one layer (1L) of methanol molecules to a high pressure
two-layer (2L) intercalated structure.'® Very similar phase tran-
sitions were found later in GtO-methanol and GtO-ethanol
systems at ambient pressure using a temperature dependent
XRD study (Fig. 10b).>°® The phase transition between 1L and
2L Brodie GO phases was also confirmed using DSC and sorp-
tion measurements.’”® DSC shows a sharp exothermic
anomaly at the point of the solvent insertion and an endother-
mic anomaly when the solvent layer is de-inserted in the
heating part of the temperature cycle. The enthalpy of the tran-
sition 11.45 J g~ was found for GO immersed in methanol.>*’

Experimental evidence for additional sorption of methanol
at temperatures below the point of phase transition was pro-
vided using DSC and the isopiestic method.*””*®" The compo-
sition of GtO-methanol was determined by DSC experiments
as 0.55 + 0.4 g (Meth.) g~ (GtO) for the low temperature 2L
phase and 0.28 + 0.07 g g~* for the ambient temperature 1L
phase.'®! The phase transition was observed in both Brodie
GtO prepared by 1 and 2 step oxidations (C/O = 3.4 and C/O =
2.7), not affected significantly by the change in the oxidation
degree of the material.>® In strong contrast to the Brodie GtO-
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H,O system,'®>'*! no change in the structure of Brodie GtO
methanol and ethanol solvates was found around the point of
solvent solidification.

Phase transitions between 1L and 2L solvates were reported
also for Brodie GO in several other solvents: acetone,?***'° di-
methylformamide (DMF), acetonitrile®*”**® and propanol.'®?
The composition of several Brodie GtO solvate phases was
determined using the measurements of solvent sorption at
ambient temperature and near the freezing point of bulk
solvent. The data confirmed the nature of phase transitions
related to the insertion and removal of the solvent layer.**
There is also single observation for the absence of the phase
transition in Brodie GtO in deuterium substituted propanol.>'*
The phase transition is observed also in a methanol-water
binary solvent mixture but shifts from 284 K for 100% metha-
nol to lower temperatures when water is added (247 K with
30% water) before it disappears for a water content over
~35%.%” Moreover, selective sorption of methanol from metha-
nol/water binary mixtures with the methanol fraction in the
range of 20-100% was found in Brodie GO."®" This study pro-
vides a possible application for Brodie GO as a sorbent selec-
tively removing one component from binary mixtures.
Selective liquid sorption properties were also reported for the
chemically modified form of GtO."*°

Unlike Brodie GtO, no phase transitions related to the
insertion or removal of solvent layers was so far found for
Hummers GtO in any tested solvents. The difference between
the swelling properties of Brodie GtO and Hummers GtO in
methanol and ethanol is shown in Fig. 11 which demonstrates
that these are clearly very different materials. Hummers GtO
immersed in methanol and ethanol shows strong continuous
“pseudonegative” thermal expansion which is explained by the
insertion of an additional solvent into the GtO lattice but no
step-like changes.'® Hummers GtO swelling in both alcohols
is significantly stronger compared to Brodie GtO already at
ambient temperature. The d(001) corresponding approximately

b) (a)

GO/Methanol cooling

(0O1L
(O02L & (003

)
8
s
7}
g 252K
270K
(001)A (002)A RY (010
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Fig. 10 Pressure (a) and temperature (b) induced phase transition from the ambient 1-layer Brodie GO-methanol structure to a 2-layer structure.
(a) XRD patterns (1 = 0.7092 A) recorded from Brodie GO immersed in excess of liquid methanol upon pressure increase.'*? (b) XRD patterns

recorded in the process of cooling (1 = 0.99874 A).2%°
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(a) Temperature dependence of the d(001) corresponding to the distance between graphene oxide layers for samples of Hummers GtO

immersed in excess of methanol (blue) and ethanol (green) and Brodie graphite oxide in methanol (red). Open symbols correspond to data points
recorded during sample heating back to room temperature. (b) Swelling of Hummers GtO in methanol compared to swelling of Hummers and

Brodie GtO in water.'8?

to the insertion of two methanol or ethanol layers is found for
Hummers GtO while for Brodie GtO the lattice intercalation is
limited to one layer.’®

Cooling the Hummers GtO immersed in liquid solvent
results in a gradual increase of d(001) up to 19.4 and 20.6 A at
140 K for methanol and ethanol respectively.'®" The swelling
of Brodie GtO and Hummers GtO in the alcohols can be
described as crystalline and osmotic respectively. Crystalline
swelling refers to layer by layer intercalation of solvent, while
osmotic swelling is controlled by a relatively easy flow of
solvent in and out of the structure regulated by osmotic
effects. Osmotic swelling of Hummers GtO in ethanol and
methanol'®?
Brodie GtO and Hummers GtO in water, as shown in Fig.
It is characterized by a gradual increase of the c-lattice para-
meter upon cooling and an abrupt contraction of the interlayer
distance at the solidification point of the liquid medium by an
amount which corresponds to one solvent monolayer
(Fig. 11b).

The crystalline and osmotic swelling are commonly found
in clay minerals.">”*"*>"> Remarkably, crystalline swelling is
found for Brodie GO in all so far studied solvents except for

is qualitatively similar to the swelling of both
3‘62

water, while for Hummers GO only osmotic swelling has so far
been reported. Crystalline swelling provides an opportunity to
evaluate the thickness of solvent layers confined between GO
sheets. For example, the phase transition connected to the
insertion and de-insertion of one solvent layer provides the
thickness of one layer ~3.3 A for methanol, 3.8 A for ethanol,
4.4 A for DMF,**?% 3.5 A for acetonitrile®® and 3.9 A for
acetone.”’

The gradual shift of the d(001) peak of GO is typically
assigned to random interstratification.>>'>***' As noted above
(Fig. 8) swelling of GO is also inhomogeneous within a single
interlayer with nanometer scale spots showing individually
stronger and weaker hydration."®> The difference in the swell-

This journal is © The Royal Society of Chemistry 2020

ing properties of Brodie and Hummers GtO observed for
materials with a similar degree of oxidation was assigned to
strongly inhomogeneous oxidation of graphene oxide sheets
produced by Hummers methods.’® In fact, Hummers GtO can
be considered as a mixture (or solid solution) of many
materials with different oxidation degrees on the scale of
several nm, each of these showing different swelling and XRD
patterns providing the lattice change averaged over all the
varieties.

The temperature dependence of swelling exhibited by
Hummers GO has interesting implications for several appli-
cations. For example, larger molecules can obviously be inter-
calated into the GO structure at lower temperatures due to
stronger expansion of the lattice provided by swelling. The
difference in the lattice expansion due to swelling was clearly
demonstrated in the studies related to the preparation of pil-
lared GO. Attempts to functionalize Brodie GO with tetrapod-
shaped amines were not successful due to the size of mole-
cules too large relative to the layer separation in methanol.
However, for Hummers GO this worked well due to a larger
inter-layer distance.'”® Chemical functionalization of GO is
often performed in alcohol solutions and at elevated tempera-
tures. Higher temperatures improve the kinetics of reactions
but also provide limitations to expansion of the GO lattice as
demonstrated in studies on swelling.

Even stronger swelling is typical of GO in long chain mole-
cules, most remarkably in long chain alcohols. Larger
lattice expansion of GO immersed in progressively longer
1-alcohol solvents was initially related only to the length and
orientation of chain-like molecules attached by one side to gra-
phene oxide sheets. This idea was discussed in several early
studies of GO swelling in alcohols.’**>%%'%! However, recent
studies demonstrated a multilayered structure of Brodie GtO/
1-octanol solvates with solvent molecule layers parallel to GO
sheets.
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1-octanol starting from the ambient 4 layer structure to 3 layer, 2 layer and 1 layer structures.

Brodie GtO immersed in liquid 1-octanol was found to
undergo a reversible phase transition with expansion of the
inter-layer distance by 4.5 A both upon compression (Fig. 12)
and cooling.”® The phase transition can be explained only by
insertion of one 1-octanol layer with orientation of molecules
parallel to GO sheets. A similar transition observed at low
temperatures was studied also by DSC® providing distinct
anomaly with AH=25+6] g™,

Swelling of Brodie GtO in 1-octanol under ambient con-
ditions provides a c-parameter of ~23.4 A, increased by 16.7 A
compared to the material exposed to air at ambient humidity.
Therefore, the structure of Brodie GtO in 1-octanol corres-
ponds to 4 layers of solvent intercalated between GO sheets.

Direct evidence of the layered structure was provided by
XRD experiments with evaporation of 1-octanol. This solvent
has very low vapor pressure under ambient conditions, but
using vacuum and elevated temperatures it is possible to
observe layer-by-layer removal of 1-octanol (Fig. 12b). An XRD
study revealed that a four layered Brodie GtO/1-octanol phase
(23.4 A) decomposed stepwise into phases with interlayer dis-
tances that correspond to one-layered (~9.9 A), two-layered
(14.6 A), and three-layered (19.4 A) solvate structures.
Quantitative evaluation of the octanol content in the ambient
temperature Brodie GtO/1-octanol phase and low temperature
phase provided values of 0.88 + 0.05 g g™ " (0.12) and 1.10 *
0.05 (0.15) g g* respectively. Assuming that the difference
between these two phases correspond to the sorption/desorp-
tion of one 1-octanol layer it is 0.22 g g™" per layer. Therefore,
the ambient temperature Brodie GtO/1-octanol phase compo-
sition 0.88 g g~ corresponds exactly to the intercalation of
four layers of octanol.”®

A summary of the interlayer distances reported so far for
Brodie GtO in alcohols shows surprising complexity (Fig. 13).
The ambient structure of Brodie GtO in small alcohols (metha-
nol, ethanol and propanol) is one layered, three layered in
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Fig. 13 Summary of data related to the interlayer distance of B-GO
intercalated with alcohol molecules of different lengths.®® Star symbols
show the data obtained in this study for B-GO in various alcohols (ref.
112 data used for methanol, ethanol, and propanol) at ambient tempera-
ture (%) and low temperature (). Data from ref. 93 (¥) and ref. 95 (A)
are for ambient temperature and (W) for 223 K, ref. 163 data for propanol
(@) at 240 K. Reproduced from ref. 99 with permission from RSC.

butanol, pentanol and hexanol, and four layered in octanol
and nonanol.”

Phase transitions with addition of one more solvent layer
are observed at low temperatures or high pressures for Brodie
GO in several, but not all alcohols. It is unclear why, but no
phase transitions have so far been found in e.g. pentanol and
hexanol. It is very likely that multilayered intercalation will
also be found for 1-alcohols with an even larger chain length.
The largest interlayer distance reported for C = 18 is ~50 A.
Assuming approximately 4.5 A per layer this structure corres-
ponds to intercalation of 9-10 alcohol layers. However, no

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr04931j

Open Access Article. Published on 10 September 2020. Downloaded on 4/2/2026 10:26:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

detailed structural studies of GO in alcohols with C > 8 are
available so far.

There is also certain lack of data for the structure of
Hummers GO in alcohols. So far temperature dependent
studies were performed only for Hummers GtO in methanol
and ethanol, whereas the ambient structure was studied only
up to alcohols with C = 9 (nonanol).®® The difference between
the swelling of Brodie GtO and Hummers GtO under ambient
conditions is very strong for small alcohols (e.g. methanol,
ethanol, propanol) but the lattice expansion is very similar for
larger alcohols (e.g. octanol, nonanol).

The data shown in Fig. 13 and 14 demonstrate that the
interlayer distance of Brodie GtO and Hummers GtO can be
precisely tuned using a selection of alcohol molecules and
temperature/pressure conditions, which makes higher alcohols
attractive solvents for the preparation of pillared structures.
They also provide strong implications to the properties of mul-
tilayered GO membranes discussed in the next section.

The swelling of graphite oxides can be strongly modified by
chemical functionalization. This research field is not yet so
strongly developed leaving a lot of space for future studies.
Several examples of a strong change in swelling of chemically
functionalized graphite oxides provided below can be useful
also for the preparation of GO membranes with modified
swelling and permeation properties. Already in the 1960s the
swelling of two chemically modified GO was reported in much
detail. Acetylation of GO using a reaction with acetic anhydride
has been reported already in the 1950s.'°"?'® Acetylated GO
(AcGO) was produced using a reaction with acetic anhydride
which resulted in a material with the lattice expanded up to
10.9 A, about 4 A larger compared to pristine GO.'' Swelling
of acetylated GO is significantly modified showing for example
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Fig. 14 XRD patterns recorded from Hummers GO in liquid alcohols.
Reproduced from ref. 69 with permission from RSC, temperature/
pressure conditions, which makes higher alcohols attractive solvents for
the preparation of pillared structures. It has also strong implications to
the properties of multilayered GO membranes discussed in the next
section.
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Table 3 Swelling of graphite oxide (“graphitic acid”) and acetylated
graphite oxide in a variety of solvents

Basal spacing in A

Complexing substance Acetylated graph. acid Graphitic acid

None 10.90 7.08
Methanol 11.78 8.04
Ethanol 12.35 8.63
Propanol 13.59 16.50
9.06
Isopropanol 12.18 14.72
8.84
Butanol 13.59 17.66
8.97
Dimethyl ketone 12.18 9.00
Ethyl butyl ketone 13.8 9.02
Butyl propyl ketone 14.24 8.7
Acetic acid 14.72 8.58

stronger expansion of the lattice in ketones (Table 3) However,
the short report of AcGO synthesis published about 50 years
ago did not provide information about the properties of pre-
cursor graphite oxide and acetylated material, e.g. no esti-
mation of the materials’ surface area, chemical composition or
spectroscopic characterization.'®® The only modern study of
GO acetylation performed was mostly focused on the chemical
modification of AcGO.>"”

The second example of GtO chemical modification which
preserves but strongly modifies swelling properties is methyl-
ation which was done by a reaction with diazomethane.’®
Methylated GtO showed the inter-layer spacing expanded by
~2.4 A relative to precursor GO (8.9 A in ref. 21). It was
reported to swell not only in polar solvents (e.g. providing an
increase up to 16.4 A in ethanol and 18.3 A in dioxane), but
also in non-polar solvents like benzene (16.5 A) and hexane
(12.6 A).**

However, the methylation reaction used in these studies is
rather dangerous due to extreme toxicity of diazomethane and
to our knowledge methylated GO has never been re-studied in
modern times.

Swelling in non-polar solvents was reported also for graph-
ite oxides after hydrophobization with n-alkylammonium
cations.'®® Alkylammonium chains are attached to the negative
charges on graphene oxide sheets providing an organocomplex
GO material with a strongly expanded lattice, e.g. 18.7 A in the
air dried state for GO-Cy,. The d-spacing of this complex
increases in toluene up to 36.8 A and in cyclohexane up to
41 A

The hydrophobized graphite oxide was demonstrated also
to selectively adsorb some solvents from binary liquid mix-
tures.'®® Successful hydrophobization with n-alkylammonium
was more recently demonstrated also for free standing GO
membranes produced by vacuum filtration of graphene oxide
dispersions. Swelling of these membranes in toluene resulted
in an increase of c-lattice parameter up to 46-47 A
However, the permeation properties of hydrophobized mem-
branes in polar and non-polar solvents have never been
studied so far to the best of our knowledge.
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8. Swelling of multilayered GO
materials: membranes, thin films, and
papers

Graphite oxide is a multilayered material composed of gra-
phene oxide sheets packed into a disordered structure.
Graphene oxide dispersions are prepared by sonication of GtO
in water or by spontaneous delamination in slightly basic solu-
tions and deposited to form multilayered GO materials which
were proposed for many applications.

As cited above, the main properties of multilayered GO foils
as membranes were reported back in the 1950s-60s, including
the basic permeation properties, measurements of membrane
potentials, and possible applications for filtration of small
molecules and water desalination.?"'* The range of possible
applications was significantly broadened during the last
decade to include for example membranes for batteries®*® and
fuel cells,**>*" electrodes for supercapacitors'®>*** and sor-
bents for removal of various contaminants.**®
these applications in the solution immersed swelled state to
allow diffusion or sorption of ions.

Note that Hummers GtO is easy to disperse by sonication
while it is not efficient for dispersion of Brodie Gt0.>** GO dis-
persions can be re-assembled again into multilayered struc-
tures using a variety of methods, e.g. drop casting,”® vacuum
filtration,” spin coating>® or simple evaporation of dispersion
on a suitable surface®" (Fig. 15). Multilayered GO materials are
named papers,””*** thin films'" or membranes®%>%8¢22¢

GO is used in

View Article Online
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while being essentially the same material. Note that deposition
of GO flakes from dispersions occurs most commonly in water
and multilayered materials are prepared under the conditions
of saturated swelling. The arrangement of GO flakes in e.g. GO
membranes is then strongly affected by deposition conditions
and the drying procedure. The volume of the membrane
shrinks by ~30-40% in the process of water evaporation
reflecting the change in the inert-layer distance from ~12-13 A
in the hydrated state and 7-8 A in the air dried state.
Formation of lamellas composed of tens of GO layers and their
significant buckling (Fig. 15) are likely connected to the
shrinking of the foils in the process of drying.***

Multilayered materials are composed of the same graphene
oxide sheets as precursor graphite oxides except for different
packing of individual sheets. Therefore, these materials could
be named simply disordered graphite oxide and the name
“graphene oxide” is strictly speaking not correct. However, the
name has become now very common and it does reflect some
differences in the properties of graphite oxides and multi-
layered GO materials.

It is known that GO papers and membranes show many
properties similar to graphite oxides, e.g. a very similar dis-
tance between graphene oxide sheets in the dried state and
the ability to swell in polar solvents.* However, recent studies
revealed that this similarity is not complete. Some properties
of GO membranes are easy to predict using the known pro-
perties of precursor GtO, for example the absence of swelling
in non-polar solvents. However, there are also properties
which are difficult to explain using only the knowledge accu-

Graphite oxide

Sonication
Membranes

Graphene oxide

’ - dispersions

[

|

Vacuum filtration,
drop casting

Basic solutions

Thin films

ﬂ Vacuum filtration

Spin coating, drop casting

Fig. 15 Scheme representing the preparation of graphene oxide dispersions and using these dispersions for deposition of various multilayered GO
structures. Images from ref. 113 and 234 were used with permission from RSC and AAAS.
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mulated for GtO. For example, back in the 1960 s H.P. Boehm
assumed that GO membranes will be easily permeable to any
polar solvents which are known to cause swelling of GtO, but
he tested permeation only for water.>' More recent studies of
GO membranes showed fast water permeation and decreased
permeability to alcohols.'®'*>'33227 [t is not a trivial fact
taking into account that precursor graphite oxides can be
rather rapidly and reversibly intercalated by both water and
ethanol with  amounts corresponding to
monolayers.?'5>

Therefore, we will review here the main swelling properties
of GO multilayered materials and discuss the similarity/differ-
ence with the swelling properties of graphite oxides. This
paper is not aimed at a detailed review of GO membrane appli-
cations and permeation properties which are described in
thousands of papers at the moment and summarized in
several review papers, see e.g. ref. 137, 228, 229 and 230.

Swelling of multilayered GO is related to the sorption of
water or other solvents which results in an increase of the dis-
tance between individual sheets in the multilayered material.
As a result it affects most of the properties of GO papers, films
and membranes. For example, sorption of water under con-
ditions of different air humidities strongly affects the mechani-
cal properties of GO membranes and papers.”>>**! Moreover,
decreased sorption of water by Brodie GO membranes results
in a mechanical strength significantly higher compared to
Hummers GO membranes at any humidity.*® Sorption of water
also affects the conductivity of GO very strongly, the property
which is used in ultrafast humidity sensors.’*®*° Humidity
also affects very strongly the tribological properties of GO
films.**?

Possibly the most important effect of swelling is that it
enables the permeation of solvents across the GO membranes.
GO membranes under dry conditions are excellent gas bar-
riers, much like graphitic foils, capable to hold vacuum and
not permeable to gases.>"**>** However, for most applications
GO membranes are used under conditions of immersion in
liquid solvents (most often water), e.g. for filtration®® and desa-
lination applications’® or under exposure to water/solvent
vapors for separation of binary mixtures by pervaporation.>***?
The humidity controlled size of permeation channels was also
used to tune the gas separation properties of GO
membranes.>*°

The stronger the swelling, the larger the size of “permeation
channels” in the GO structure. The exact size of permeation
channels is calculated differently in some studies due to
different opinions related to the structure of GO.?*°"8%113 For
example, the size of permeation channels in the swelled state
of GO membranes was calculated assuming only not oxidized
areas of graphene oxide sheets while the permeation was
speculated to occur in the interconnected network of unoxi-
dized interlayers named “graphene capillaries”.*>**'"> The
size of permeation channels was calculated in these studies by
taking the d(001) value of the GO membrane in the swelled
state (e.g. ~13 A in water) and subtracting the thickness of the
not oxidized graphene layer (3.4 A) thus resulting in the size of

several
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about 9-10 A.*%*' Other studies, including studies by the
authors of this review, argued that describing hydrophilic GO
membranes using hydrophobic “graphene capillaries” is not
relevant. The absence of the interconnected network of gra-
phene capillaries in GO membranes is directly confirmed from
the absence of He permeation in water free membranes®* (size
of “graphene channels” in water free membranes calculated as
~3 A allows the permeation of gases), the absence of a sizable
BET surface area in dry membranes, direct electrostatic force
microscopy data**” and HRTEM imaging,>*® the electrical
insulating nature of GO sheets, the invariance in permeation
rates for laminates with different flake sizes*** and many other
methods which point out that small nm sized graphene areas
present on the GO surface are not interconnected until some
reduction is applied.>*® Therefore, our opinion is that the size
of permeation channels in GO membranes needs to be con-
sidered assuming the averaged thickness of GO sheets (~7 A
(ref. 241)). For the swelling state with the inter-layer distance
of 13 A as in the above cited example, the size of permeation
channels must be then equal to ~6 A.°%''*2*> The flow of
water and other solvents needs to be considered using hydro-
philic permeation channels provided by swelling of the GO
structure.

Independently on discussion about the exact size of per-
meation channels there is no doubt that the permeation pro-
perties of GO membranes are strongly related to the inter-layer
distance provided by swelling and mobility of solvents inside
the interlayers.”*?*®?*72% Ag cited above, one needs to be
careful in interpreting diffraction studies which provide only
the value of the inter-layer distance averaged over many layers
and averaged over the whole (but strongly inhomogeneous on
the nm level) GO sheets.'>*

The values reported for the averaged interlayer distances of
GO multilayered structures in various solvents are summarized
in Table 4. The data are related only to Hummers GO mem-
branes. Brodie GO membranes were prepared but not yet used
for studies of permeation.’®®!

As expected from the swelling properties of GtO (Table 2),
GO membranes do not swell in non-polar solvents.”’® As a
result, non-polar solvents do not penetrate across GO mem-
branes. Therefore, the membranes can be used for separation
of polar solvents from non-polar solvents.”*® GO membranes
were also proposed as a material for preparation of protective
fabrics which permeate water but serve as a barrier for toxic
non-polar solvent contamination.>*”

Similar to GtO, GO films and membranes also very easily
absorb water both from liquid and vapors. This property is
used for preparation of humidity sensors which provide extre-
mely rapid response’*® and ultra-high sensitivity.**?*%>*°

Even after a rapid look at Table 4, it is obvious that huge
variation of swelling is reported not only for re-stacked GO
multilayered materials but even for solvent free “dry” GO. The
permeation properties of GO membranes were also reported to
be different by several orders of magnitude.>*°

As cited above, Hummers oxidation is used with many vari-
ations providing a large variety of materials. Therefore, we
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Table 4 Swelling of multilayered GO materials (membranes and thin films) in polar solvents
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Thickness
Solvent d(001) swelling in liquids d(001) swelling in vapors measurement Computation approach
Dry-state 6.4 A,'** 7.40 A-7.6 A,'*7*°1:252 7 78,6 A>3 7268 6.0-6.5 A, 7124110 7.9-8.0 A28 7.0-8.0 A 2707282

010 A 269-274

Protonic polar solvents. Water

7.0— 73A275276
7.9- 80A126277

10.0 A 262,283

Water No reflection,”**?® 8.90 A,*** 10.8-11.1 4,217 8.0 A,7%7°10.0 A,"** 21-23 A,254204 6.5 A% 8.7 A,2%°
11.8-12.4 A, 189,262,263,266 11.0-11.3 A,*%?7 12.0 A,*”®  62.0 A**! 10.0 A,%* 11.0 A,?52
12 7 13 1 A 127 ,253,260,271-273 123 A 126 13.5_14.0 A 279,281
13.5-14. 7A124236 259,268

Protonic polar solvents. Alcohols

Methanol 9.1 A,%* 10.6 A,'®2°° 12.0-12.5 A,'?7%5¢ 14.0 A >*7 11.6 A 126 8.5 A2%*

Ethanol 9.6-9.7 A,**” 261 41 1 A,189:266 10.0 A,"*° 11.5 A "7 10 A%t 7.0 A28
15.0-15. 8A127246256267 16.5 A257 17. 7A269

Propanol-  16.7-17.0 A127:257

1

Butanol-1 9.8 4,2°°17.9 A,'*” 18.5 A%%7 7.2 A8

Pentanol-1  18.8 A,'*” 19.9 A %7

Hexanol-1 20.2 A%

Heptanol- 21.7 A*?’

1

Octanol-1  10.1 A,***23.2 A7 12 A 2%

Nonanol- 26.0 A%

1127

Aprotic polar solvents. Other solvents

Acetone 8.7 A, 9.8 A,2°°10.1 A,°* 12.9 A %°7 10.4 A12° 11 A%t 7.2 A8

DMSO 18.6 A1%° 11.7 A 126 17 A%

Dioxane 8.5 A 189

DMF 13.8 A,'%% 22.2 A 2% 11.7 A126 16 A 2%

NMP 22.A2°° 22.5 A 264

Non polar solvents. Other solvents
n-Hexane 8.0-8.4 A ("dry state” 7.7-8.0 A)zse 1,264,267

Toluene 8.2 A (7.8 A),%°* 8.8 A(8.3 A),%°” 10.1 A (10.0 A**°

support recent calls for standardization of GO with respect to
reporting certain characterization of these materials, most
importantly the degree of oxidation, flake size, spectroscopy
data and defect state.®® Some deviations in the numbers
reported using diffraction methods can also be explained by
purely technical reasons. The swelling of GO membranes in
liquids is best to evaluate by XRD directly in the immersed
state with sufficient for saturation excess of solvent. However,
if the sample is not sealed, evaporation of solvent in the
process of recording which takes usually at least a few minutes
might result in more or less random underestimation of the
inter-layer distance, especially for solvents with high vapor
pressure."'®> Some of the differences in the swelling properties
of GO membranes can be related also to the details of GO
layers packing in the multilayered structure (Fig. 16).
Significant variations in the alignment of GO layers (buckling,
wrinkles, overlaps) will be reflected in XRD patterns which
average the interlayer distance over hundreds and thousands
of layers. The difference in alignment of flakes can be for
example due to the result of different deposition procedures.
Several studies were specifically aimed at improving the align-

21082 | Nanoscale, 2020, 12, 21060-21093

9.0 A(7.8 A)*** 7.8 A (no information
about the dry state)*®!
7.3 A (no information

about the dry state)*®*

8.0(7.8) A2

ment of GO flakes to provide a more uniform size of “per-
meation channels”, see e.g. ref. 133 and 135.

The initial studies assumed the idealized structure of GO
membranes composed of the flakes of identical size, a very
small and regular distance between the flakes, parallel orien-
tation of flakes and an extremely long zigzag pathway of water
around the hole-free flakes (as in Fig. 16).>>%® However, real
GO flakes used for preparation of membranes are different in
size, irregular in the shape and not defect-free with cracks and
holes present already after synthesis and greatly increased in
numbers after sonication treatment typically used to prepare
GO dispersions.>®>?8¢

More realistic structures with holes, point defects in GO flakes
and somewhat irregular orientation of flakes were later con-
sidered as more relevant for describing real materials.**® Possibly
the most adequate representation of the real GO membrane struc-
ture is a combination of Fig. 16B (with holes and cracks in indi-
vidual flakes) and Fig. 16C with an irregular overlap of GO
flakes.>”**®*® The study revealed that the permeation rate across
the GO membrane is the same independent of the flake size
pointing out to the holey structure shown in Fig. 16B.>*°

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 Possible water-transport mechanisms through GO laminates.
(A) Layer-by-layer water transport in which water flows strictly between
the individual GO sheets. (B) Layer-by-layer transport, mediated by
pinhole defects, in which the effective path length is significantly
reduced by the pinhole defects. (C) Combination of layer-by-layer trans-
port and transport mediated by voids and imperfect sheet stacking.
Reproduced from ref. 239.

All three structures shown in Fig. 16 suggest the zigzag
pathway of water molecules passing through interlayers
expanded by swelling, but the length of these pathways is dra-
matically different.**® Therefore, calculation of the solvent flow
rate in the permeation channels starting from the permeation
rate across the GO membrane is very strongly affected (by 2-3
orders of magnitude) by selection of a structural model.>*?
Assuming realistic structural models with defects and holes in
GO sheets allows one to explain the permeation rates observed
in GO membranes without involving “ultra-fast” flow and
exotic mechanisms discussed in some theoretical models.>*?
Sufficiently high water mobility of water can be achieved in
hydrophilic permeation channels provided by GO sheets.”®” A
detailed review of the structure and permeation mechanisms
for GO membranes is out of scope of this paper.

Swelling of GO membranes is clearly different from the
swelling of graphite oxides. This can be illustrated by the
example of GO membranes swelling in water-ethanol mix-
tures.”®* The study reported that GO membranes are hydrated
by water similarly to precursor graphite oxide powders but
intercalation of alcohols is strongly hindered. Insertion of
ethanol into the membrane structure at ambient temperature
was found to be limited to only one monolayer (10.6 A in
Fig. 17) for Hummers (GO) in strong contrast to precursor

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Interlayer distance, d(001), measured at 300 K for GO mem-

branes in liquid water—ethanol binary solvents: (a) H-GO and M-H-GO
membranes compared to H-GO. The M-H-GO membrane was produced
in the same group which reported selective water pervaporation for
water—ethanol binary mixtures.?®> Reproduced from ref. 224 with per-
mission of RSC.

graphite oxide powder which is intercalated with at least two
ethanol monolayers (15.5 A). The cooling experiments also
demonstrated the absence of “negative thermal expansion” for
Hummers GO and phase transitions connected to insertion/
de-insertion of alcohols in Brodie GO membranes.***
Quantitative estimation of vapor sorption from water-
ethanol mixtures by Hummers GO films demonstrated an
increase of ethanol concentration in the film relative to the
composition of the source solvent'*® as well as the change in
the composition of several other binary mixtures as a result of
sorption.'*’
liquid solvents was also compared to the swelling of precursor
Hummers GtO powder in several studies.®'" Quantitative
evaluation of water sorption using DSC and the isopiestic

The swelling of Hummers GO membranes in

method revealed smaller water sorption by the GO membrane
compared to precursor Hummers GtO.®* An XRD study of
intercalation of several liquid solvents into the GO membrane
structure, e.g. ethanol, methanol, dioxolane, acetonitrile,
acetone, and chloroform showed maximum one monolayer
insertion, in contrast to insertion of 2-3 layers of these sol-
vents into the graphite oxide structure.'™® However, the struc-
ture of GO membranes in some other solvents (DMSO and
DMF) was found to expand similarly to precursor graphite
oxide but with slower kinetics.

The membranes are found to be stable in aqueous solu-
tions of acidic and neutral salts, but dissolve slowly in some
basic solutions of certain concentrations."** The studies con-
cluded that GO membranes are a distinct type of material with
unique solvation properties compared to parent GtO even if
they are composed of the same GO flakes.'"® The difference in
the swelling properties of GO membranes and GtO was
assigned to the regions of flake overlap which provide hin-
drance to the expansion of the GO lattice (Fig. 18).""

Nanoscale, 2020, 12, 21060-21093 | 21083
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(a) (b) Flake overlap
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Fig. 18 (a) Typical shape of individual GO sheets imaged using AFM
(the size of the panel is 6.4 ym). (b) Schematic geometry of overlapped
graphite oxide flakes. (c) Schematic drawing of the GO membrane com-
posed of irregularly shaped and overlapped sheets. The red circle illus-
trates the example of GO flake overlap with (d) the enlarged region of
three overlapped GO flakes; (e) the same region under the conditions of
water molecule insertion hinders larger separations of GO sheets.
Reproduced from ref. 113 with permission from RSC.

The swelling of GO membranes in solvents other than
water shows an enormous variety in inter-layer distance.
Table 4 shows the separation of GO layers in the range up to
~50 A depending on the nature of the solvent. The swelling
depends also on the nature of dissolved molecules and ions,
the concentration of solutes''® and the duration and con-
ditions of the membrane storage.®® This variety of inter-layer
distances is in conflict with the claims of universal ultra-
precise ion sieving limited by the fixed diameter of permeation
channels. The size of “permeation channels” was assumed in
these studies to be the same as in pure water for any solvents,
solutions and concentrations of solutes.*>%*™>'2*  For
example the 1-octanol molecule was assumed as too large for
permeation across GO membranes. However, Table 4 shows
that 1-coctanol not only penetrates between GO sheets but also
causes very strong swelling both in GtO and GO membranes
(23.2 A (ref. 127)).

Notably, some other study shows swelling in 1-octanol to be
significantly smaller, 10.1 A.?°* A similarly strong difference in
swelling is found in Table 4 for several other solvents. The
difference in the swelling properties of GO membranes is puz-
zling and possibly related to several factors.

21084 | Nanoscale, 2020, 12, 21060-21093
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Recent studies demonstrated that a huge difference in
swelling and permeation properties of at least some GO mem-
brane materials can be explained by air-ageing over the period
of several months and longer.®® Storing the membrane in air
after preparation by vacuum filtration (that is in water swelled
state) results in slow evaporation of water (3-4 weeks) and the
increased stability of the membrane in water.”**

The membranes are often dried using shelf storage for
days, weeks and months but this storage time is typically not
reported or taken into account. However, recent studies
revealed dramatic changes in the swelling of membranes as a
function of air storage time.®® Both precursor graphite oxides
and freshly prepared GO membranes were found to swell
equally well in the set of liquid alcohols (from methanol to
1-nonanol), Fig. 19. However, the swelling of GO membranes
changed dramatically following air storage and in a rather not
equal way for different solvents. Chemical modification of
membranes was found to start on the surface of the multi-
layered structure and to penetrate slowly into the deeper
regions according to the analysis of XPS data.®® The lattice
expansion due to the swelling of Hummers GO in ethanol and
methanol decreased significantly with time and disappeared
for 1-hexanol and larger alcohol molecules after 0.6-2 years of
air storage. The samples stored under ambient conditions for
5 years showed a nearly complete absence of swelling in alco-
hols but showed significant swelling in water. The study
suggests that at least part of the difference reported in the
swelling properties of GO membranes can be related simply to
different times and conditions of air storage, including also
our own earlier study which was performed using membranes
stored for 6-8 months after preparation.””* The chemical
modification of GO membranes during air storage can be con-
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< 184 el
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(a) No. of C atoms
Fig. 19 Interlayer distance (d(001)) for Hummers GtO powder (A) and

membranes immersed in liquid alcohols: freshly prepared (1 week)
sample (M), sample stored in air for 1.5 years, (0) for 2.5 years (@), and
sample stored in air for 5 years (A). The inset shows the 2D XRD image
(2 = 0.30996 A) recorded of the Hummers GO membrane in 1-pentanol
after 7.5 hours of immersion.
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sidered as degradation, but also as a possibility to tune selecti-
vity in sorption and permeation. The selectivity of GO mem-
branes to swelling in alcohols improves due to the “degra-
dation” (Fig. 17).

Similar observations were earlier presented for GO papers
which were easily functionalized a few weeks after preparation
but became less and less reactive after longer storage. One can
assume that smaller swelling of GO papers does not allow
penetration of molecules into the intra-lamellar structure.

A large variation of the swelling properties of GO mem-
branes in various solvents and solutions is considered as one
of the major obstacles in applications which require precise fil-
tration parameters. Ideal nanofiltration membranes must
provide exactly the same size of permeation channels indepen-
dent of e.g. the concentration of solutions. This requirement is
even more important for desalination applications which

o swelling depends O

View Article Online
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require size exclusion of small ions present in sea water.
Therefore, a lot of research efforts were recently focused on
chemical modification of GO membranes to control the inter-
layer distance®®® % and to limit swelling to a degree which
allows permeation but excludes small ions (e.g. Na', K'
etc.).**** For example, using divalent and multivalent cations
was proposed as a method to bind together GO sheets.”®
Intercalation of Mg," and Ca," was reported to increase the
mechanical strength of GO papers.?®” The control of interlayer
distance in aqueous solutions was suggested using intercala-
tion of certain cations into the GO structure.”*® Another
approach tested in several studies is partial reduction of GO
membranes.””® Crosslinking of GO membranes using various
chemical intercalation modifications was tested in several
studies.’*° %> Moreover, some attempts to control the swelling
and permeation of GO membranes using the electrical current

-,
61 HGOMethanol

- “Effect:

a(001) (A)

o1
|

(002)

Layers packing:

aoon12s A
Powder+
membrane,

Membrane

won87A
H H w o on 1]

Solvents :
promey Alcohols
(002) (003) in 1-Nonanol .
amam oome AMiNes
. | eI
Brodie vs Hummers 3 jaoen e -
“ £ 4(001) = 17.9A in1-Butanol fo= q
.t~ Temperature | — e ——— N

’ ethods to stuqg ) —
@ » XRD y - :

Nitriles
Neutron

scattering

| GO film

New phase:
ooy |TEA'BF, Intercated Solvate (16.38 A)
2-Layer Solvate (12.77A)

il

1-Layer Solvate (8.96 A)
foon)

002

5 S 5
Interlayer Spacing (nm)

o

Hexane

Pressure:
T o7y
| (002) ©10 30
| L -
| gm
1L 200
1L __ Dok 5
N 037 £ 191§
N 0.31Gpa
| a %0
| J\ o 0.12GPa A P 1
I 0.04 GPa
e
T T T 0

2

Soaking Time (hou

Humidity: :

3 4 .. Y7 HGO1-25 years

o
1 3

A
HGO1 -5 years

HGO2- 1.5 yea

R

8

Intensity (x10°cps)
s @

of 6, from
507A106.30A

T T T
2 4 6
No. of C atoms

0 min (anhydrous GO

Fig. 20 Scheme representing the most common methods to study swelling of GO materials and a broad range of parameters which affect swelling.
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were presented, but the reported effect is most likely related to
the cracks in the unintentionally created water impermeable
rGO layer which becomes narrower or broader when the
current is switched on and off.>*?

Another problem related to the swelling properties of GO
membranes is instability in water. Freshly prepared GO multi-
layers are known to suffer from spontaneous
delamination.’**% When GtO synthesis methods are tuned
to provide easy dispersion in water, it is not surprising that re-
assembled laminates/GO membranes also easily dissolve in
water or swell into a jelly-like state.>°” Therefore various chemi-
cal modification methods were proposed to stabilize the mem-
branes or GO based composite sorbents.**®'* Another
method tested already back in the 1960 s is encapsulation of
GO membranes into an envelope made of other materials
(clays in ref. 104). Enveloping of GO membranes using CNTs
was also recently proposed.*’®> We note also that AI** ions
suggested as a reason for water stability of GO membranes pre-
pared on alumina filters®** are likely to originate from small
Al,O; particles which are commonly found on the surface of
membranes peeled off from the alumina filters.***

9. Conclusions

Swelling is one of the key properties of graphite oxides studied
extensively over the past 150 years but still providing many sur-
prise discoveries even in modern times. A broad variety of
methods used to study GO swelling and multiple factors,
which affect the swelling of GO are summarized in Fig. 20.
Fundamental studies of graphite oxide swelling in many
solvents and under variation of pressure and temperature con-
ditions provide the background for understanding multi-
layered graphene oxide structures. In fact, even the preparation
of graphene oxide dispersions can be considered as a swelling
with infinite inter-layer distance. Deposition of GO dispersions
into multilayered structures occurs under conditions of satu-
rated swelling and defines the structure of these materials
after solvent evaporation. One of the most surprising findings
during the last decade is a significant difference between the
swelling of graphite oxides and GO multilayered foils, which is
not yet well understood despite very strong research efforts.
Thanks to the hydrophilic nature of GO multilayered structures
are capable to absorb significant amounts of polar solvents
from vapour and in liquid into the expanded inter-layers, thus
making the whole surface area of individual sheets accessible
for sorption of ions and molecules. The high sorption capacity
of GO materials provides important applications as sorbents
for waste water treatments and removal of various pollutants.
Expansion of the GO lattice due to swelling enables membrane
applications but also provides challenges to control the size of
permeation channels which depends not only on the nature of
the solvent, but also on many other parameters, like pH,
nature and concentration of solutes, temperature and pressure
conditions. Many applications of GO multilayers also involve
the swelling and sorption of polar solvents, e.g. humidity

21086 | Nanoscale, 2020, 12, 21060-21093
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sensors, protective semi-permeable coatings, gas and liquid
mixture separation, nanofiltration, fuel cells and battery mem-
branes and water desalination. Moreover, chemical
functionalization of GO materials most often performed in
solutions thus involves swelling, for preparation of various
framework and pillared structures. Swelling is an efficient way
to separate layers from each other providing access to func-
tional groups located on the GO surface for chemical
modification.

It can be concluded that the fundamental understanding of
swelling phenomena in multilayered GO materials is strongly
interconnected with many applications and requires further
studies which are likely to present us with many surprises.
This review is likely to be far from complete reflecting only the
most important connections between the swelling of GO and
applications.
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