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Abstract

Graphite oxide (GO) is a hydrophilic, layered material prepared by oxidation of graphite.
In the first part of this thesis, we studied materials produced from GO by intercalation and
functionalization. The second part of the thesis was focused on supercapacitor applications
of high surface area carbons prepared from GO using chemical activation.

A detailed study of acetylated GO (AcGO) was performed to verify structure and
properties of this material. Reports from 1960’s suggested that AcGO has “pillared” structure.
Our analysis showed that the AcGO demonstrates expanded structure due to acetylation but
exhibits negligible specific surface area and should not be considered as a pillared material.

Pillared reduced GO (prGO) was prepared by applying mild annealing to GO material
pillared with tetrapod-shaped amine molecules. PrGO showed relatively high surface area
due to remaining pillaring molecules in the structure. The prGO is hydrophobic and exhibits
100x improved conductivity compared to precursor. PrGO is one of few true pillared
structures reported in literature so far, and the first ever prepared starting from pillared GO.

We also investigated the sorption of common dyes, methylene blue (MB), rose bengal
(RB) and crystal violet (CV), by multilayered graphene oxide materials. We found that MB
dissolved in ethanol intercalates the GO structure, as evidenced by significant expansion of
inter-layer distance, and increase in weight due to sorption. In contrast to MB, GO is not
easily intercalated by CV and RB dyes. We believe that the flat MB molecule shape allows
easier insertion between GO layers compared to twisted and non-flat CV and RB molecules.
Our results suggest that penetration into GO inter-layers depends not only on the size of
molecules, but also on the shape.

Temperature dependent study of structures formed by Brodie GO (BGO) in liquid alkyl
alcohols was performed for a set starting from undecyl alcohol (no. of C=11) and up to behenyl
alcohol (no. of C=22). We found that BGO exhibits strong swelling in all molten alcohols in
this set. Heating just above the melting point of alcohol results in expansion of inter-layer
distance of GO due to intercalation of two layers of alcohol molecules in orientation
perpendicular to graphene oxide planes (a-phase). Further heating of a-phase results in
incongruent melting and formation of new phase with significantly smaller inter-layer
distance and amount of intercalated alcohol (B-phase). The transition from a-to B-phase is
distinctly different compared to swelling transitions previously observed for BGO in smaller
alcohols (no. of C<10). A more detailed study of the BGO-C16 system revealed that B-phase
has structure with alcohol molecules forming layers mostly in parallel to graphene oxide
orientation.

In the second part of this thesis we studied activated reduced GO (a-rGO) as electrode
material in supercapacitors. A-rGO is a high surface material (~3000 m2g) obtained by KOH
activation of rGO. We developed formulations for stable aqueous dispersions of a-rGO
optimized for preparation of electrodes by semi-industrial spray-gun deposition. The
electrodes prepared by spray deposition showed energy storage parameters only slightly
lower compared to lab scale blade-deposited electrodes. Spray-gun deposition might provide
significant advantage for industry over conventional methods to prepare electrodes from a-
rGO.

We also applied KOH activation procedure, optimized for producing high surface area a-
rGO, to biochar prepared from pine cones. Using this cost free “waste” picked up in Umeé
region forest we produced high quality activated carbon very similar to a-rGO in terms of
structure, pore size and surface area. Overall, the energy storage parameters of electrodes
prepared using the activated carbon from pine cones were on the same level as a-rGO
electrodes, which are produced by a lot more complex and expensive chemical treatments.






Sammanfattning

Grafitoxid (GO) ar ett hydrofilt, skiktat material som framstills genom oxidation av
grafit. I den forsta delen av denna avhandling studerade vi material som producerats frin GO
genom interkalering och funktionalisering. I den andra delen av avhandlingen fokuserade vi
pé superkondensatorapplikationer av kolmaterial med hog ytarea som framstillts frin GO
genom kemisk aktivering.

Vi syntiserade acetylerat GO (AcGO). Rapporter frin 1960-talet indikterade att AcGO har
s kallad "pelarstruktur”, men var analys visade att AcGO har férsumbar specifik ytarea och
diarmed inte bor betraktas som ett material med pelarstruktur.

Vi syntetiserade dven reducerat GO med pelarstruktur (prGO). GO material med "pelare”
av amin-molekyler anvindes som utgangspunkt och vi anvinde mild termisk glodgning for
att reducera materialet. PrGO materialet uppvisade relativt hog ytarea pd grund av att
pelarmolekylerna fortfarande fanns kvar i strukturen efter glodgningen. PrGO visades vara
hydrofobt och wuppvisade 100 ginger forbattrad ledningsférmaga jamfort med
utgdngsmaterialet. PrGO ar ett exempel pd en av fi dkta pelarstrukturer som hittills
rapporterats i litteraturen och den forsta som négonsin framstéllts med utgadngspunkt fran
GO med pelarstruktur.

Vi undersokte dven flerskiktade grafenoxidmaterials adsorptionsforméga av vanliga
fargdmnen s& som metylenblatt (MB), rosbengal (RB) och kristallviolett (CV). Vi upptickte
att ndr MB 16ses upp i etanol, interkaleras molekylerna mellan grafenoxidskikten, vilket
visades genom en signifikant expansion av GO-strukturen och en betydande 6kning av vikten
till f6ljd av de adsorberade MB-molekylerna. Till skillnad fr&n MB, interkalerades inte GO
latt av fargdmnena CV och RB. Vi tror att detta beror pa skillnaden i geometri mellan den
platta MB-molekylen, vilket mojliggor enklare insdttning mellan GO-skikten, och de vridna
och spretiga CV och RB-molekylerna. Vara resultat indikerar att interkalering av firgimnena
inte bara dr relaterad till molekylernas storlek utan ocksé till deras form.

Vi undersokte svillningen av Brodie GO (BGO) i en serie alkylalkoholer, fran
undecylalkohol (antal kolatomer=11) till behenylalkohol (antal kolatomer=22). Vi fann att
BGO sviller kraftigt i alla smélta alkoholer i denna serie. Uppvarmning strax 6ver alkoholens
sméltpunkt resulterar i en expansion av GO-strukturen pé grund av interkalation med tvé
lager alkoholmolekyler i en orientering som ar vinkelrdt mot grafenoxidskikten (a-fas).
Vidare uppviarmning av a-fasen resulterar i inkongruent smiéltning av denna fas och
bildandet av en ny fas med betydligt mindre expanderad struktur och méngd interkalerad
alkohol (B-fas). Overgangen fran a-till B-fas dr tydligt annorlunda jamfort med
svéllningsovergangar som tidigare observerats for BGO i mindre alkoholer (antal
kolatomer<10). En mer detaljerad studie av systemet BGO-C16 avsldjade att B-fasen har en
struktur dar alkoholmolekylerna bildar skikt mestadels parallellt med grafenoxidens
orientering.

I den andra delen av avhandlingen studerade vi aktiverat reducerat GO (a-rGO) som
elektrodmaterial i superkondensatorer. A-rGO &r ett material med hog ytarea (~3000 mz2g1)
som framstills genom kemisk KOH-aktivering av rGO. Vi utvecklade den allra forsta stabila
vattenbaserade dispersionen av a-rGO. A-rGO-dispersionerna anvindes for att forbereda
elektroder for superkondensatorer genom sméskalig “malning” och semi-industriell
spraymalning. Elektroderna som beretts genom malning uppvisade négot battre prestanda
dn stora (10 x 10 cm) sprayade elektroder, men prestandan var pd en liknande niva.
Spraymalning kan ge betydande fordelar for industrin jamfort med konventionella metoder
for att forbereda elektroder av a-rGO. Vi tillimpade ocksd KOH-aktiveringsproceduren,
tidigare optimerad for produktion av a-rGO, pa termiskt forkolnade tallkottar. Genom att
anvinda detta kostnadsfria "avfall" som samlats in i Umea-regionens skogar, producerade vi
hogkvalitativt aktiverat kol som var mycket likt a-rGO i struktur, porstorlek och ytarea.
Sammanfattningsvis var energilagringsparametrarna for elektroder som beretts med
aktiverat kol fran tallkottar endast nagot lagre &n for a-rGO-elektroder som framstélldes
genom betydligt mer komplexa och dyra kemiska behandlingar.
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1 Introduction

1.1 Graphite/Graphene Oxide

Graphite oxide (GO) is a hydrophilic, layered material, prepared by oxidation of graphite
(Fig. 1, top part). The term “graphite oxide” typically refers to bulk material, and “graphene
oxide” is used to describe one single layer of graphite oxide. GO has been known for more
than 150 years and was first synthesized by B.J. Brodie in 1859. 1 Since then, several synthesis
procedures have been proposed, most notably by Staudenmeier2 and Hummers and
Offeman.3

GO was mostly considered as a lab curiosity until Novoselov and Geim started the
“graphene revolution” in 2004. 4 R. Ruoff demonstrated in 2007 that GO can be used to
prepare cheap "graphene" by simple thermal or chemical reduction (see Fig. 1, bottom part
for schematic) and the interest in GO rose to an all-time high. 56 In recent years, GO itself
has emerged as an interesting material for many applications. For example, a lot of research
has been performed with multilayered graphene oxide materials. 713 GO is also used as a
precursor for a variety of new materials and composites, 147 since it can easily be dispersed
in water, reduced, and functionalized in many different ways. 18.19

AN YRR

Oxidation

Graphite

Graphite oxide
(Go)

l Exfoliation

Reduced graphene oxide (rGO) Graphene oxide

Figure 1 — Schematic representation of how graphite is oxidized to
GO. GO can be exfoliated to produce graphene oxide. The graphene
oxide can be reduced to prepare reduced graphene oxide often named
simply as “graphene”. Reprinted from Advanced Materials, Vol. 23 (9),
Bai, H., Li, C., Shi, G., “Functional composite materials based on
chemically converted graphene”, pp. 1089-1115, copyright © (2011),
with permission from John Wiley and Sons.

This thesis is mostly focused on fundamental studies of GO and development of
functionalized GO materials. A separate part of the thesis is aimed at the implementation of
high surface area materials derived from GO for supercapacitor applications.



1.1.1 Synthesis

Graphite oxide (GO) is prepared by treating graphite with strong oxidizers and acids. In
the original procedure reported by Brodie in 1859, GO was synthesized by adding potassium
chlorate (KCIOs) to a slurry of graphite in fuming nitric acid (HNOj3).! Brodie’s method
required multiple treatment steps to fully oxidize GO and achieve C/O typically in range 2-
2.5. 120 In 1898, Staudenmaier modified the method and replaced some of the fuming HNO,
with sulfuric acid (H-SO,) to reduce the number of oxidation steps. 2 In 1958, an alternative
approach was reported by Hummers and Offeman. The fuming HNO; was replaced
completely with concentrated H.SO, and potassium permanganate (KMnQO,) used as oxidant
instead of chlorates. Hummers’s method is relatively safe and fast compared to earlier
methods, and to this day the “permanganate route” (with many variations) is the most
popular method to prepare GO. 32124 It can be noted that the last step of HGO synthesis
involves adding water, and some reports suggest that “pristine” GO is obtained by replacing
the water with non-aqueous organic solvents. 2526

It is impossible to say which synthesis method is the “best.” The resulting material has
significantly different properties depending on method and details of synthesis, for example
with regard to thermal exfoliation temperature, 2728 swelling, 2932 and mechanical strength
of individual flakes. 33 The synthesis procedure should therefore be chosen based on the
intended applications of the GO. In fact, since GO’s prepared by different synthesis methods
are so different, GO should be considered as a group of materials. The type of synthesis
procedure along with relevant information such as C/O ratio should always be reported. 34

1.1.2 Structure of graphite oxide and graphene oxide

Like graphite, GO has a layered structure. The distance between the layers increases after
oxidation because of the added functional groups, typically from ~3.4 A (graphite) to ~7 A
(GO). 1t is generally accepted nowadays that all kinds of GO show non-stoichiometric
composition and complete disorder in the location of functional groups. Because of the
disordered nature of GO, the exact structure is difficult to model and has been the subject of
considerable debate over the years. 3538

The first structural model of GO was proposed by Thiele in 1930. 39 Since then, several
models have been proposed, including by Hofman (1934), 4° Ruess (1947), 4 Sholtz and
Boehm (1969) 42 and Lerf and Klinowski (1998). 38 The early models of GO assumed that the
material was made up from repeating units, i.e. that GO had an ordered structure. The Lerf-
Klinowski model (Fig. 2) was the first to introduce the non-stoichiometric disordered nature
of GO and it is currently the most accepted model of GO. Their model assumes that randomly
distributed hydroxyl (—-OH) and epoxy (—O-) groups exist on the basal planes of GO and
mostly carboxyl (—COOH) groups and carbonyl groups are located at the edges of layers (Fig.
2). Relatively high abundance of double bonded oxygen typically found, for example using
XPS, in Hummers’s GO (HGO) also indicate the presence of holes or point defects in the
carbon lattice. 304344 Experimental evidence was provided in support of inhomogeneous
oxidation and existence of holes e.g. by Erickson et. al. who studied HGO using high
resolution TEM microscopy (Fig. 3b).45 As can be seen in Fig. 3, graphene oxide showed
some “islands” of unoxidized graphitic regions in a “sea” of oxidized regions. Holes represent
a small (but not negligible) percentage of the total area. The approximate area percentages
for the GO sample shown in Fig. 3b were 2% (holes), 16% (graphitic region), and 82%
(oxidized region).

It is virtually impossible to construct a detailed model which describes all the properties
of GO since the structure of GO is strongly dependent on the synthesis method and details of
oxidation procedure. The structure of graphite oxide also depends on the type of graphitic
precursor. 2746 Therefore, it is impossible to propose one detailed “true” structural model
which describes the properties of all types of GO. 47:48
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Figure 2 — Lerf-Klinowski model of GO. Reprinted with permission
from Lerf, A., He, H.Y., Forster, M., Klinowski, J., “Structure of
graphite oxide revisited”, pp. 4477-4482, Copyright (1998), American
Chemical Society.

Figure 3 — Aberration corrected TEM images of A. graphene and B.
graphene oxide. The graphene oxide consists largely of disordered
oxidized regions (purple in figure) with some “islands” of unoxidized
graphitic regions (green). Holes in the carbon lattice are shown in
blue. Reprinted from Advanced Materials, Vol. 22 (40), Erickson, K.,
Erni, R., Lee, Z., Alem, N., Gannett, W., Zettl, A., “Determination of
the local chemical structure of graphene oxide and reduced graphene
oxide”, pp. 4467-4473, Copyright (2010), with permission from John
Wiley and Sons.



1.1.3 Swelling of GO

1.1.3.1 General introduction to GO swelling

Unlike precursor graphite, GO is hydrophilic and swells in polar solvents. To distinguish
GO from oxidized graphene/graphite with relatively low degree of oxidation, our group
supports the definition of GO as a material capable to swell in polar solvents. According to a
study by Hofmann, 4° swelling starts with oxidation stronger than C/O~4. For example,
thermally reduced GO is hydrophobic with C/O of approximately 5-6, shows graphite-like
properties and complete absence of swelling. Note that graphene oxide can sometimes be
described as amphiphilic if both oxidized and unoxidized (minor) areas are present on its
planes. However, graphite oxide is clearly hydrophilic bulk material as evidenced by swelling
in liquid and vapor solvents. There are different types of swelling and most often it is intra-
crystalline swelling which is studied for GO materials. 49 Intra-crystalline swelling means that
there is a change in crystal structure as a result of uptake of vapor or liquid. The most
common method to study swelling in GO is by using X-ray diffraction (XRD) which allows to
estimate the average inter-layer distance from (001) reflection. Evaluation of solvent
sorption is used to find composition of swollen GO states, e.g. using direct weight change
measurements, neutron reflectivity or DSC methods. Swollen GO can be considered as a solid
solvate phase with completely disordered structure of solvent molecules inserted between
GO planes. Many GO solvates are not stable and return back to their “dry state” when excess
of liquid solvent is removed allowing the solvent sorbed by GO to evaporate. However,
examples of stable solid swollen phases at ambient conditions are also known, e.g. solvates
formed by GO in polar solvents with melting points above ambient. 5

So far, the swelling of GO in water has been studied most extensively (both liquid water
and water vapors). 5t54 There are also numerous studies of GO swelling in amines, 5556
nitriles, 5657 alcohols, 58-¢ and many other polar solvents. 49664 Depending on the molecular
size and amount of intercalated solvent, the inter-layer distance in GO can increase from ~6-
7 A (dry GO) up to ~50 A (GO in swollen state). 5159616566 In certain solutions, the swelling
leads to complete separation of graphene oxide layers. 2067 For instance, GO prepared by
Hummers’s method can be dispersed in water under mild mechanical treatment such as
sonication. The dispersions can then be drop-casted, 68 spin-coated, 6 or vacuum filtrated
29.63 to prepare multilayered GO materials such as thin films, 7° papers,” or membranes. 111368
(see more in section 1.1.4 about multilayered GO materials).

The swelling properties of GO are of great interest both from fundamental and practical
point of view. Practical because almost all applications of GO materials are enabled by its
ability to swell. Fundamental because most often the chemical functionalization of GO is
performed in aqueous solutions or in solutions prepared using other polar solvents.
Expansion (swelling) of the GO lattice also enables the insertion of large molecules between
GO layers which can act as molecular “pillars”, resulting in porous 3D structures (see more
in section 1.1.5. about pillared GO). 7279 More expanded GO structure allows for insertion of
larger molecule. Therefore, understanding and controlling GO swelling is of major interest
for preparation of pillared structures.

1.1.3.2 Swelling of GO prepared by Hummers and Brodie
methods

Remarkably, the swelling properties of graphite oxide prepared by Hummers’s method
(HGO) and Brodies method (BGO) are very different. 3¢ In general, HGO exhibit stronger
expansion of inter-layer distance due to swelling compared to BGO. 80 There are also distinct
differences in how solvent molecules are intercalated. It has been shown that BGO is
intercalated by several polar solvents “layer by layer”. 3269.80-83 For example, in ambient
conditions, BGO immersed in liquid methanol is intercalated by one layer of methanol
molecules. 84 Decreasing the temperature or increasing the pressure results in insertion of an
additional layer of methanol, creating a two-layer solvate phase. The transition between one

4
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and two-layer structures is reversible upon temperature or pressure cycling. In contrast,
HGO immersed in liquid methanol exhibits gradual changes of inter-layer distance upon
variations in temperature and/or pressure (Fig. 4). The same is true for many other solvents,
e.g. ethanol, propanol, acetone, acetonitrile, DMF etc. 3! The exact reasons for the difference
in swelling properties of BGO and HGO are not completely clear. However, the difference is
likely related to the more defect state of HGO, i.e. more holes in the graphene oxide layers,
more disordered stacking of layers and more inhomogeneous distribution of oxygen
functional groups on the graphene oxide surface. 3° BGO can therefore be considered as more
suitable as model system when studying the swelling properties of GO.
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Figure 4 - Temperature dependence of the inter-layer distance,
d(oo1) for samples of HGO immersed in excess of methanol (blue) and
ethanol (green) and for sample of Brodie graphite oxide in methanol
(red). Open symbols correspond to data points recorded during sample
heating back to room temperature. Reprinted from ACS Nano, Vol.
7(2), You, S, Sundqvist, B and Talyzin, A. "Enormous lattice expansion
of hummers graphite oxide in alcohols at low temperatures." pp 1395-
1399. Copyright (2013), with permission from ACS. Direct link:
https://pubs.acs.org/doi/full/10.1021/nn3051105

1.1.3.3 Graphite oxide swelling in alcohols

Swelling in 1-alcohols provides one of the most convenient routes to control inter-layer
distance of GO. Alkyl alcohols are inexpensive, nontoxic, and available in a large set of
progressively longer molecules. Already in 1960’s it was reported by D. MacEwan and J. Cano
Ruiz that insertion of progressively longer 1-alcohols into GO structure results in an increase
of inter-layer distance up to ~50 A for 1-alcohol with 18 carbon atoms (Fig. 5a). 5659 These
studies showed inter-layer distance evaluated from XRD at room temperature for alcohols
with carbon number 1-18 and for some alcohols at 70 °C and -50 °C. The inter-layer distance
for alcohols intercalated at 70 °C was found to be significantly smaller than at room
temperature, thus indicating possible phase transformations for the GO/alcohol systems. It
should be noted that the studies from 1960’s (Refs. 5659) only provide values of inter-layer
distance. XRD patterns were not shown in these papers due to technical limitations and
characterization of materials by other methods than XRD were not performed.
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Figure 5 — a) Inter-layer distance (provided by (001) reflection) of
GO in progressively longer 1-alcohols. The data are from two articles
by MacEwan et.al. Ref a refers to “Temperature Variation of B-Type
Interlamellar Sorption Complexes of Graphitic Acid with Alcohols“.59
Ref b refers to “f-Type Interlamellar Sorption Complexes”. 85 Open
symbols are for data recorded at ambient temperature (O,,E). The
dataset with dot ([J) indicates that the alcohols are solid at room
temperature. Ref a provides swelling data recorded at —50 °C (A) and
at 70 °C (M). The dataset recorded at -50 °C is for solid samples. Note
that the data points were copied from published figures and are not
precise. b) Hypothetical change in orientation of alcohol molecules
intercalated into the graphite oxide structure for larger alcohols, as
proposed by MacEwan et.al. Material from De la Cruz FA., MacEwan
DMC., "Sorption of organic molecules by graphitic acid and
methylated graphitic acid: A preliminary study", published 1965,
Springer Nature, reproduced with permission of SNCSC.

D. MacEwan and J. Cano Ruiz % suggested that alcohol molecules with less than four
carbon atoms are intercalated parallel to graphene oxide sheets. For longer alcohols they
suggested that the inserted molecules changed orientation from being parallell (or “lying
down”) to “standing up” (see Fig. 5b for schematic). The idea of change in orientation was
based on hyphothetical existance of “attachment points” for alcohol molecules on the GO
planes. Parallel orientation was suggested for alcohols shorter than the distance between
these points, and “standing orientation” for longer alcohols (Fig. 5b). However, recent studies
by our group suggest that BGO swelling in 1-alcohols with at least up to 9 carbon atoms in

the chain (1-nonanol) occurs with orientation of intercalated molecules parallel to GO planes.
58,86

BGO swelling in long alkyl alcohols was also studied by R. Kriiger. 64 Inter-layer distances
of swollen BGO phases reported in this study were in agreement with earlier publications
(Refs. 5659) and confirmed structural changes in swollen BGO under temperature variations.
Unfortunately, these results were never published in peer-reviewed journal and are only
available in a PhD-thesis from 1980 which was written in German and not available for broad
audience. Notably, the BGO-alcohol solvates in Kriiger’s study were prepared using ethanol
solution of alcohols, thus forming a triple phase system (consisting of GO + ethanol + alcohol
of interest) which complicates the analysis.

Most of the modern studies of GO swelling were performed only for smaller alcohols such
as methanol, ethanol and propanol. 32:60.80.83.87 In recent years, our group published a detailed
study of BGO swelling in a series of alcohols, from methanol (C1) to 1-nonanol (C9). 86 A



separate, more detailed, study was also performed for BGO in 1-octanol (C8). 58 It was found
that the number of solvent layers intercalated into BGO structure at ambient conditions
increases from one (for methanol, ethanol, and propanol) to three in butanol (C4), pentanol
(Cs), hexanol (C6), heptanol (C7) and finally to four in octanol (C8) and nonanol (C9). The
alcohols can be removed from BGO solvate structure layer by layer if the solvent is allowed
to evaporate, as verified using XRD and TGA. 5886 Apart from our studies, there is not much
in literature about GO swelling in alcohols longer than propanol. No studies were performed
in modern times for alcohols longer than 1-nonanol.

Some part of this thesis is dedicated to the study of temperature dependant BGO swelling
in excess of long alcohols (no. of C=11-22) using synchrotron X-ray diffraction and DSC. We
also performed more deep study of BGO swelling in 1-hexadecanol (C=16).

1.1.4 Multilayered GO materials

GO can easily be dispersed into single flakes in aqueous medium and reassembled using,
for example, vacuum filtration to prepare free standing membranes, thin films, or papers
(Fig. 6). 113206368 Note that these materials are essentially the same but named differently
depending on thickness and application. The main difference is that thin films are deposited
onto substrate (such as a solid block of Si) and membrane/papers are free standing.

GO dispersion

Membranes
N

Thin films

Dip coating Spin coating Vacuum filtration
Spin coating Vacuum filtration
Drop casting

Figure 6 — GO dispersion and examples of thin films, membranes and
papers prepared from the dispersion. The techniques used to prepare
each of the materials are listed below respective image. Scale bar is 1
um. The size of the Si-block used for thin films is 7 x 7 cm. Part of the
figure showing GO paper is from Dikin, D. A., et al., "Preparation and
characterization of graphene oxide paper.", published 2007, Springer
Nature, reproduced with permission of SNCSC.

Free-standing multilayered GO materials (most often simply cited as GO membranes)
have attracted a lot of attention over the last decade and have been proposed for several
applications, e.g., gas separation, 76 nanofiltration, 67.76.88 separation of solvent mixtures, 89.9
as a toxicant barrier, 9 and even water desalination. 92 Almost all applications are enabled by
GO’s ability to swell in polar solvents. Therefore, it is important to study the swelling
properties of membranes in various solvents for potential applications of GO membranes.



The swelling of GO membranes have been studied in a variety of solvents, e.g. water
(liquid and vapor), 2993 alcohols, 94 aprotic polar solvents (acetone, DMSO, dioxane etc.). 49:95
Like precursor bulk graphite oxide, GO membranes do not swell in non-polar solvents. 9596

Recent studies have shown that the swelling of GO membranes can be significantly
different compared to precursor GO bulk powder. 9798 For example, the intercalation of
alcohols can be hindered in membranes, while the swelling in water remains similar to bulk
GO powder. 97 Recent studies by our group also revealed that the swelling properties of GO
membranes change with time after deposition. 9499

One of the most important effects of swelling is that it enables the permeation of solvents
across GO membranes. Fig. 7 schematically shows solvent pathways through the “permeation
channels” in GO membranes with different hypothetical structures. All three structures
shown in Fig. 7 suggest a zigzag pathway across the membrane which partly occurs inside of
GO inter-layers expanded by swelling. The length of the pathways is very different depending
on packing of layers and number of holes allowing penetration of molecules across the flakes.
Fig. 7a is a simplified structure where there are no holes or overlapping in graphene oxide
layers. Fig. 7b shows a more realistic scenario with much shorter permeation pathway
controlled by pinholes in the graphene oxide layers. 1c° Fig. 7¢ shows irregular overlapping
and buckling of flakes. In our opinion, the most realistic representation of GO membrane
structure is possibly a combination of Fig. 7b and Fig. 7c, which takes into account that the
GO flakes used for preparation of membranes are different in size, irregular in shape and not
defect-free with cracks and holes present already after synthesis of GO. More defects are also
introduced as a result of sonication, which is typically applied to prepare stable dispersion
necessary for membrane preparation. -1

Figure 7 - Possible solvent transport pathways through GO
membrane. 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. C - Combination of layer-by-layer
transport and transport mediated by voids and imperfect sheet
stacking. Reprinted with permission from Saraswat, V.; Jacobberger,
R. M.; Ostrander, J. S.; Hummell, C. L.; Way, A. J.; Wang, J.; Zanni,
M. T.; Arnold, M. S., Invariance of Water Permeance through Size-
Differentiated Graphene Oxide Laminates. Acs Nano 2018, 12 (8),
7855-7865.”. Copyright 2018 American Chemical Society.



The size of the “permeation channels” depends on the swelling. Stronger swelling results
in larger permeation channels. The size of the permeation channels is of great interest for
most applications as it is the main factor which determines which molecules can permeate
through the membrane.

The exact method to calculate the size of permeation channels has been debated and
different methods have been used in published studies, often because of difference in
opinions related to GO structure. 636897103 There is also large discrepancy in literature about
the measured permeation rates of water and other solvents across GO membranes, which
differ by several orders of magnitude. 104 In any case, there is no doubt that the permeation
properties of GO membranes are strongly related to the inter-layer distance provided by

swelling in specific solvent and mobility of solvent molecules inside the inter-layers. 68.:88:105-
107

Several earlier published studies were aimed at comparing permeation through GO
membranes for molecules or ions with size smaller or larger than suggested (or in some cases
speculated) size of “permeation channels”. 9596.108 The idea of these experiments was simply
to demonstrate that some molecules do not permeate across GO membranes because the size
of permeation channels is too small to allow penetration. Molecules with different sizes were
tested for permeation in the membrane setup with solution on one side and pure water on
other side. Precise “size exclusion” effect was claimed in these studies by considering
“hydration radius” of molecules or ions and “inter-layer distance” of GO membranes
calculated as d(001) value from XRD data with subtraction of 3.3 A (value of inter-layer
distance found in graphite).

Methylene blue (MB) and other dye molecules have been used for size exclusion tests in
several studies. 9596108 In particular, absence of MB permeation across GO membrane was
attributed exclusively to the size of the molecule (taken as “hydration diameter”) being too
large for entering “permeation channels” of GO membranes. However, it is known that bulk
graphite oxide exhibits strong sorption capacity toward MB. 109-112 Values typically range from
250-450 mg g, 109110 with some examples of even higher sorption, up to 800 mg g for very
defective GO. 12 It is likely that GO membranes also adsorb MB in significant amounts and
in this case it is obvious that the size of MB molecule is not preventing its entrance into GO
inter-layers. Therefore, we initially suggested that absence of MB permeation can be related
not to the size effects but to strong chemical modification of GO due to dye intercalation into
inter-layers. However, there has been no studies of sorption capacity for multilayered
graphene oxide materials (membranes and thin films). It is known from several studies that
multilayered graphene oxide materials demonstrate strong difference in sorption properties
compared to precursor bulk GO powders. That means that intercalation of dyes for precursor
bulk graphite oxide cannot be assumed to be the same for multilayered graphene oxide
materials. 6397 This provided motivation to investigate the exact sorption capacity of
multilayered GO materials toward MB and other common dyes. In this thesis we present the
results from our studies.

1.1.5 Pillared GO materials

Swelling of GO allows for insertion of large molecules which can act as “pillars” to
maintain increased inter-layer distance when the solvent is removed. Pillared GO (PGO)
materials with high surface area are interesting for several applications, e.g. energy storage,
73 gas storage, 74113 as membranes, 8 and as electrode material for supercapacitors. 727679

To distinguish between intercalated GO and (true) pillared GO we define pillared
material as “a material with the lattice expanded by pillaring molecules providing
interconnected pore network accessible for the penetration of gases or liquid solvents”. 78
This kind of definition is useful because there are many examples of GO intercalated with
molecules which expand inter-layer distance but fill all (or most) of the space between GO
layers. Therefore, increased inter-layer distance does not always result in the formation of
porous structure.



The synthesis of PGO’s typically involves swelling (expansion) of the GO structure,
followed by insertion of pillaring molecules sufficiently far away from each other and
removing solvent by evaporation while keeping the GO lattice in expanded state, thus
creating a porous structure.

Various kinds of molecules have been tested as pillars, e.g. boronic acids, 1415 1,4-
diethynylbenzene, 77 diaminoalkanes, 16 various amines, 78117118 and others. 7789 Qur group
have previously optimized procedure to prepare GO pillared with diboronic acid to achieve
materials with record high surface area. 13 Tetrapod shaped 3D amine pillaring molecule
(Tetrakis(4-aminophenyl)methane, “TKAM”) was also successfully used in a more recent
study. 78 Pillared GO structures are interesting because of the possibility to precisely control
pore size defined by the length of pillaring molecule while keeping the slit-like shape of pores
provided by 2D graphene oxide sheets.

However, pillared GO materials most often inherit the hydrophilic and electrically
insulating nature of precursor GO. That is a problem for some applications, for example as
electrode material in supercapacitors. The conventional approach to address conductivity
issues has been to use reduced graphene oxide (rGO), often in combination with conducting
pillaring molecules. 757679.19.120 RGO is typically dispersed and pillaring molecules are added
in solution. Ideally, pillaring molecules get attached to rGO sheets and serve as pillars when
the solvent is removed. The problem with this approach is that it leads to irregular re-stacking
of rGO layers and most often amorphous structure. Relatively small specific surface area of
materials prepared using this approach is often a sign for absence of true pillaring and re-
stacking of rGo sheets into graphite-like structure.

In this thesis we present the results from an alternative approach to prepare pillared rGO,
starting from pillared GO and using mild thermal reduction.

1.1.6 Reduced graphene oxide

The main feature which sparked the interest to GO after the “graphene revolution” was
the possibility to prepare cheap “graphene” by simple reduction of GO. RGO exhibit
graphene-like properties, including relatively good conductivity. Importantly, rGO is
relatively easy to prepare in bulk amounts using a variety of thermal 227 or (electro)chemical
treatments. 121122 Reduction of GO is the most common way to prepare bulk “graphene” in
powder form. 6:123

It should be noted that rGO is not the same as graphene. Not all oxygen is removed from
GO during reduction, and rGO is typically more defect (holes and point-defects) than
graphene. The defects are partly due to holes which are present in GO already after synthesis,
and partly due to defects introduced during the reduction treatment. It is well known that
thermal treatment of GO results in the formation of CO and CO- gases in the process of de-
oxygenation, which means that carbon atoms are removed from the graphene skeleton and
holes/point defects are formed in rGO. 124

GO has typical C/O ratio of 2-2.5, while rGO prepared by thermal annealing has C/O ~5,
and in the case of chemical reduction the values in the range 8-12 can be easily achieved.
Higher C/O of 50 was only reported after annealing at very high temperatures in range 900-
1000 °C, in which case there is graphitization due to restacking of rGO layers. 125 Typical
specific surface area reported in a literature for rGO obtained by thermal exfoliation (~300 -
800 m2g™) is far below theoretical value of graphene (2630 m2g). 63124
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1.1.7 Activated reduced graphene oxide

RGO can be chemically modified (or “activated”) to increase the surface area of the
material significantly, from ~300 - 800 m2g-! to more than 3000 mz2g-1. 126-128 KOH is used in
the activation procedure to oxidize the carbon according to the following proposed reaction:

6KOH + C & 2K + 3H.+ 2K.COs3,

followed by decomposition of K.CO; to K.O and CO.. 129 The KOH activation procedure is
commonly used to prepare high surface area carbons from various carbon precursors. 130131
R. Ruoff et. al. were the first to apply the KOH activation procedure to rGO to prepare
activated reduced graphite oxide (a-rGO). 127128

A-rGO is a material with 3D structure, interconnected pore network and exceptionally
high specific surface area evidenced by analysis of N. sorption. The hierarchical pore size
network was revealed also using direct imaging by high resolution STEM (Fig. 8).

Figure 8 — A-rGO powder (left) and high-resolution STEM images
(right). A hierarchical pore network is seen with uym and nm sized
pores. STEM images reprinted from "Activated graphene as a material
for supercapacitor electrodes: Effects of surface area, pore size
distribution and hydrophilicity. Iakunkov, Artem, et al.", Licensed
under CC BY 3.0.

The exceptionally high surface area of a-rGO can be compared to commercial activated
carbons which typically have SSA below 2000 m2g-. In addition to high surface area, a-rGO
also exhibits good electrical conductivity ~500 S m~ when prepared as thick electrode and
5880 S m for thin films. 127128

High SSA in combination with good conductivity and well-defined pore size makes a-
rGO promising for several applications. For example, a-rGO electrodes exhibit excellent
performance in supercapacitor setup showing relatively high energy density. 126128

1.2 Supercapacitors

Supercapacitors (SC's) are electrochemical energy storage devices, which have gained
increasing interest both in research and industry during the last decade. 132133 SC’s consists
of two porous electrodes soaked in electrolyte, separated by a thin membrane. Depending on
the charge storage mechanism, supercapacitors can be divided into two classes, electric
double layer capacitors (EDLC’s) and pseudocapacitors. EDLC’s are the most common type
of supercapacitors. They operate based on a simple mechanism in which ions are adsorbed
from an electrolyte on high surface area electrodes when potential difference is applied. This
creates electric double layers at the interface between active material (electrode) and
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electrolyte without any electrochemical charge transfer process (Fig. 9). 132134 The other type
of SC’s are called pseudocapacitors. These store charge through fast and reversible redox
reactions on the electrode surface (similar to batteries). 134135 This thesis will only focus on
EDLC’s and will therefore not go into further detail about pseudocapacitors.

EDLC’s offer several advantages over conventional batteries, including high power
density, safety, a broad range of operating temperatures, and superfast charging time
(seconds compared to hours for batteries). EDLC’s also have excellent cycle life (>100000
charge/discharge cycles) and require minimal maintenance. 136 EDLC’s are currently used in
portable electronics, electric vehicles, and to some extent energy storage for wind power, tidal
power and solar cells. 137138 The main drawback with EDLC’s is that the energy density, i.e.
the energy stored per unit mass, is relatively low, typically 1-2 orders of magnitude lower than
commercial Li-Ion batteries. A lot of effort has therefore been aimed at improving the energy
density of SC’s. 139-142

The energy density of EDLC’s is calculated as

1 2 €]
E= 2 cve,

where C is the capacitance and V is the cell voltage. To improve the energy density either the
capacitance or cell voltage must therefore increase, with more impact of the latter. The cell
voltage is determined by the potential window of the electrolyte (see more in section 1.2.3
about electrolytes). The capacitance depends on several factors, the main one being the
electrode material and properties. The following section describes the working principle of
EDLC’s which will be useful to understand the desirable properties of EDLC electrode
materials.

1.2.1 Basic principles

EDLC’s store charge in electric double layers formed at the interface between electrode
and electrolyte (Fig. 9). The interface region, and the distribution of ions in particular, has
been studied in detail, with first reports already in 1853. 143 Since then, many theories and
models have been proposed. 143146 The capacitance is directly related to the distribution of
ions, and so far, there is no model which perfectly predicts capacitance from theory.
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Figure 9— Schematic illustration of supercapacitor during charge and
discharge. Red and blue spheres are ions in solution. Electric double
layers are formed in the interface between electrode and electrolyte.
Note that in real setup there is also a separator between electrodes to
avoid short circuits.
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However, the “parallel plate capacitor model”, first proposed by Helmholtz, can be used
to estimate the capacitance as

€A (2)

where C is the capacitance, € is the local dielectric constant of the electrolyte, A is contact area
of the “plates” of ions (which is essentially the specific surface area of electrodes) and d is the
charge separation distance. 143 According to Eq. 2, the capacitance is proportional to specific
surface area of the electrodes and inversely proportional to the charge separation. Very small
charge separation (typically less than 1 nm) in combination with high surface area electrodes
is what allows EDLC’s to deliver high gravimetric capacitance. 47

1.2.2 Electrode materials for super capacitors

According to theory (Eq. 2), the ideal electrode material should exhibit high specific
surface area (SSA). However, higher SSA does not necessarily result in higher capacitance,
and other factors such as hydrophilicity, conductivity and pore size distribution also need to
be considered. 148150 Ideally, the electrode material should exhibit high micropore (< 2 nm in
diameter) volume with pores just large enough to accommodate the electric double layer. Too
small pores might not contribute to capacitance (even though they will contribute to SSA).
18151 | jkewise, if the pores are too large, there will be empty space not occupied by ions in the
double layer. This will decrease the volumetric capacitance (capacitance per volume) of the
SC. Note that the overall design of the SC also plays an important role in minimizing empty
space and optimization of energy storage parameters. 148-150

Various carbon materials have been explored as electrode material for EDLC’s due to
their high specific surface area (SSA), high electrical conductivity and chemical stability. 152
154

In particular, graphene-related materials have attracted much interest during the last
two decades after reports of high capacitance values (10-20 pF cm-2) measured on single-
layer graphene. 155 Theoretically, the maximal capacitance of single-layered graphene SC can
exceed 550 Fg and exhibit energy density of 169 Wh kg-. 156 That is comparable to the best
energy density values reported for Li-ion batteries (120-170 Wh kg-1). 157

Reduction of GO is the most common method to prepare graphene-related material in
bulk amounts, thus making rGO one of the most popular materials for SC applications.
However, the performance of rGO electrodes is significantly lower than single-layer
graphene, with reported capacitance values in range 100-200 F g. 558159 This corresponds
to energy density in range 28-30 Wh kg-. It can be noted that the SSA of rGO is significantly
lower than theoretical SSA of single-layer graphene (300-800 m2g compared to 2630 m2g-

1)_

The specific surface area of rGO can be significantly increased by applying KOH
activation procedure to prepare activated rGO (a-rGO) also known as “activated graphene”,
with SSA exceeding 3000 m2g. 126.128.160 However, the capacitance values reported for a-rGO
electrodes are typically not higher than electrodes prepared from rGO (90-170 F g). 128.161-163

The performance of a-rGO electrodes is similar to rGO electrodes but a-rGO provides
other benefits for SC applications. Most importantly, a-rGO has a rigid 3D structure and well-
defined pore size. In contrast, rGO is essentially a 2D material which needs to be assembled
into electrodes. It can be done using a variety of methods in combination with different types
of binders and spacers to connect the individual sheets into 3D structure. The most difficult
part of assembling rGO sheets into 3D electrode material is preventing re-stacking into
graphitic structure. Preparation of electrodes most often results in significant drop in SSA.
The resulting pore size is also difficult to control and often not well defined. 164165
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Unlike rGO, the properties of electrodes prepared from a-rGO remains almost
unchanged in the process of manufacturing. This provides significant advantage and allows

for better control of several parameters such as surface area and pore size distribution.
126,128,160,162

There have been many attempts to improve the performance of a-rGO electrodes by
variation of precursors, modification of structure and pore size distribution. 161163166
However, the methods currently used to prepare a-rGO electrodes are relatively complex and
most often involve organic solvents which are toxic and undesirable for industry due to
environmental concerns. 167

A part of this thesis was aimed at the development of semi-industrial deposition methods
for preparation of supercapacitor electrodes based on a-rGO using environmentally friendly
components. We also investigated relatively cheap alternatives to a-rGO using biochar as
precursor instead of rGO as starting material and applying the same KOH activation
procedure to prepare high surface area activated carbons. In fact, the true precursor material
for a-rGO electrodes is graphite. Graphite must be first oxidized using strong acids and
oxidants to prepare GO, then it needs to be reduced to rGO and only after that can be
activated to make a-rGO. Using bio-precursor (e.g. pine cones in our study) simplifies the
procedure significantly.

1.2.3 Electrolytes

Supercapacitors are very often used with water-based electrolytes or organic electrolytes.
Aqueous electrolytes are relatively environmentally friendly, safe, and easy to work with.
However, the potential window is limited by water decomposition which, in theory, occurs at
1.23 V providing a practical upper limit of 1 V. 18 However, it has been shown that neutral
aqueous electrolytes can provide higher practical stability levels of 1.6-2.2 V. 142 Organic
electrolytes have a higher potential window, for example 2.7 V for acetonitrile and propylene
carbonate. %9 This means that the energy density will typically be higher for electrodes
measured in organic electrolyte compared to the same electrodes aqueous electrolytes, since
energy density is proportional to the applied voltage limited by potential window (as can be
seen in Eq. 1). However, organic electrolytes have drawbacks such as environmental dangers,
recycling issues, flammability, and high cost. Organic electrolytes also require cell assembly
in inert atmosphere, making them more difficult to work with compared to aqueous
electrolytes. 169

One more common type of electrolytes are ionic liquids. These offer even higher potential
window than 2.7 V, but ion mobility is low which makes them not so compatible with high
surface carbon materials (large ions have difficulty accessing the microporous surface area).
Tonic liquids also require expensive pretreatment of carbon electrodes. The main benefit of
ionic liquids is that they can extend the temperature range of SC’s over typical limits. 170

2 Experimental
2.1 Synthesis of materials

2.1.1 Hummers graphite oxide

Synthesis was performed according to slightly modified Hummer’s method. 3 Precursor
graphite was typically purchased from Alfa Aesar (natural, ~325 mesh, 99.8%). NaNO; was
grinded and mixed with graphite (1:1 by weight) in round flask. The round flask was placed
in an ice bath to avoid overheating. Concentrated H.SO, was added (40 mL per gram of
graphite) during continuous magnetic stirring (~400 rpm) and left for mixing approximately
30 min. KMnO, was slowly added (3:1 weight ratio to graphite) while stirring and
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continuously measuring temperature (should remain < 20 °C) of mixture to avoid
overheating. Note that this step is the most dangerous part of the synthesis since fast adding
of KMnO, could lead to explosion. When all KMnO,had been added the ice bath was replaced
with oil bath and the solution (in round flask) was heated to 30 °C and kept for 1.5 h. The
solution (which should be light brown at this stage) was then moved to larger flask with DI
water inside (400 mL per gram of graphite) under continuous stirring. Temperature of the
solution increases up to 9o °C because of the reaction with water. Once the solution reached
room temperature a mixture of DI water and H.O-. (100 mL DI water and 6 mL H.O. per
gram of graphite) was added to neutralize unreacted KMnO,. The solution (which should
now be golden yellow) was then left stirring overnight.

The last step of the synthesis is washing. This involves diluting with 10 % HCI, followed
by centrifugation and decantation. Pure DI water (no HCl) was used during the last rounds
of washing until pH 5 was reached. The resulting dispersion can then be dried using vacuum
oven or freeze-drying.

2.1.2 Brodie graphite oxide

Synthesis was performed according to original procedure reported by Brodie.* The only
modification was that we used continuous stirring throughout the synthesis procedure. This
relatively simple modification allowed us to obtain fully oxidized samples already after one
oxidation cycle.

Graphite powder was mixed with excess of NaClOs (1:9 by weight) and grinded lightly
using mortar. The mixture was placed in a round bottom flask which was kept cold using an
ice bath. HNO; (approximately 2 mL per 100 mg graphite) was slowly added while stirring
continuously until the mixture was liquid. The mixture was then left overnight while stirring
at 400 rpm in room temperature. If needed to liquefy mixture, some additional HNO; was
added, and the solution was left with magnetic stirring for 6 h at elevated temperature of 50-
60 °C (using warm water bath). The solution was then washed similarly to HGO, i.e. 10 %
HCI was added followed by centrifugation and decantation until pH 5 was reached. After
washing, the powder was typically freeze-dried to obtain dry powder.

2.1.3 Graphene oxide membranes and thin films

HGO thin films were prepared on Si substrates by spin coating of GO dispersion. The
dispersions were prepared by mild sonication of HGO in water/ethanol (10/90 % by volume).
3 mg HGO was added per mL of solution and left for sonication overnight. The dispersion
was then centrifuged at 4,4 krpm for 1 h to remove few layered (or not exfoliated) flakes. This
results in single layer dispersion with concentration approximately 1 mg HGO/mL. Typically
the dispersions were prepared in 25-100 mL amount.

Free standing HGO membranes were prepared by vacuum filtration of water/GO
dispersion. Water was mixed with HGO (2 mg mL) and left for sonication for 12-16 h
followed by centrifugation (4,4 krpm for 1h). The dispersion was filtered using alumina
membranes (Anodisc 25, 0.2 pm, diameter: 25 mm from Whatman GmbH). The membranes
were dried directly on the alumina filters in vacuum overnight and peeled off the support.

Note that the procedure to prepare dispersion for membranes is essentially the same as
for thin films excluding the ethanol. 63

2.1.4 Reduced graphene oxide

Thermal reduction was used to produce rGO using conditions optimized in earlier studies
for achieving maximal surface area. :7* Individual rGO sheets tend to re-stack into graphitic
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carbon if heating is slow. Therefore, thermal reduction was performed using extremely rapid
heating to induce explosion of GO. 67123172 The explosion occurs due to rapid formation of
gaseous CO and CO: between GO sheets building up pressure which tears apart rGO sheets
(Fig. 10). HGO (typically 1-2 g) was placed in aluminium foil containers with approximately
1L volume and inserted into a hot furnace (250 °C). The yield of reaction was ~50 %. For
large scale synthesis of rGO we used commercially available HGO from Abalonyx, rather than
HGO synthesized in our lab. We have previously characterized the Abalonyx HGO and
concluded that it shows high quality and properties similar to what we get in our own
synthesis. The benefit of Abalonyx HGO is that it is easily available in bulk amounts (~0.5
kg) at relatively low cost. Therefore, many experiments can be performed using the same
batch characterized by XRD, XPS, TGA and FTIR to ensure reproducibility.
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Figure 10 — a) Graphite oxide powder in a vial placed inside of hot
furnace. b) rGO powder obtained after rapid heating of GO powder by
explosive exfoliation. Exfoliation results in tenfold increase of sample
volume.

2.1.5 Activated reduced graphite oxide

Activation of rGO was done using KOH activation first reported by R. Ruoff for rGO. 128
The procedure was optimized in our lab to achieve reproducible synthesis of materials with
highest surface area and upscaled to produce larger amounts of material. In particular, the
optimized parameters were KOH/C ratio and temperature of annealing. We also replaced
toxic methanol used in our early experiments with water/ethanol (30/70 by volume) mixture.
126173 Note that water is needed because the solubility of ethanol is insufficient to dissolve all
of the KOH.

RGO was mixed with excess of KOH in plastic bottle (1:8 by weight) and water/ethanol
mixture was added (1L per gram of rGO). The rGO/KOH mixture was left stirring for 2h
followed by drying in vacuum at 80 °C to achieve full evaporation (typically takes 12-24 h,
depending on amount). The dry mixture was crushed to fine powder in mortar and heated in
tube furnace under argon flow up to 850 °C with ramp 5 °C min and annealed at this
temperature for 40 min. After cooling back to room temperature, the powder was washed
with 10 % acetic acid solution (250 mL per gram of rGO) with stirring for 30 min. The powder
was then filtered through PTFE membrane and washed with several cycles of DI water
(approximately 1L per gram of rGO). Final drying was done in vacuum oven over night at 55
°C. The yield was typically ~20 % material with specific surface area around 3000 m2g. 173

2.2 Testing electrodes in supercapacitors devices
2.2.1 Cell setup

Electrochemical performance of electrodes was tested in supercapacitor devices. A two-
electrode cell setup was used for all measurements (Fig. 11), However, different cells were
used for different electrolytes. Fig. 11 shows the setup for tests with aqueous electrolyte. For
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organic electrolytes we used a similar setup (schematic in Fig. 11 is still the same) but using
a Swagelok plastic cell prepared and sealed under argon flow to avoid water contamination.
Glass fiber (Whatman glass microfiber filter) or porous film (Celgaard 3501) was used as
separator.

Electrodes were prepared either as free-standing pellets, or by blade deposition from
dispersions. Aluminium or steel current collectors were used for deposition depending on
the target electrolyte. Some electrodes were prepared using spray deposition by our
collaborators at Thales research group. They have developed a spray gun for fabrication of
large electrodes (30 x 30 cm) suitable for mixtures of graphene/graphite dispersions (Fig.
12). 74175, However, for our tests we did not use the full size and prepared smaller electrodes
of 10 x 10 cm. Dispersion is sprayed on a hot current collector using nozzles moving over the
relatively large area in repeating cycles.

Electrode
I Separator
x

Figure 11 — Supercapacitor setup used in our measurements (left) and
schematic of the setup (right). Blue part of schematic represents
electrolyte. In the picture (left) not many components are visible
except current collectors and some part of separator (white in
picture).

Circulatjp

Figure 12 - Dynamic spray-gun set-up developed by Thales research
and Technology group. Dispersion is placed in reservoirs and sprayed
onto hotplate via moving nozzle. Reprinted from “Deposition of
graphene and related nanomaterials by dynamic spray-gun method: a
new route to implement nanomaterials in real applications“, Paolo
Bondavalli et al 2019J. Phys. Mater. DOI: 10.1088/2515-7639/ab1795.
Licensed under CC BY 3.0.
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2.2.2 Electrochemical characterization methods

The performance of electrodes in SC setup were characterized using the following
methods:

e  Cyclic voltammetry (CV)
e  Electric impedance spectroscopy (EIS)
e  Galvanostatic charge/discharge

CV measures the current as a response to voltage applied to the cell. Voltage was applied
at constant rates, typically 50 mV s up to 500 mV s over a potential window which depends
on the electrolyte. The capacitance is proportional to the current, and ideally the capacitance
(and current) should be constant over the whole potential window. This means that the ideal
shape of CV curves is rectangular. In practice, the CV curves are somewhat distorted, in our
case mainly because of intrinsic cell resistance. CV curves can also be distorted if there are
redox reactions in the electrodes, for example if metal-oxides or conducting polymers are
used. 76177 However, we do not expect distortion due to redox-reactions for our carbon
materials. Fig. 13 shows ideal CV curves and how it is distorted as a result of leak and series
resistance in electrode/cell.
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Figure 13 — Cyclic voltammetry of two-electrode supercapacitor (SC)
with constant capacitance. A) Shows current (i) vs time (t), B) shows
i vs potential (V), C) shows i vs V for SC with series resistance, D)
shows i vs V for SC with series and leak resistance. Reprinted from
"Emerging Nanotechnologies in Rechargeable Energy Storage
Systems”, Goikolea, E., Mysyk, R., 2017, with permission from
Elsevier.

EIS is another widely employed technique for evaluating supercapacitors. Voltage (or
current) is set to some fixed value and a small sinusoidal signal is applied over the set value.
In our experiments we used 0 V as fixed value and applied +5 mV voltage (10 mV amplitude)
in a range of frequencies, typically 0.1-100000 Hz. The EIS data can be represented in several
ways but the most common is the Nyquist plot which shows the imaginary component of
impedance plotted against the real component. Nyquist plot ideally shows a small (in theory
should be none at all) semicircle for high frequencies and a straight (vertical) line at lower
frequencies. Similar to the ideal CV curve, the ideal Nyquist plot describes a system with low
intrinsic cell resistance and purely capacitive charge storage (i.e. no redox-reactions). Fig. 14
shows ideal Nyquist plot for capacitor (Fig. 14a) and how porous carbon electrodes affect the
shape, with (Fig. 14c) and without (Fig. 14b) intrinsic resistance in the electrode/cell. The
system can be modelled as an electric circuit with resistance (Rp) connected in parallel to
capacitance.
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Figure 14 — Nyquist plots. Zim is the complex part of impedance and
Zre is the real part. a) Ideal capacitor with series resistance, b) ideal
capacitor wusing porous electrodes, c¢) capacitor using porous
electrodes with parallel leak resistance. Reproduced from "Emerging
Nanotechnologies in Rechargeable Energy Storage Systems”,
Goikolea, E., Mysyk, R., 2017, with permission from Elsevier.

Galvanostatic charge/discharge curves were obtained by applying different currents,
typically from 0.5 A g to 10 A g (and sometimes even higher) and measuring the time it
takes to reach a certain potential, specified by the potential window of the electrolyte. For
systems with constant capacitance the voltage should increase and decrease linearly during
charge/discharge.

We used the discharge part of the charge/discharge curves to calculate capacitance of our
electrodes. The basic formula for electric double layer capacitance is

_Q At (3)
AU~ AU

where I is current, At is time interval and AU is corresponding drop in voltage. The formula
works well if the discharge profile is linear, 178 however this is rarely the case in practice. Fig.
15 shows the non-linearity of discharge profile for typical measurement. Fig. 15a shows the
full charge/discharge cycle and Fig. 15b shows the discharge region fitted with two different
linear fits, one for the beginning of discharge and another for end of the discharge profile. It
is clear that the whole discharge profile is not linear since two different linear fits are applied
which are very different, depending on the region.

To account for the non-linearity in discharge curve, we used a modified version of Eq. 3
as

fudt (4)
(Urznax - U?

C=2-1 :

min)
in accordance with best practice methods.¢ Note that the capacitance is directly
proportional to the mass of electrodes. Therefore, the capacitance value should always be

normalized either to volume or mass (or sometimes area) of electrodes.

Another important characteristic of electrodes is the energy density, which can be
calculated from capacitance as

11

E=ars CWhas = U, ®
where M is the total mass of electrodes. In our experiments we used the total mass of
electrodes, including additives. The total energy stored in EDLC is calculated by a modified
version of Eq. 5 where the total mass of electrodes M is not included. It should also be noted
that U,,;, usually is set to 0 V, in which case Eq. 3-5 are simplified. A common representation
of total energy is Eq. 1, which is a simplified version of Eq. 5.
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The energy density is usually presented along with power density in a so-called Ragone
plot. Power density is calculated from energy density (as described in Eq. 5) as
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Figure 15 — a) Typical charge/discharge curve measured for a-rGO
electrode. b) Discharge curve with linear fit for the first part of the
discharge (red) and second part of the discharge (blue),
demonstrating the non-linearity of the discharge process. Reprinted
with permission from Skrypnychuk, V., Boulanger, N., Nordenstrom,
A., & Talyzin, A. (2020). “Aqueous activated graphene dispersions for
deposition of high-surface area supercapacitor electrodes.” The
Journal of Physical Chemistry Letters, 11(8), 3032-3038. Copyright
2020 American Chemical Society.

2.2.3 Electrolytes

For our experiments we used 6M KOH (aqueous electrolyte) and 1M TEA-BF4 in
acetonitrile (organic electrolyte). The potential window for aqueous electrolyte was set to o-
1V and for organic electrolyte we used 0-2.7 V. Some measurements were performed in
solvent-free EMI-BF4 (ionic liquid) by Dr. Roman Mysyk and his group at CIC EnergiGUNE,
Spain.

2.2.4 Electrode preparation

Bulk powder samples cannot be used directly in SC setup due to poor electrical
conductivity between micrometer size grains. Some sample preparation is therefore required
to prepare electrodes from powder. Typically, different kinds of binders (e.g. PTFE, PVDF)
are used to form mechanically stable electrodes, sometimes in combination with conducting
additives (e.g. carbon black, acetylene black etc.) to improve conductivity. 148179182
Alternatively, our group have developed a method to prepare stable dispersions from powder
using certain additives. The dispersions can be deposited onto suitable substrate using either
blade deposition (drying dispersion on substrate) or by spray-gun deposition using the setup
developed by Thales (Fig. 12). Fig. 16 shows examples of electrodes prepared from each
method, and the methods are described more in detail in the following sections.
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Figure 16 — a) Free-standing electrode prepared by adding binder to
active (powder) material. b) Electrode prepared by spray-gun
deposition of dispersion made from active material. ¢) Electrode
prepared by blade deposition and drying of dispersion made from
active material.

2.2.4.1 Pellet electrodes

Poly(tetraflouoethylene) (PTFE) binder was added to active material powder (1:8 by
weight) with some ethanol. Active material is typically various kinds of porous carbons, and
we most often used activated reduced graphite oxide (a-rGO). The ethanol-wetted paste of
PTFE/active material was subjected to pressure loading-release cycle 9 times at 50 MPa and
annealed in vacuum oven for 1h at 200-250 °C to convert GO into rGO and improve electrical
conductivity. The resulting pellets are 12 mm diameter with typical thickness of 130-200 pm
and weight about 3-8 mg (depending on density of active material). 148

2.2.4.2 Preparation of electrodes using aqueous
dispersions

The active material (various hydrophobic porous carbons) cannot be used directly to
prepare stable aqueous dispersions and will sediment quickly. Our group developed a
procedure to prepare stable dispersions using suitable additives (graphite oxide, fumed silica,
carbon nanotubes (CNT’s)) in optimized ratio 10:1:1:1 (active material:graphite oxide:fumed
silica:CNT). 83 Electrodes were prepared on suitable substrates (steel or aluminium,
depending on electrolyte) either by drying the dispersion directly on substrate (so-called
blade deposition) or by spray-gun deposition. Typical concentration for dispersions used for
blade deposition was 20 mg mL. To improve conductivity, we subjected the electrodes to
annealing at 200 °C for 1 h.

Several parameters had to be optimized for deposition of electrodes using our dispersions
in spray-gun setup. 84 These included nozzle speed, temperature of substrate, flow speed and
dispersion concentration. Concentration of the dispersions is one of the most fundamental
parameters which require optimization. Several concentrations (20 g L1, 10 g L1, 5 g L' and
2.5 g 1) were tested to find a balance between high concentration (which allows for rapid
preparation of electrodes) and smooth operation without clogging. Concentrations of 10 g L-
tor more failed due to clogging of the nozzles. 5 g L could be used to prepare electrodes, but
even at this concentration there was sedimentation of nanomaterials in the pipes to the
nozzle. For this reason, the concentration of dispersions was reduced to 2.5 g L. It should
be noted that the concentration of dispersions is related to size of nozzle diameter and in our
case the size was optimized to achieve high rate of uniform deposition.
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Rapid evaporation of solvent is also important to achieve homogenous films in spray
deposition. The optimal temperature of substrate was determined to be 200 °C which
provided the best results for both aluminum and stainless-steel substrates.

Flow rate and nozzle speed were optimized to be 25 mL min- and 2 cm s respectively.

Size of electrodes made from spray-gun was 10 cm x 10 cm which was cut into smaller
pieces before testing in SC setup.

2.3 Material characterization techniques
2.3.1 X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) was used in several of our studies for GO materials, most
often to study changes in inter-layer distance as a result of swelling. Routine diffraction
patterns were recorded in-house using a Panalytical X'pert X-ray diffractometer with Cu-kq«
radiation (A = 1.5418 A). Some data were recorded at synchrotron facilities Max IV (Lund,
Sweden, A = 0.8266 A) and ESRF (Grenoble, France, A = 0.7381 A). Fig. 17 shows schematic
setup for synchrotron experiments and example of data obtained at synchrotron for graphene
oxide membrane swelling in alcohols. Incoming X-rays diffract on the crystal lattices of the
sample and the intensities and angles of outgoing X-rays are recorded by a 2D detector (Fig.
17a). If XRD is performed on single crystals, diffraction spots are recorded by the detector at
certain positions. Powder diffraction is recorded from very large collection of small crystals
oriented randomly. This means that for powder samples without preferential orientation,
diffraction rings are recorded by 2D detector at certain diffraction angles 260 (known as
Debye-Scherrer rings). Integration of the intensity along the rings (over the whole or part of
¢ shown in Fig. 17a) gives 1D diffractograms. The XRD patterns can be analyzed to get
information about the structure of material. Our in-house diffractometer does not have a 2D
detector and gives 1D diffractograms only.
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Figure 17 — a) Schematic view of powder X-ray diffraction (XRD)
experimental setup geometry with 2D detector. Diffraction rings are
found at certain 20 angles characteristic for studied sample. 1D
diffractograms are obtained by integration of intensity over the whole
ring along ¢. b) Example 2D diffractograms obtained at synchrotron
for graphene oxide membranes in various alcohols. Schematic setup
was reprinted from Frank, F.; Tkadletz, M.; Saringer, C.; Stark, A.;
Schell, N.; Deluca, M.; Czettl, C.; Schalk, N. In-Situ Investigation of
the Oxidation Behaviour of Chemical Vapour Deposited Zr(C,N) Hard
Coatings Using Synchrotron X-ray Diffraction. Coatings 2021, 11, 264.
Licensed under CC BY. Example synchrotron data was reprinted from
Ref.94 with permission from the Royal Society of Chemistry. Licensed
under CC BY 3.0.
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The data collected using 2D detectors offers several advantages over 1D detectors. It is
easy to see diffuse scattering as well as preferential orientation of the material using 2D
detectors. For example, graphene oxide membranes have strong preferential orientation,
which is clearly visible in 2D XRD images as two bright spots or arcs rather than full circles
(Fig. 17b).

2D detector in combination with higher intensity of radiation at synchrotron facilities
allows for high-quality scans in very short time (typically 1 sec/scan). This enables us to study
changes in our material, for example while heating/cooling. It should be noted that too strong
radiation induces damage to GO after only a few minutes of exposure. Therefore, the beam
intensity must be reduced by filter, alternatively the exposure time limited.

Graphite oxide shows very few reflections in XRD. The strongest reflection (001)
corresponds to inter-layer distance d(001) with weak second order reflection often observed.
Weaker in-plane lattices reflections corresponding to (010) / (100) and (110) are also found.
XRD does not provide any information about positions of oxygen functional groups attached
to graphene sheets due to complete disorder. There is also no ordering between GO layers.
Therefore, GO materials are too disordered for analysis methods such as Rietveld refinement.
We are mainly using XRD to measure changes in d(0o1) of graphite oxide as result of
intercalation with various organic molecules or swelling in liquid solvents. Fig. 18 shows an
example of XRD pattern for pristine GO powder as well as GO powder immersed in water.
Notice the change in position of (001) reflection, but not in-plane reflections (010) and (110).
Very broad feature centered approximately around 12 degrees is due to liquid water.
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Figure 18 — XRD patterns of dry GO powder and GO powder in excess
of water. Reprinted from Angewandte Chemie, Vol. 120 (43), Talyzin,
A., Solozhenko, V., Kurakevych, O., Szabd, T., Dékany, 1., Kurnosov,
A., Dmitriev, V.,“ Colossal Pressure-Induced Lattice Expansion of
Graphite Oxide in the Presence of Water”, pp. 8392-8395, copyright
© (2008), with permission from John Wiley and Sons.

For most of our projects, the averaged GO inter-layer distance was evaluated using inter-
layer distance calculated for (001) reflection. When several reflections from (0of) set were
recorded ((002), (003) etc.), we calculated c-unit parameter using whole set instead of using
only (001) reflection.
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2.3.2 Surface area analysis (BET) and pore size
distribution

N. sorption isotherms were measured at liquid nitrogen temperature (77 K) using
Autosorb iQ XR and Nova 1200e surface area and pore size analyzers (Quantachrome).
Before measurements, the samples were degassed at appropriate temperature (typically 110
- 150 °C) under vacuum. It is important to note that for GO-based materials the degassing
temperature must be kept below ~110°C to avoid thermal degradation and therefore longer
time is required for complete degassing. The relative pressure interval used for the BET SSA
was selected using a procedure optimized for microporous materials. 185 A slit-pore QSDFT
equilibrium model was applied to evaluate pore volume and pore size distribution using
ASiQwin version 5.2 software (Quantachrome Instruments).

The following sections provide background and theory regarding gas adsorption
isotherms, pore size distribution modelling, and the BET-equation (which is used to calculate
BET SSA).

2.3.2.1 Gas adsorption isotherm

Gas adsorption isotherms are widely used in material characterization to determine pore
size distribution and specific surface area of porous materials. The sample of interest is
referred to as adsorbent and the gas used for adsorption is called adsorptive. Gas adsorption
isotherms are obtained by measuring the amount of adsorbed gas over a range of pressures,
starting from close to 0 and going up towards the saturation pressure of the gas, denoted as
P,. Due to Van der Waal forces, the density of gas molecules increases in the vicinity of the
solid surface when the pressure is increased, hence there is typically more adsorption as
pressure increases. This region of increased gas density is referred to as the adsorption space
and the adsorbed gas molecules within this space, previously the adsorptive, are now referred
to as the adsorbate.

Plotting the amount of adsorbed gas vs P/P; is what is known as gas sorption isotherms,
which typically includes both adsorption and desorption of adsorptive. Gas sorption
isotherms are obtained at constant temperature, which depends on what adsorptive is being
used. In our experiments we used nitrogen as adsorptive and hence we will therefore refer to
gas sorption isotherms as nitrogen (N-) sorption isotherm. There are 6 types of common gas
sorption isotherms (Fig. 19), as classified by IUPAC. 186 Type I isotherms normally measured
on microporous adsorbents (pore diameters are less than 2 nm). Type II isotherms are
obtained for nonporous or microporous materials (pore diameters are larger than 50 nm).
Type III or V isotherms are measured for materials which have relatively weak adsorbent-
adsorbate interaction. Type IV isotherms are normally obtained on mesoporous adsorbents
(pore diameters are between 2 and 50 nm). Type VI isotherms correspond to layer-by-layer
adsorption on materials with highly uniform surface. Note that more complex materials may
exhibit features from multiple isotherm types depending on the adsorbent’s pore
characteristics. Fig. 20 shows N. sorption isotherm for typical a-rGO as an example.
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Figure 19 - Different kinds of adsorption isotherms according to
IUPAC classification. Reprinted from Pure and Applied Chemistry,
Vol. 87 (9-10), 2015, Thommes, M., Kaneko, K., Neimark, A.V.,
Olivier, J., Rodriguez-Reinoso, F., Rouquerol, J., Sing, K.S.W.,
“Physisorption of gases, with special reference to the evaluation of
surface area and pore size distribution (IUPAC Technical Report)",
copyright © (2015) IUPAC & De Gruyter.
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Figure 20 - Typical sorption isotherms for activated reduced

graphite oxide (a-rGO).

2.3.2.2 Pore Size Distribution

Statistical mechanics and molecular simulation (e.g. DFT methods) has been shown to

provide accurate and reliable pore size distribution. 18¢-188 For porous carbons, there is one
mode in particular, the non-local DFT (NLDFT) model, which has become a standard tool
for the calculation of pore size distributions. 189:19© However, there are some known problems
with this model, for example when applied to carbon adsorbents it produces an artificial
valley in the pore size distributions around 1 nm. This is because the model assumes flat,
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structureless and graphitic pore wall structure. 191192 To better account for the heterogeneity
of the adsorbent surface, a modified model named Quenched Solid DFT (QSDFT) was
introduced as an extension of the NLDFT model. The QSDFT model was further developed
for adsorbates with slit pore geometry and this model has been commercialized through
Quantachrome's data reduction software AsiQwin. 193

2.3.2.3 BET-Equation

The BET (Brunauer-Emmett-Teller) method is the most common method to estimate
specific surface area (SSA) from adsorption isotherms. Note that even though gas sorption
isotherm includes both adsorption and desorption, only the adsorption data is used for BET
calculation. The BET method was first introduced in 1938 as an extension of the Langmuir
theory. 194 More specifically, the BET theory extends the Langmuir theory from monolayered
adsorption to multilayered adsorption. The BET theory is based on the following
assumptions: 194195

i All adsorption sites are energetically equal. The adsorption site is defined as the
area on the sample where one molecule can adsorb onto.
ii. One adsorbed molecule occupies one site.
iii. Neighboring adsorbate molecules are not interacting with each other.
iv. Gas molecules will physically adsorb on a solid in layers infinitely.
v. The different adsorption layers do not interact.
vi. Langmuir theory can be applied to each layer

Note that assumptions i - iii originates from Langmuir theory, while assumptions iv — v are
specific to the BET theory. Based on the above assumptions, it is possible to derive the BET
equation, typically presented in linear form as

P _(C—l)P+ 1 )
V(Po—P) \V,C/P, V,C

where P and P, are the equilibrium and the saturation pressure of the adsorbate at the
temperature of adsorption, V is the total adsorbed gas quantity, Vi is the adsorbed gas
quantity on each monolayer, and C is the BET constant which is related to the adsorption
energy of the first monolayer and varies from solid to solid. 196 Plotting the left side of Eq. (7)
vs P/P,, we obtain what is known as a BET plot. Some parts of that plot will be linear, and
from this linear region we can make a straight line fit to obtain the monolayer adsorption V.
The linear fit is usually performed in the relative pressure interval 0.05 - 0.3. However this
is not universally true and needs to be considered on a case-to-case basis. For example, for
microporous materials the relative pressure range is typically < 0.1. The pressure range used
for calculation directly influences the resulting BET surface area, and using different pressure
ranges will result in very different BET values. The difference is especially strong for
microporous materials where the linear region of BET plot is poorly defined. This issue was
recently illustrated by blind testing of the same sample in different labs. 197 The results
showed significant variation in reported BET values. In some extreme examples the lowest
reported BET value differed several 1000 m2g from the highest reported BET value for the
same sample with very similar isotherms. It is therefore extremely important to use a
standardized procedure to determine a suitable pressure range for BET surface area
calculations.

The Rouquerol procedure is widely accepted as the standard procedure to determine
pressure range for microporous materials. 185186.197 Most programs have an automated fitting
procedure based on different procedures depending on type of material and pressure range
of interest. There is at least one program (BETSI) developed specifically to avoid manual
fitting and to ensure that BET value is calculated according to the Rouquerol procedure. 197
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The software we used for BET analysis provides an automatic procedure to select BET
interval (Micropore BET Assistant in the Quantachrome ASiQwin). We did several tests
comparing our results with the BET values obtained from BETSI and found good agreement
(Table 1).

Table 1 — Results obtained using Quantachrome ASiQwin automatic
fitting vs BETSI software using Rouquerol procedure.

BET SSA | BETSISSA
(ASiQwin) (BETSI)

S1 2847 2847
S2 3047 3049
S3 3048 3049

Fig. 21 shows relevant plots for BET calculation using a-rGO as example material. The
pressure range was chosen automatically by Micropore BET Assistant in the Quantachrome
ASiQwin and is shown in the figure as red points. All calculations for BET are based on the
adsorption part of N isotherm (Fig. 21a). The BET plot is shown in Fig. 21c. The upper limit
of pressure range is determined by following the Rouquerol criteria that the term V (P, — P)
must increase monotonically with pressure (Fig. 21b). The lower limit is mainly determined
by choosing as many points as possible in the BET plot (at least 5, but if possible 10 or more)
without losing the quality of linear fit.

The intercept and slope of the linear fit in Fig. 21d corresponds to 5—_2 and VLC respectively
(see Eq. 7). The monolayer capacity is obtained using
1 ®
T
where k and 7 are the experimentally obtained values for slope and intercept.

The BET specific surface area (SSA) can be calculated using the relation

_ VuNyo 9
OBET = m

where aggp is the BET SSA, N4 is Avogadro's constant, o is the tabulated molecular area of
the chosen adsorbate (0.162 nm? for nitrogen) and m is the amount of material used in the
analysis to record adsorption isotherm. Note that V,, must be in units mol for Eq. 9 (since N,
is in units mol). There are several variations of the equation for different units and the value
can easily be converted using tabulated values (mass density, molar density, molar volume
etc.) for nitrogen.
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Figure 21 - a) Adsorption isotherm used for BET calculation. b) The
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of BET plot fitted for calculation of BET surface area. Inset shows
relevant parameters and resulting BET surface area.

2.3.3 Thermogravimetric analysis (TGA)

TGA is a technique used to study changes in sample weight as a function of temperature.
198 Tn our experiments, TGA was mostly used to study the decomposition of samples upon
heating. The decomposition occurs in steps and for GO there are two main steps, one step is
related to water evaporation and the other to thermal deoxygenation. The water evaporation
step height depends on ambient humidity and sorption properties of material. The
deoxygenation step occurs at different temperatures depending on chemical composition and
oxidation degree of GO and can be used to characterize the material. We note that “thermal
reduction” is not correct term (even if used often in literature) since there is no reducing
agent. Typically, these experiments were performed by heating from room temperature up
to 800 °C at a rate of 5 °C min-under nitrogen flow (50 mL min-). The sample weight was
typically < 20 mg. The balance used to record weight changes provided measurement
accuracy of 0.1 ug.

Another useful application of the TGA is that it can be used to quantify “ash content” of
mostly carbon materials. The “ash” here corresponds to inorganic impurities. The ash
content is obtained by heating the sample (typically to 800 °C) in air. Organic compounds
either evaporate directly or get oxidized into gaseous products (carbon oxides) which also
evaporate from the cell. Only inorganic impurities (ash) remain after air-annealing. The
remaining impurities can be accurately weighted using the built in balance of the TGA.

2.3.4 Differential scanning calorimetry (DSC)
DSC is a method where the sample undergoes heating/cooling while the heat flow is

measured. Integrating the heat flow with respect to time allows for calculation of enthalpy
for various thermodynamic processes. In the simplest case, these processes are
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melting/freezing of pure materials (e.g.solvents). DSC is also routinely used for
measurements of enthalpy of various phase transitions. For example, DSC allows to detect
phase transitions which occur without change of sample weight and thus would not be
detected by TGA. It is also very common to combine DSC/TGA in one instrument. However,
TGA instruments typically do not allow measurements at temperatures below ambient, while
standard DSC equipment providing temperature range down to liquid nitrogen temperature
is rather common. DSC can also be used to evaluate the volume of pores with diameter below
2 nm accessible to water. It is known that the melting point of water decreases as a function
of pore size, and for pores < 2 nm, melting and freezing is not observed. 199 DSC can also be
used to detect how much solvent is not anymore melting or freezing because of sorption by
solid (forming solid solvate phase). This is routinely used to evaluate the amount of sorbed
solvent by porous materials. 32586086200 Fig. 22 shows example data from one of our
publications where we used DSC to study the change in composition due to sorption of
alcohol.

The procedure used to evaluate sorption just above melting point of alcohol was the
following;:

i DSC scan was recorded first for pure alcohols and the melting enthalpy was
determined by integrating the area of melting anomaly (Fig. 22a as example).

ii. A separate DSC scan was recorded for BGO mixed with excess of alcohol (Fig. 22b
as example) over the temperature of alcohol melting. The amount of liquid alcohol
in this case decreases compared to loaded amount due to sorption into GO. The
sample is then cooled below the temperature of alcohol solidification and heated
again over the melting point. The alcohol sorbed by GO no longer contributes to
melting anomaly.

ii. Using the difference in enthalpies of melting measured for pure alcohol and for
alcohol+BGO it is possible to calculate amount of sorbed alcohol.

iv. Composition of BGO-alcohol materials was calculated assuming that all non-
melted alcohol is intercalated/sorbed into BGO structure.

This relatively simple method has been used in previous reports to determine the
composition of GO solvates. More details about calculations are available in Ref. 8.

DSC experiments were used in our studies of BGO-alcohol systems. Typical sample size
for DSC experiments was 5-15 mg.
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Figure 22 - Example of DSC data for a) pure alcohol (C16) and b)
BGO-C16 mixture. Note that the heat flow is plotted here vs
temperature. However, the enthalpy values are obtained by
integrating heat flow with respect to time.
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2.3.5 Electron microscopy

Scanning electron microscopy (SEM) imaging was performed at Umeé Core Facility
using a Carl Zeiss Merlin field emission scanning electron microscope and SmartSEM
software (version 5.05). Typical accelerating voltage was in range 5 kV to 30 kV, and probing
current was 100 nA to 300 nA. The SEM available at our university provides good resolution
for routine imaging. However, the resolution of SEM is limited compared to e.g. scanning
transmission microscopes (STEM) which can be used to achieve even higher resolution.

For some projects, STEM imaging was performed in collaboration with the group of Prof.
Marius Enachescu (Polytechnic University of Bucharest). For these images a Hitachi HD
2700 Scanning Transmission Electron Microscope were used as well as a Zeiss Merlin FEG-
SEM microscope.

2.3.6 Raman spectroscopy

Raman Spectroscopy is primarily used to determine vibrational modes of molecules,
which can be used to gain structural and chemical information about the sample. 20t Raman
spectra can be used for various purposes, for example to determine the quality of graphene
related materials such as reduced GO. 202

A monochromatic light source (typically laser) is used to excite electrons from the ground
state to a virtual energy level. After the initial excitation, almost all of the electrons relax back
to the ground state from where they started. This means that the vast majority of incident
photons are scattered elastically. However, some photons (approximately 1 in 10 million) will
scatter inelastically, i.e. at a different frequency than the incident photon. 203 The difference
in frequency between incident and scattered photon is called Raman shift and corresponds
to different vibrational modes of certain molecules. Raman spectra is obtained by plotting
Raman shift (usually in wave numbers with unit cm) vs intensity counts. For our
experiments we used a Renishaw grating spectrometer and an Argon-ion laser with excitation
wavelength 514 nm. The resolution of our Raman spectrometer was 2 cm-.

2.3.7 Fourier transform infrared spectroscopy (FTIR)

FTIR is a standard method to characterize GO. The sample is irradiated with infrared
light, typically in the range 500 cm™ to 4000 cm™, and the resulting absorption peaks can be
assigned to certain functional groups. Like Raman spectroscopy, FTIR is primarily used to
observe vibrational modes of molecules. FTIR spectra can be obtained either by transmission
methods or reflectance methods. We used reflectance methods in our studies.

Attenuated total reflectance (ATR) spectra were recorded by Bruker Vertex 8ov FT-IR
spectrometer with DTGS detector at vacuum in ATR mode. Diffuse reflectance (DRS) spectra
were recorded by Bruker IFS 66 v/S FT-IR spectrometer with DTGS and MCT detectors at
vacuum in DRS mode. Spectral range of 500-4000 cm and 128 scans were typically used to
collect each spectrum.

2.3.8 X-ray photoelectron spectroscopy (XPS)

XPS is a surface sensitive spectroscopic technique based on the photoelectric effect. The
sample is irradiated with X-rays and outgoing photo-electrons are counted and their energy
is measured with a detector. The resulting spectra shows binding energy vs intensity (Fig.
23a). For us, the C1s peak part of the spectra provides especially valuable information about
types of functional groups attached to carbon atoms (Fig. 23b). The Cis peak can be
deconvoluted and the peak position relative to a reference position measured (known as
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chemical shift). The chemical shift can be related to different local environments of the
atoms. For GO, we typically have three distinct components of C 1s peak in XPS, which can
be interpreted as aliphatic carbon (C-C), carbons with single bonded oxygen (C-O) and with
double bonded oxygen (C=0). 628204 The area of the components can be used to estimate the
relative amount of carbon atoms in different chemical state. It is important to note that using
only Ci1s part of spectra for evaluation of C/O ratio is not correct (even if attempted in some
publications) e.g. because hydroxyl groups cannot be resolved from epoxy groups.

We have primarily used XPS to determine the elemental composition, and most often the
elements of interest are carbon and oxygen. The C/O ratio is determined using C1s and O1s
parts of spectra. It is a standard characteristic of GO materials typically found in range 2-3
for GO and > 5 for reduced GO.

XPS spectra were recorded using a Kratos Axis Ultra electron spectrometer equipped
with a delay line detector. A monochromatic Al K. source operating at 150 W, a hybrid lens
system with a magnetic lens, providing an analysis area of 0.3 x 0.7 mm, and a charge
neutralizer were used for the measurements. The binding energy scale was adjusted with
respect to the Cis line of aliphatic carbon, set at 285.0 eV. All spectra were processed with
the Kratos software. It should be noted that XPS measurements were performed not by us,
but by Andrey Shchukarev at the chemistry department of Umea University.
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Figure 23 — Example of XPS spectra obtained from Hummers’s GO
(HGO) sample. a) Full spectra with C 1s peak marked with red
rectangle. b) Deconvoluted C 1s part of XPS spectra.

2.3.9 Neutron reflectometry

Neutron reflectivity (NR) is a technique which can be used to simultaneously measure
the thickness (typically in range 5-1000 A) and chemical composition of one or several thin
layers at a surface or interface. NR is a relatively rare method for the study of GO materials,
and so far it has been used for example to study the sorption of various solvents into thin GO
films. 69:205.206

For our experiments, we used thin GO films prepared on Si support (Fig. 24b) and
studied sorption of dye molecules from ethanol solution. NR measurements were performed
at the SuperADAM beamline (Fig. 24a) at Institut Laue-Langevin (Grenoble, France).

The samples were irradiated with neutrons at a specified angle region and the reflected
neutrons were recorded by a detector (Fig 24c¢ for schematic). Example of NR data for GO
film exposed to MB solution can be seen in result section (subsection 3.1.2, Fig. 33). The data
shows oscillations typical for NR. The frequency of the oscillations is related to the thickness
of the films and the relative y-coordinates (up or down on y-axis) is related to the chemical
composition of the film. The example data in Fig. 33 shows GO film before and after exposure
to methylene blue (MB). After exposure, the frequency of the oscillations increases indicating
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increased thickness of the film as a result of sorption. There is also a difference in intensity
of the oscillations indicating change in chemical composition of the film.

The NR data (Fig. 33a as an example) were fitted using modelling software to extract the
film thickness and scattering length density (Fig. 33b). The scattering length density (SLD)
is a measure of how the film interacts with the neutrons, which is related to the composition
of the film. NR does not give direct information about elements present in a material.
However, changes in SLD can be related to structural model of material and changes in
composition of the material expected e.g. due to sorption of known molecules. For example
using reference SLD profile of precursor film of pure GO it is possible to evaluate
quantitatively sorption of dye molecules using the change in SLD.
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Figure 24 - a) Neutron reflectivity instrumentation with place of
sample marked with red circle. b) Typical substrate used for NR
measurements, a thick (1 ecm) block of Si with GO film deposited by
spin coating. ¢) Schematic of NR technique. The principle is similar
to XRD but the data and interpretation is different.
(https://doi.org/10.3390/met6010020)

3 Results

3.1 Chemical modification of graphite oxide and
multilayered graphene oxide materials

3.1.1 Acetylation of Graphite Oxide

Reports from 1960’s suggested that acetylated graphite oxide (AcGO) is a potentially
porous material with pillared structure. 207.208 This claim was supported by observed increase
in inter-layer distance (compared to GO) and hypothesis of sparsely located acetyl groups on
graphene oxide basal plane acting as pillars. However, apart from inter-layer distance, these
studies reported only some swelling properties of the material. Detailed characterization of
the AcGO was not provided and there was also no estimation of surface area. The only
modern study of AcGO was focused mostly on chemical modification of AcGO and involved
synthesis methods different than originally reported in 1960’s. The study also did not report
any estimation of surface area of the material. 209

We synthesized AcGO and characterized the material using XPS, XRD, TGA and FTIR
spectroscopy as well as BET surface area analysis. The main goal of the study was to
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determine if AcGO is indeed pillared material with porous structure, as reported in earlier
studies.

3.1.1.1 Synthesis and characterization of Acetylated GO

AcGO was prepared by reaction of acetic anhydride with Hummers GO. 207208 Successful
acetylation of GO was confirmed using detailed characterization of material by XRD, Raman
spectroscopy, FTIR, TGA and XPS. Porosity of the material was verified using analysis of N.
sorption isotherms.

Formation of AcGO was confirmed by increase in inter-layer distance (d(0o1) ) from 7.8
A in precursor GO to 10.0 A in AcGO (Fig. 25). That is in agreement with previous studies by
Delacruzz08 (10.9 A) and Acocella209 (8.9 A).
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Figure 25 — XRD patterns of the acetylated GO and precursor GO in
the angle region around the (001) reflection. Reprinted from Ref.z10
with permission from the Royal Society of Chemistry. Licensed under
CC BY 3.0.

The broad peak centered approximately at 3.7 A has been reported in an earlier study as
indication of disordered graphitic carbon. 209

Chemical composition of AcGO was determined using XPS (Fig. 26). The spectra of AcGO
are clearly different compared to the spectra of GO precursor. The main differences are
strongly reduced intensity of C1s component from epoxy groups (287 eV) and change of O1s
from single peak at 532.7 eV in GO to two components in AcGO (533.3 eV and 531.4 €V).
Overall amount of oxygen in AcGO also decreased significantly as evident from increase of
C/O ratio from 2.2 in precursor GO to 7.8 in AcGO.

Some of the carbon detected in AcGO sample by XPS belongs to pyridine (which was used as
a solvent in the synthesis of AcGO) impurity trapped in the GO lattice. The carbon from
pyridine is not part of the functionalized GO and should be excluded from the C/O ratio. Total
amount of pyridine impurities can be calculated by taking into account the amount of
nitrogen in AcGO (3.3 at.% measured by XPS). Assuming that all nitrogen comes from
pyridine the C/O of AcGO was corrected to 6.3.

It is important to note that XPS has rather low penetration depth and therefore it is a
surface sensitive method. The chemical composition of the outer layers of material might
differ from the bulk due to various factors, for example air exposure. 94

To investigate the bulk properties of the AcGO we used FTIR and Raman spectroscopy
Fig 27. These methods have deeper penetration depth (200-500 nm and 5 pum respectively)
compared to XPS (< 20 A).
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The FTIR spectrum of AcGO (Fig. 27a) is distinctly different compared to precursor GO
as well as reduced GO (rGO), indicating strong modification in chemical composition. FTIR
spectra of acetylated GO has not been reported previously. The peaks found at 1730 cm-,
1250 cm and 1365 cm-! we assigned to acetyl groups by comparing the spectra of AcGO to
spectra of acetylated cellulose. 211212 Unfortunately, the main vibrational signatures of acetyl
groups overlap with other peaks of GO that are typically rather broad. In particular, some
features found in the 1350-1580 cm- region were cited in earlier reports as a signature of
acetylated materials. 211212
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Figure 26 — XPS spectra of precursor GO and acetylated GO (AcGO).
a) O 1s spectra forAcGO, b) C 1s spectra for AcGO, ¢) O 1s spectra for
GO and d) C 1s spectra for GO. Reprinted from Ref. 210 with
permission from the Royal Society of Chemistry. Licensed under CC
BY 3.0.

Raman spectra of AcGO (Fig. 27b) show features at 1025 cm, 1208 cm™ and 1525 cm™!
which are not present in precursor GO. These features most likely originate from pyridine
trapped in the GO lattice, as evident from peaks seen at similar peak positions for pure
pyridine (bottom part of Fig. 28b).
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Figure 27 — a) FTIR spectra of acetylated GO, precursor GO and
reference rGO. The spectrum of acetylated GO was magnified by a
factor of 4x and background corrected. b) Raman spectra of acetylated
GO, precursor GO and liquid pyridine. The spectra for pyridine have
been scaled down. Reprinted from Ref. 210 with permission from the
Royal Society of Chemistry. Licensed under CC BY 3.0.
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The AcGO was also characterized using TGA providing additional confirmation that the
AcGO is partially reduced during acetylation (Fig. 28). Thermal de-oxygenation of GO is
known to result in a broad weight loss step in the 150-250 °C region. TGA trace of AcGO
shows significantly smaller weight loss, which occurs over a lot broader temperature interval.

Fig. 28b shows the derivative of weight retention with regard to temperature. Precursor
GO has two clear weight loss steps. The first step corresponds to evaporation of water from
the sample. The second corresponds to removal of oxygen functional groups. The
decomposition of AcGO is quite different from precursor GO. The first two weight loss steps
correspond to water evaporation and oxygen removal and deflagration, similar to precursor
GO. However, there are two additional weigh loss steps for AcGO, around 378 °C and 628 °C,
which are not present in precursor GO. The small step around 628 °C likely originates from
breaking of C—H bonds. The origin of the 378 °C step is less clear. We hypothesize that the
step originates from the evaporation of pyridine-related impurities covalently bound to GO.
Using XPS we found that the amount of nitrogen in AcGO measured after TGA scan
decreased from 3.3 at.% to 2.54 at.%. In contrast, there was no detectable nitrogen in the
sample of GO after TGA scan. This indicates that nitrogen found in AcGO by XPS originates
from pyridine, which partly evaporates during TGA scan.
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Figure 28 — a) TGA traces of acetylated GO and precursor GO. b)
Derivative plots of the TGA traces. The data for acetylated GO in the
derivative plot have been magnified by a factor of 5x for easier
comparison. Reprinted from Ref.21© with permission from the Royal
Society of Chemistry. Licensed under CC BY 3.0.

3.1.1.2 Swelling properties of AcGO

Basic information about swelling of AcGO was reported in a short communication back
in 1966. 208 The inter-layer distance was reported in this study for AcGO exposed to several
alcohols (e.g. 11.78 A for methanol and 13.59 A for propanol), ketones (12-14 A) and acetic
acid (14.72 i). However, only inter-layer distance (d(001)) values were reported at the time
without showing XRD patterns. Also, there were no data for AcGO in water or analysis of
sample composition.

We found that AcGO exhibit interesting and unusual swelling properties distinctly
different from precursor GO. Despite the low amount of oxygen present in AcGO (C/0=6.3)
the material swells in acetonitrile. Fig. 29 shows XRD patterns of AcGO immersed in hexane,
acetonitrile and water with corresponding inter-layer distances. Surprisingly, AcGO
immersed in liquid water showed no swelling, even after 1 hour of exposure. This is
unexpected since both acetonitrile and water are polar solvents. Precursor GO is known to
swell in most polar solvents, including both water and acetonitrile. Like precursor GO, AcGO
exhibits no swelling in hexane, which is a non-polar solvent.
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Note that when AcGO is immersed in water, the inter-layer distance decreases (from 10
to 8.7 A). This is likely at least partly due to chemical modification of the material as some
acetyl groups convert back to hydroxyl groups. When AcGO exposed to water was dried, the
material showed inter-layer distance of 8.9 A. That is higher than in precursor GO (7.8 A) but
lower than AcGO before exposure to water (10 A). Interestingly, 8.9 A is the same inter-layer
distance as the one found by Acocella for their AcGO. 209 It could be that AcGO was
synthesized in this study at ambient humidity conditions, which resulted in slightly lower
inter-layer spacing compared to our AcGO which was synthesized in moisture free
conditions.

AcGO in acetonitrile
d(001)=15A AcGO in hexane
d(001)=10 A 1

AcGO in water
d(001)=8.7A

Normalized intensity

AcGO dry powder
d(001)=10A

T T T T
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Figure 29 — XRD patterns of acetylated GO (AcGO) in excess of liquid
hexane, acetonitrile and water. XRD pattern of dry AcGO powder is

included as reference. Reprinted from Ref. 21 with permission from
the Royal Society of Chemistry. Licensed under CC BY 3.0.

3.1.1.3 Surface area and pore size analysis

One of the initial motivations to study AcGO was to investigate the porosity of the
material. There were no estimation of surface area in any previous reports of AcGO. 207-209

Analysis of N. sorption isotherms shows that AcGO has negligible surface area (~10 m2g-
1) and cannot be considered as porous material (Fig. 30). Higher SSA was measured for
material outgassed at elevated temperature (170 m2g) but it cannot be confidently assigned
to the formation of pillared AcGO structure.

The AcGO starts to degrade at relatively low temperature (just above 100 °C, according
to TGA data, Fig. 28). XRD data of AcGO after degassing at elevated temperature (110-150
°C) shows that the AcGO is partially reduced and undergoes irreversible change in structure
as a result of heating (Fig. 31). Already at 110 °C there is downshift in (001) reflection, and
for higher temperatures there is additionally a significant increase in relative intensity of the
broad peak at 3.7 A.

The expected pore size for pillared structure can be estimated as the difference between
d(001) of AcGO and pure HGO as 10 A- 7.8 A = 2.2 A. The pore size distribution of AcGO
(Fig. 30b) is rather broad and shows much broader pores with diameter 30 A (similar to
rGO). This is further evidence that the material is not pillared.
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Figure 30 - a) Specific surface area (SSA) measured for the
acetylated GO using N. isotherms as a function of outgassing
temperature. b) Pore size distribution calculated using the QSDFT
model. Reprinted from Ref. 21 with permission from the Royal Society
of Chemistry. Licensed under CC BY 3.0.
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Figure 31 — XRD patterns of Acetylated GO (AcGO) recorded after
outgassing at progressively higher temperatures. Reprinted from Ref.
210 with permission from the Royal Society of Chemistry. Licensed

under CC BY 3.0.

3.1.1.4 Ideal structural models of AcGO

GO is a non-stoichiometric material with disordered oxygen functional groups.
Therefore, the chemically modified GO materials are also expected to be highly disordered.
Nonetheless, it can be useful to model the ideal structure of AcGO. Fig. 32 shows two models
of idealized AcGO constructed using usual stereochemical constraints (bond distance, bond

angles etc.) without any energy minimization.

The model in Fig. 32a shows close packed acetyl groups which would result in non-
porous material with inter-layer distance 10 A. The model assumes an equal number of epoxy
and hydroxyl groups in the precursor GO, and that all hydroxyl groups are acetylated in
AcGO. The inter-layer distance and lack of porous structure is in very good agreement with
our experimental data. However, XPS spectra show that our material shows higher C/O than
expected in this model. The model shown in Fig. 32 has C/O more similar to our experimental
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value. This model was constructed by removing all non-acetylated oxygen groups and shows
inter-layer distance of 7.5 A, somewhat smaller than our experimental value of 10 A.

a) b)
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Figure 32 — Structural models of acetylated GO (AcGO). a) Ideal
structure with maximal acetylation. b) Partly reduced AcGO (epoxy
groups removed). Note that C/O ratios are based on the atomic
percentage of the elements. Reprinted from Ref. 21 with permission
from the Royal Society of Chemistry. Licensed under CC BY 3.0.

We can conclude that none of the idealized models describes our material sufficiently
well. We believe that the AcGO obtained in our experiments is not homogeneous and includes
both strongly acetylated regions (as evident from relatively high inter-layer distance of 10 A)
and some regions of reduced GO (as evident from low amounts of oxygen detected by XPS
and indicated by the broad peak in XRD patterns around 3.7 A).

3.1.1.5 Conclusions and outlook

In summary, we synthesized acetylated graphene oxide (AcGO) according to the
procedure reported by Aragon and Castro in 1960’s 208 and provided detailed characterization
of the material. The AcGO material shows increased inter-layer spacing compared to
precursor GO and relatively low amounts of oxygen. We found that the material is not porous
as evident from negligible specific surface area measured by N. sorption. Therefore, the
AcGO should not be considered as a true pillared material with interconnected pore network.

However, AcGO might be an interesting material for other applications due to its unique
swelling properties. AcGO shows remarkable difference in swelling compared to precursor
GO when exposed to common polar solvents. Most notably, AcGO shows no swelling in water
but swells in acetonitrile. The selectivity of AcGO in sorption of common polar solvents
provides the possibility to use it for the preparation of multilayered membrane materials with
potentially selective permeation of solvents.

3.1.2 Intercalation of dyes in graphene oxide thin films
and membranes

Methylene blue (MB) was used in some earlier studies to test permeation properties of
thin (14-300 nm) GO membranes. 9596108 However, the sorption of MB by graphite oxide
(GO) was not considered in these studies even though it is likely affecting the membrane’s
permeation properties. It is known that GO bulk powder absorbs MB in significant amounts,
but there has been no studies on the sorption properties of graphene oxide multilayered
materials (thin films and membranes).
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In this project, we used neutron reflectometry (NR) to study the sorption of MB and two
other common dyes, rose bengal (RB) and crystal violet (CV). GO thin films (thickness ~30-
60 nm) were prepared on Si support and exposed to solutions of dyes in ethanol.

We have previously demonstrated that NR can be used as a powerful method to study
sorption of polar solvents reversibly intercalated into GO thin films from vapors. 69:94213 In
this study we analyzed dry samples before and after exposure to dye solutions. The advantage
of NR is that it allows simultaneous determination of film thickness and chemical
composition. 214 This gives quantitative information about amount of intercalated (adsorbed)
dye molecules.

The NR data was collected at the SuperADAM beamline, ILL (Grenoble, France). We also
investigated the bulk sorption properties of free-standing GO membrane (several pm thick)
and bulk GO powder. The sorption of membranes and powder samples cannot be
measured using NR, as the technique requires rather specific sample preparation only
possible with thin films. Instead, we used UV-vis and XRD to determine the sorption capacity
and study the change in inter-layer distance.

The goal of this project was to quantify the sorption of MB, RB and CV for GO thin films
and membranes and compare it with sorption by bulk GO powder.

3.1.2.1 Dye sorption by GO thin films

Analysis of NR data show that sorption of MB (279 mg g-1) was significantly stronger than
CV (151 mg g*) and RB (80 mg g) for GO thin films.

Fig. 33 shows an example of NR data for GO film exposed to MB. The left part of Fig. 33
shows the NR scans (data points with error bars) and fitting of the curve using theoretical
model (solid lines). Processing NR curve using a model specific for GO material allows to plot
scattering length density (SLD) profile of the film (Fig. 33b). The thickness and chemical
composition of the films were calculated from the SLD profile which was then used to
calculate sorption.

The NR data showed that the thickness of the GO films increased as a result of dye
sorption. Assuming that the number of GO layers before and after sorption remains the same,
the increase in the film thickness can be used to calculate inter-layer distance increase by
dividing total film thickness with number of GO layers. The increase in inter-layer distance
obtained from NR was compared with the results from direct XRD measurements of the films
and in general show good agreement (Table 2). This indicates high quality of the film and
nearly perfect parallel orientation of GO flakes.

Both NR and XRD provide information about averaged values of the inter-layer distance.
However, analysis of intercalated GO structure is challenging due to interstratification and
intrastratification, i.e. inhomogeneous intercalation. Increase of “inter-layer distance” (see
Table 2) which is obviously smaller than the size of CV and RB molecules should be related
to intercalation of a small fraction of GO layers which results in visible shift of averaged value
of inter-layer distance.
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Figure 33 — a) Neutron reflectivity data (including error bars)
obtained from the GO film in ambient conditions before and after
methylene blue (MB) sorption. b) Scattering length density profile of
the GO film before and after MB sorption obtained as a result of the
modeling (fitting) of experimental data. Reprinted from Journal of
Physical Chemistry C, Vol. 125 (12), Nordenstréom A., Boulanger, N.,
TIakunkov, A., Baburin, Klechikov, A., Vorobiev, A. I., Talyzin, A.,
“Intercalation of Dyes in Graphene Oxide Thin Films and Membranes”,
pp. 6877-6885, Copyright © 2021 The Authors. Published by American
Chemical Society, licensed under CC BY.

Table 2 — From left the columns are: Increase in inter-layer spacing
obtained from neutron reflectivity (NR), increase measured by direct
XRD measurements, sorption of dye.

Increase in Increase in Sorption

d(oo1) d(oo1) (mp )
based on NR based on XRD g8
Methylene blue 2.6 A 2.6 A 279
Crystal violet 0.5 A 1.2 A 151
Rose bengal 0.2 A 054 80

We suggest that MB is adsorbed in higher amounts than RB and CV is due to the
geometry of the molecule. MB is essentially flat molecule compared to RB and CV (Fig. 34),
which might make it easier to intercalate the GO structure.
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Figure 34 — Molecular structure of dyes tested for sorption by GO in
this study: a) crystal violet (C:5N3H30Cl), b) rose bengal
(C20H:Cl4I4Na=05), and ¢) methylene blue (C.sH.sCIN3S). Note that
only methylene blue has a flat geometry. Reprinted from Journal of
Physical Chemistry C, Vol. 125 (12), Nordenstrém A., Boulanger, N.,
TIakunkov, A., Baburin, Klechikov, A., Vorobiev, A. I., Talyzin, A.,
“Intercalation of Dyes in Graphene Oxide Thin Films and Membranes”,
pp. 6877-6885, Copyright © 2021 The Authors. Published by American
Chemical Society, licensed under CC BY.

A simple structural model was prepared using chemical and geometrical considerations
and assuming close packed structure of MB molecules (Fig. 35). The model has a theoretical
inter-layer distance of 10.5 A and composition which corresponds to sorption capacity of 320
mg MB per g of GO. This is quite close to our experimental data for thin films which show
inter-layer distance 10.5 A and sorption of 279 mg g. The difference in sorption suggests a
slightly “diluted” structure, meaning that the average distance between MB molecules is
somewhat larger than in close-packed structure.
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Figure 35 — Schematic view of the GO structure intercalated by
methylene blue (MB). a) Structure of the inter-layer intercalated by
the MB molecules. b) Top view of the close-packed MB layer.
Reprinted from Journal of Physical Chemistry C, Vol. 125 (12),
Nordenstrom A., Boulanger, N., Iakunkov, A., Baburin, Klechikov, A.,
Vorobiev, A. 1., Talyzin, A., "Intercalation of Dyes in Graphene Oxide
Thin Films and Membranes”, pp. 6877-6885, Copyright © 2021.
Published by American Chemical Society, licensed under CC BY.
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3.1.2.2 Sorption of MB by GO membrane and precursor
GO powder

MB sorption was measured for GO powder and membranes using UV-vis method. The
results shows that the sorption of MB is higher for powder (214 mg g) than for membranes
(128 mg g1). These values can be compared to sorption by thin films (as measured by NR)
which was 279 mg g-.

Even though MB sorption capacity was lowest for membranes, it was still significant
enough to adsorb MB in considerable amounts. Fig. 36 shows how fast MB is adsorbed from
ethanol solution for GO powder and membrane. Already after 30 min the powder adsorbs a
significant amount of MB as detected by change of color in the solution. The adsorption is
slower for the membrane but after 24 h all MB in solution has been adsorbed. After 24 h the
solutions in both vials are colorless indicating nearly complete sorption of MB.
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Figure 36 — Sorption of methylene blue by GO powder (left vial) and
by pieces of GO membrane (right vial). Both samples have similar
weight (3 mg) placed in 2 mL solution with MB concentration of 20
mg/L. Initially, the MB solution has a bright-blue color. The color
disappears due to sorption by GO powders within tens of minutes, and
for the GO membrane it occurs over a period of many hours. Reprinted
from Journal of Physical Chemistry C, Vol. 125 (12), Nordenstrom A.,
Boulanger, N., Iakunkov, A., Baburin, Klechikov, A., Vorobiev, A. I.,
Talyzin, A., "Intercalation of Dyes in Graphene Oxide Thin Films and
Membranes”, pp. 6877-6885, Copyright © 2021 The Authors.
Published by American Chemical Society, licensed under CC BY.

3.1.2.3 Summary and outlook

Neutron reflectivity (NR) was used to quantitatively evaluate the sorption of methylene
blue (MB), crystal violet (CV), and Rose bengal (RB) by thin GO films. Further MB sorption
tests were conducted for bulk graphite oxide and freestanding micrometer-thick GO
membranes.

We found that MB intercalates the GO structure, causing significant expansion of inter-
layer distance and increase in weight due to sorption (=28% weight increase for thin films

and =13% for the membrane). In contrast to MB, GO is not easily intercalated by CV and RB
dyes. We believe this is due to the difference in geometry between the flat MB molecule,
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allowing for easier insertion between GO layers, and twisted and non-flat CV and RB
molecules.

The GO structure intercalated with MB should be considered as a chemically modified
form of GO with different properties. This should be considered for example when
performing permeation tests of GO membranes.

Our results show that large molecules such as MB can be intercalated into GO structure.
This is in contrary to other studies, which claim that MB molecule is too big based on
“hydration radius”. 9596108 The definition of hydration radius is not clearly defined, and it is
clear from our experiments that other factors such as geometry molecule also needs to be
considered.

3.1.3 Temperature dependent swelling of Brodie
graphite oxide in 1-alcohols

We studied the swelling of BGO in long alcohols using XRD at synchrotron facilities
ESRF and MAX IV. BGO-alcohol mixtures were heated, from room temperature to 363 K,
and XRD patterns were recorded. We found that BGO swells in all of the molten alcohols we
tested (no. of C=11-22), resulting in strong expansion of inter-layer distance. The structures
of BGO formed in excess of molten alcohols just above the melting point of alcohol (a-phase)
were characterized by XRD and composition was determined using the DSC method (as
described in section 2.3.4). Further heating of a-phase resulted in reversible phase
transformation into phase with smaller inter-layer distance and smaller amount of
intercalated alcohol (-phase). The same type of phase transition (a- to f-phase) was found
for BGO immersed in all studied alcohols (C11 to C22). In addition to a- and -phase we
found a set of phases formed for BGO intercalated with deficient (not sufficient for saturated
sorption) amounts of alcohol. A detailed study was performed on BGO-Ci16 system to
investigate these phases and to determine the structure and composition of a-and -phase.

In the following section we describe the phase transformations in more detail and
provide evidence for the existence of a-and B-phases. In later sections we describe the
composition and proposed structures of these phases. A separate section describes phases
formed with deficient amounts of alcohol (for BGO-C16 system). Finally, we present some
analysis of general trends for BGO swelling in large set of alcohols (C1-C22), which include
our data as well as previously reported data for BGO swelling in shorter alcohols (C<10).
Interestingly, the phase transformations for BGO swelling in long alcohols (C>10) appears to
be significantly different than BGO swelling in short alcohols.

3.1.3.1 BGO swelling in excess of liquid alcohols

We investigated the temperature dependent swelling of BGO in a set of normal alcohols,
from undecanol (C=11) to behenyl alcohol (C=22) using synchrotron XRD and DSC. The
experiments were performed in large excess of alcohol to ensure saturated sorption and
formation of intercalated GO phases. We found that when BGO-alcohol mixture is heated
above the melting point of alcohol, the alcohol molecules are intercalated between graphene
oxide layers forming a new material (a-phase). The inter-layer distance of a-phase is
significantly larger compared to pristine graphite oxide, as a result of alcohol molecules
intercalation. Further heating of a-phase results in incongruent melting and formation of a
new phase (B-phase) with smaller inter-layer distance compared to a-phase. Fig. 37 shows
example XRD data recorded for BGO-C16 system during heating. Data were recorded also
for cooling showing that swelling transition is reversible, and that a-phase remains
unchanged after solidification of molten alcohols, thus forming stable solid solvate at
ambient temperature.
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Below the melting point of alcohol, XRD patterns show peaks from BGO and solid alcohol
as expected (Fig. 37). Heating above the melting point of alcohol results in the appearance of
a new set of (00l) reflections. The (00l) set of reflections allows to calculate the c-unit
parameter of BGO which corresponds to inter-layer distance in the structure intercalated
with alcohol molecules (a-phase). Further heating of a-phase results in appearance of new
set of (00l) peaks, replacing the peaks from a-phase. The new set of peaks corresponds to a
decreased inter-layer distance and formation of B-phase. The transition from a- to f-phase
was found to be reversible upon cooling. There is only one reflection which does not belong
to the (00l) set and reflections from in plane lattices of graphene skeleton. This reflection is
shown in inset of Fig. 37 and has d=~4.2 Aandis present in the a-phase of all BGO-Cx (x=11-
22) system but not in p-phase. The value 4.2 A corresponds roughly to the diameter of alcohol
molecules represented as a cylinder. Therefore, it is most likely related to the distance
between alcohol molecules in a close packed structure. The reflection can be interpreted as a
sign of partial ordering of the alcohol molecules intercalated between GO layers. Absence of
this reflection above the point of phase transition suggests that a-phase is more ordered than

B-phase. This is also supported by the observed increase in FWHM of XRD peaks of $-phase

compared to a-phase.
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Figure 37 — XRD patterns recorded in situ during heating (0.5
K/min) for BGO-C16 system. Inset show angle region for reflection
with d=4.2 A, assigned to partial ordering of alcohol molecules.
Radiation wavelength A=0.8266 A. Reprinted from Carbon, Vol. 203,
Nordenstrom A., Iakunkov, A., Boulanger, N., Li, G., Hennig, C.
Baburin, I., Jorgensen, M., Kantor, I., Talyzin, A.,”Temperature
dependent intercalation of molten 1-hexadecanol into Brodie graphite
oxide.”, pp. 770-784, 2023, licensed under CC BY 4.0.

Similar type of phase transitions (from a-to -phase)-was found for all other BGO-Cx
systems analyzed in our study (x=11-22). The temperature dependence of inter-layer distance
((001) reflection) is shown in Fig. 38, which provides evidence for transition from a- to 3-
phase for all of the BGO-Cx systems. Step-like decrease in inter-layer distance was found for
all BGO-Cx systems. The step height and the temperature of transition increases with alcohol

length.
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The inter-layer spacings of a-and p-phases are summarized in Table 3. The values shown
in the table correspond to temperature points just before and after a to f-phase transition. It
is interesting to compare our data with earlier reports (also shown in Table 3). 6465215

R.Kriiger studied the swelling of BGO in a wide variety of intercalants, including some
alkyl alcohols. 64 The results were unfortunately never published in peer-review journal and
are available only in the PhD-thesis written in German. Notably, the BGO-alcohol solvates in
Kriiger’s study were prepared using ethanol solution of alcohols, thus forming a triple phase
system (ethanol+long alcohol+BGO) which complicates the analysis. Moreover, we were
unable to intercalate BGO with long alcohols using ethanol solutions. In situ XRD recorded
from BGO immersed in ethanol solution of C16 showed no intercalation for unclear reasons.

MacEwan’s group studied GO swelling both in ambient temperature and at elevated
temperature (70 °C). 65215 Only the values of d(001) at two temperature points (ambient and
70 °C) were reported in these studies. The XRD patterns are not available and there was no
further analysis of the samples by other methods. Notably, the GO used in Kriiger’s study was
prepared according to Brodies method, but the GO in MacEwans experiments was prepared
using Staudenmaier method, but details of synthesis procedure were not provided. Detailed
characterization of GO by methods other than XRD was not presented.
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Figure 38 — The change in d(001) vs temperature for all of the
studied BGO-Cx systems (where x = 11-22), starting above the melting
point of alcohol.

In addition to XRD, we used DSC to confirm phase transitions, to determine the enthalpy
of transition and to gain information about composition of the phases. Table 4 summarizes
the data from DSC measurements related to a-phase to 3-phase transition. The composition
of a - and B-phase is presented in a separate section.
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Table 3 — Inter-layer spacings (d(oo01)) for a-and p-phase of all of the
studied BGO-Cx systems (x=11-22) obtained from XRD (left part of
table). d(oo1) values were taken just before and after a-to B-phase
transition. Literature data for similar studies are shown for
comparison (right part of table). All units are in Z\ngstrém (A). RT
stands for room temperature.

Inter-layer distance d(001)
This work Literature data
a-phase B-phase a-phase B-phase
(RT) (70 °C)
BGO-C11 36.1 26.9 37.104 26.1%5
BGO-C12 38.9 27.8 39.764,39.2215 28.265
BGO-C13 41.4 28.1 42.454,42.9215 31.265
BGO-Ci14 44.1 29.2 44.9%4,46.3215 32.6%5
BGO-C15 46.5 30.5 47.454,46.6215 33.86
BGO-C16 48.8 20.8 50.164,48.3215 -
BGO-C17 51.5 32.2 52.6%4,49.3215 -
BGO-C18 53.8 33.4 55.1%4,50.4215 -
BGO-C20 58.5 35.0 - -
BGO-C22 63.1 37.1 - -

The data in Table 4 show that the temperature of transition is increasing with length of
carbon chain in alcohol. This is related to higher melting point of longer alcohols. The
enthalpy of transition (both in kJ mol and kJ g1) also increases with alcohol chain length,
at least up to BGO-C20. For BGO-C22 system the enthalpy is unexpectedly low. We believe
this is because not all BGO was transformed into a-phase in this sample. This is supported
by both XRD and DSC which indicate that there is unreacted BGO present both for a-and §3-
phase for the BGO-C22 system. Possibly the reason for incomplete transformation is the high
viscosity of C22 melt.
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Table 4 — Summary of DSC results for a - to p — phase transition.
From left to right the columns are; onset temperature of phase
transition, enthalpy of transition in kJ g1, enthalpy of transition in kJ
mol-t. The enthalpy of transition is normalized to mass of BGO. Note
that the molar mass of BGO was taken here to be 18, which
corresponds to C/O = 2.55 and formula COo.39.

Temperature Enthalpy Enthalpy

(K) (kJ g (kJ mol1)

BGO-C10 276 0.15 £ 0.02 2.6 £ 0.3
BGO-C11 305 0.16 + 0.02 3.0+ 0.4
BGO-C12 313 0.23 + 0.02 4.2+0.3
BGO-C13 323 0.29 + 0.03 5.2+0.5
BGO-C14 330 0.32 + 0.03 5.7+ 0.6
BGO-C15 335 0.32 + 0.03 5.8+ 0.5
BGO-C16 340 0.42 + 0.04 7.5+ 0.8
BGO-C17 344 0.33 + 0.03 5.9+ 0.6
BGO-C18 346 0.41 + 0.04 7.3+ 0.8
BGO-C20 353 0.43 + 0.04 7.7+ 0.8
BGO-C22 357 0.24 + 0.03 4.4 £ 0.6

3.1.3.1.1 Structure of a-and B-phases

We suggest that a-phase consists of two closely packed layers of alcohol molecules
oriented almost exactly perpendicular to graphene oxide layers, as shown schematically in
left side of Fig. 39 (for BGO-C16 system as example). The structure of B-phase most likely
consists of alcohol molecules mostly parallel to graphene oxide layers, as shown
schematically in right part of Fig. 39 (for BGO-C16 system).

The main evidence points for the structural model of a-phase are as following:

e  Expansion of c-unit parameter (compared to pristine BGO) corresponds almost
perfectly to length of two alcohol molecules

e  Experimental XRD data are close to what we expect from theoretical modelling of
the proposed structure (performed for BGO-C16 system)

e XRD reflection observed at d=4.2 A is an indication of partial ordering (solid state)
of alcohol molecules, which is in agreement with the proposed structure

Transition from a-phase to B-phase corresponds to decrease in inter-layer distance and
more disordered structure. For BGO-C16, the c-unit parameter changes from 48.9 A (a-
phase) to 29.9 A (B-phase). Decrease in c-unit parameter in combination with higher disorder
indicated that the structure of f-phase is quite different from a-phase. Two different kinds
of (simplified) structures were initially suggested as possible for 3-phase: first with alcohol
molecules parallel to GO planes and second with alcohol molecules nearly perpendicular to
GO planes, shown in Fig. 40. Both structures exhibit the same inter-layer distance and cannot
be directly distinguished using only XRD data, since there are no specific reflections in XRD
pattern from the intercalated alcohol molecules.
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29.9A

Figure 39 — Suggested structural models illustrating change from a-
phase to B-phase (for BGO-C16 structure as example). The dotted lines
in right figure shows more clearly the intercalated alcohol layers (5
for BGO-C16). a-and f-phase are both thermodynamically stable, i.e.
they form in excess of alcohol, and the transition between phases is
reversible. Adapted from Carbon, Vol. 203, Nordenstréom A.,
Iakunkov, A., Boulanger, N., Li, G., Hennig, C. Baburin, I., Jorgensen,
M., Kantor, I., Talyzin, A., "Temperature dependent intercalation of
molten 1-hexadecanol into Brodie graphite oxide.”, pp. 770-784, 2023,
licensed under CC BY 4.0.

To verify if B-phase is layered (as shown in left side of Fig. 40) we performed additional
experiments with the BGO-C16 system. The BGO-C16 sample was vacuum annealed at 363
K and XRD patterns were recorded after certain periods of time (Fig. 41). A new set of phases
emerged over time with c-unit parameters corresponding to 30.2 A, 23.7 4, 19.7 A, 14.6 A
and 9.8 A. The difference between c-unit cell parameters of these phases is approximately 5
A, which corresponds roughly to the thickness of one layer of alcohol molecules. Therefore,
our interpretation of the data shown in Fig. 41 is that vacuum annealing results in removal
of alcohol molecules layer by layer, which suggests that the structure of f-phase consists of 5
alcohol layers oriented in parallel relative to graphene oxide sheets. These results indicate
that the structure of B-phase is most likely layered. Of course, the layers must be completely
disordered as evident from XRD data showing absence of reflections originating from alcohol
lattices.

B-phase B-phase
Alternative structure

Figure 40 — Two hypothetical idealized structures for 3-phase (for
BGO-C16 system as example). Left shows a layered structure with
alcohol molecules mostly parallel to graphene oxide sheets. Right
shows structure with vertically standing alcohol molecules. Both
structures correspond to inter-layer distance observed by XRD.
Adapted from Carbon, Vol. 203, Nordenstrom A., Iakunkov, A.,
Boulanger, N., Li, G., Hennig, C. Baburin, I., Jorgensen, M., Kantor,
1., Talyzin, A., "Temperature dependent intercalation of molten 1-
hexadecanol into Brodie graphite oxide.”, pp. 770-784, 2023, licensed
under CC BY 4.0.
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Assuming that f-phases in all BGO-Cx systems (x=11-22) are layered, the number of
layers must increase to account for the observed increase in inter-layer distance of BGO
intercalated with longer alcohols (Table 3). Since the thickness of one layer of alcohol
molecules is approximately 4-5 A, we should expect a stepwise increase in inter-layer
distance with the length of alcohol molecules as the number of alcohol layers increases.
However, the increase is continuous and not stepwise (see Table 3). To explain the
continuous increase in inter-layer distance for p-phase of BGO-Cx systems (x=11-22) we
propose an explanation involving "kink structure”. We suggest that one-layered structure can
be formed by scarce randomly oriented chain molecules placed on graphene oxide planes.
Two-layered structure will form when more molecules are added, and randomly oriented
chains start to overlap each other. Adding even more molecules will result in kinked 3-layer,
4-layer and 5-layer structures. (Fig. 39, right panel). Obviously, the number of kinks is
limited by the length of the alcohol molecules. For C16 alcohol the number of kinks
corresponds to maximum 3 layers. When C16 molecules are connected to GO on both sides
of inter-layer, a disordered structure corresponding to 5 layers is formed. When molecules
are removed from saturated structure by vacuum evaporation, “kinetic” structures with
smaller number of kink layers are formed. Note that XRD data in Figure 41 show co-existence
of phases with different inter-layer distances and absence of pure phases with smaller
number of layers.

Note that true layered structure (as shown in left part of Fig. 40) has the same inter-layer
distance and number of alcohol layers (5 layers for BGO-C16) as kink structure (right side in
Fig. 39), but the structures are rather different. The alcohol molecules in the kink structure
are completely disordered in agreement with experimental data.
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Figure 41 — XRD patterns of BGO-C16 system recorded in situ during
vacuum annealing at 363 K. The sample was first heated to slightly
above melting point of alcohol (320 K) to obtain a-phase. After that,
heating was increased to 363 K to convert a-phase into B-phase. The
sample was then annealed at 363 K and vacuum for different periods
of time (15 to 1000 min). Radiation wavelength A= 1.5406 A. Reprinted
from Carbon, Vol. 203, Nordenstrom A., Iakunkov, A., Boulanger, N.,
Li, G., Hennig, C. Baburin, I., Jorgensen, M., Kantor, I., Talyzin, A.,
"Temperature dependent intercalation of molten 1-hexadecanol into
Brodie graphite oxide.”, pp. 770-784, 2023, licensed under CC BY 4.0.
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To summarize, we believe that the structure of B-phase is layered with cross-overlapping
alcohol molecules mostly parallel to graphene oxide sheets (kink structure), as shown in right
part of Fig. 39. The evidence for the proposed structure of f-phase is following:

c-unit parameter corresponds well to 5 layered structure (for BGO-C16)

Layered structure is supported by vacuum driven alcohol evaporation experiments
at 363 K. In situ XRD patterns indicate that alcohol layers can be removed one by
one.

Continuous increase in c-unit parameters of f-phases for longer alcohols indicate
“kinked” structure

XRD data indicate highly disordered structure of B-phase, as evident from increase
in FWHM of peaks specific to 3-phase compared to a-phase as well as absence of
any reflections indicating partial ordering of alcohol molecules.

3.1.3.1.2 Composition of a-and B-phases

The compositions determined from DSC for each of the BGO-Cx systems are presented

in Table 5.
Table 5 - Composition of a-phase as determined by DSC
measurements.
a-phase composition
gg! mol mol*

BGO-C10 2.0+ 0.2 0.22 + 0.02
BGO-C11 1.6 £ 0.1 0.17 + 0.01
BGO-C12 2.6 £0.2 0.25 £ 0.02
BGO-C13 2.8+0.3 0.25 £ 0.03
BGO-Ci14 2.0+0.3 0.24 + 0.03
BGO-Ci15 3.0+ 0.3 0.23 + 0.02
BGO-C16 3.1+ 0.4 0.23 £+ 0.03
BGO-C17 2.6 £0.3 0.18 + 0.02
BGO-C18 3.0+ 0.4 0.20 £ 0.02
BGO-C20 2.0+0.3 0.18 + 0.02
BGO-C22 1.4 £ 0.2 0.07 £ 0.01

The amount of alcohol intercalated into BGO, increases in g g units with the length of
alcohol molecules, but remains similar in mol mol units. We believe that the relatively small
sorption for BGO-C22 system is due to incomplete phase transition into a-phase. XRD data
of the BGO-C22 system confirmed presence of some unreacted BGO.

The compositions of B-phases are not straightforward to determine and was estimated
only for BGO-C16. In previous studies of GO swelling in shorter alcohols, the composition of
high temperature phase (such as 3-phase) was determined using two methods:

i.

Isopiestic method: Exposing GO powder to saturated vapor of given solvent
inside of sealed volume-and taking rapid weight measurement of the sample until
the mass of GO stabilizes. The change of sample weight due to sorption from
saturated vapor corresponds to composition of high temperature phase.

DSC method: Using DSC scans recorded for BGO mixed with different amounts
of alcohol. If the amount of alcohol added to GO corresponds to composition of
high temperature phase, the peak corresponding to phase transition (from p-to a-
phase in this case) is expected to disappear in DSC scans. That is because all
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alcohol is absorbed by GO and absence of liquid alcohol required for transition into
expanded low temperature phase.

The isopiestic method could not be used to determine the composition of B-phases
formed by BGO in the studied set of alcohols (C11-C22) because the vapor pressures of these
alcohols are too low. It was shown in previous studies that it takes 30 days to determine
composition of high temperature phase of BGO-C8 system. 58 For BGO swelling in nonanol
(C9) it was not possible to saturate the GO within reasonable time frame at ambient
temperature. 86 Since the vapor pressure is even lower for our set of alcohols (C11-C22) this
means that the isopiestic method cannot be used in the temperature interval of GO stability
(<140 °C).

We also tried the DSC method described above. However, unlike experiments with small
alcohols, the ambient phase of BGO with C11 to C22 alcohols is not f-phase but a-phase. BGO
was mixed in our experiments with C16 in various proportions and characterized by DSC
scans. The phase composition of samples was verified by XRD after the end of DSC scans at
ambient temperature. We found that when BGO is mixed with deficient amounts of alcohol
(i.e. not sufficient for saturated sorption), a-phase is formed anyway but part of the precursor
BGO remains unreacted at the temperature just above melting of alcohol. The presence of
unreacted BGO (as evident from XRD patterns), makes the DSC method not suitable to
determine composition of f-phase.

Experiments with “deficient” mixtures of BGO and alcohol led to the surprising discovery
of a new phase (y-phase). Pure y-phase was found when B-phase is cooled down back to
ambient temperature without molten alcohol present in the system. This transition occurs
without change in composition. Therefore, composition of f-phase is equal to composition
of stable ambient temperature y-phase. However, the y-phase is stable at ambient
temperature which allows to make simple ex-situ tests to determine its composition.

To determine the composition of y-phase, BGO-C16 sample with amount of alcohol
slightly exceeding what was required for formation of pure 3-phase was heated to 363 K and
vacuum annealed for different periods of time. When excess alcohol (over the amount
required for formation of f-phase) melt is present in the system, the sample exhibits mixture
of a- and y-phases after cooling (Fig.42). When all molten alcohol is evaporated by vacuum
annealing, pure B-phase is formed and only y-phase is detected by XRD after cooling back to
ambient temperature. The weight of samples was measured in room temperature, thus
providing information about BGO:C16 ratio in the cooled sample. As expected, the weight of
the sample decreased over time as a result of alcohol evaporation (Fig. 42).

The sample cooled to room temperature after 300 min of vacuum annealing at 363 K
showed almost pure y-phase according to XRD data, with composition of 1:0.88 (BGO:C16,
by weight ratio). Since the transition from p-to y-phase occurs without change in composition
(only due to change in orientation of intercalated molecules), the composition of y-phase
(1:0.88, see Fig. 42) is also our best estimate for composition of f-phase.
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Figure 42 — XRD patterns taken at room temperature of BGO-C16
system recorded after exposure to vacuum and heating at 363 K. Right
side of figure shows composition of BGO to C16 at certain times. Black
indices correspond to reflections of a-phase, red correspond to B-
phase, brown correspond to y-phase. Blue and green corresponds to
2L and 1L structure respectively. Radiation wavelength A= 1.5406 A.
Reprinted from Carbon, Vol. 203, Nordenstrom A., Iakunkov, A.,
Boulanger, N., Li, G., Hennig, C. Baburin, I., Jorgensen, M., Kantor,
1., Talyzin, A., "Temperature dependent intercalation of molten 1-
hexadecanol into Brodie graphite oxide.”, pp. 770-784, 2023, licensed
under CC BY 4.0.

3.1.3.2 Alcohol deficient phases in BGO-C16 system

As mentioned above, if f-phase is cooled down to ambient temperature in absence of
molten alcohol (C16), a new phase is formed (y-phase). The c-unit parameter of y-phase in
BGO-C16 system was 26.5 A, which is similar but not exactly equal to c-unit cell parameter
of B-phase.

Reversible transition from (- to y-phase was supported by both DSC and XRD data. If
the amount of alcohol added to BGO is decreased significantly, it was also possible to detect
the presence of phases with significantly smaller inter-layer distance corresponding to
structures with one layer (1L) and two layers (2L) of alcohol molecules in parallel to the
orientation of graphene oxide sheets. However, the 1L and 2L structures were observed not
as pure phases (i.e. both exist simultaneously).

The focus of this section will be on y-phase. It is interesting to note the reflection at
d=4.16 A in Fig. 42 is present both in y-and a-phase but not for B-phase. This reflection
indicates partial ordering (solid state) of intercalated alcohol molecules. Based on the c-unit
cell parameter of y-phase (26.5 A) and presence of reflection at d=4.16 A we suggest that the
structure for y-phase consists of vertically standing alcohol molecules corresponding roughly
to one “layer” of alcohol molecules in perpendicular orientation relative to graphene oxide
sheets(as shown in Fig. 43, labelled ”y-phase”). The suggested structure is consistent with
partial ordering indicated by XRD and c-unit parameter corresponds roughly to the length of
one C16 molecule.
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Figure 43 - Schematic illustration of change in structure from (-
phase to y-phase (for BGO-C16 system). Note that the C16 molecules
are slightly smaller in y-phase structure. This is only to improve
readability, and in reality the molecules of course are the same size
for both phases. Adapted from Carbon, Vol. 203, Nordenstrom A.,
Iakunkov, A., Boulanger, N., Li, G., Hennig, C. Baburin, I., Jorgensen,
M., Kantor, I., Talyzin, A., "Temperature dependent intercalation of
molten 1-hexadecanol into Brodie graphite oxide.”, pp. 770-784, 2023,
licensed under CC BY 4.0.

The composition of y-phase was determined for BGO-C16 system to be 0.88 g C16/g BGO
(Fig. 42). That corresponds to 0.07 mol C16/mol BGO. The molar composition of a-phase
(0.23 mol/mol) is significantly higher than y-phase (more than 3x). This indicates that the
a-phase is more densely packed with alcohol molecules, and possibly the y-phase could be
quite porous, given all the empty space in between graphene oxide layers.

3.1.3.3 Analysis of general trends for swelling of BGO in
normal alcohols (from C1 to C22)

Fig. 44 summarizes our data of BGO swelling in long alcohols (C11-C22) as well as
previously reported data for shorter alcohols (C1-C10). 32586086 Note that we consider here
only thermodynamically stable phases in each system, meaning the phases which are found
in temperature dependent experiments where some excess of liquid alcohol was always
present.

Each of the BGO-Cx (x=1-22) systems has one high temperature (HT) phase and most
systems (except C=4,5,6) have one low temperature (LT) phase.

Analyzing the general trends using Fig. 44 we can observe that the phase transition
between HT and LT phases for longer alcohols (C>10) is quite different from transitions
observed for BGO systems with short alcohols (C<10). For shorter alcohols, the change in
inter-layer distance during phase transition corresponds to insertion/de-insertion of one
layer of alcohols ~4 A (Type I transition). BGO in methanol (C=1) and ethanol (C=2) appears
to have 1 Layered (1L) structure in the HT phase and 2L structure in the LT phase. The
number of layers intercalated into BGO structure increases gradually with numbers of carbon
atoms in alcohol, up to 5L for nonanol (C=9).

For BGO intercalated with long alcohols (C>10), the difference in inter-layer distance
between HT and LT phase appears to be increasing continuously with length of alcohol
molecules. This indicates that these swelling phase transitions (Type II transitions) are rather
different compared to BGO swelling in short alcohols (C<10). This is clear when the
difference in inter-layer spacing between LT and HT phase is plotted as a function of alcohol
chain length (Fig. 45a). There are clearly two different regions in Fig. 45a. For shorter
alcohols (blue color in figure), the difference is relatively constant, ~4 A. For longer alcohols
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(black color in figure), the difference is increasing almost linearly with length of alcohol
molecules.
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Figure 44 - Inter-layer distances (based on (001) reflection from
XRD patterns) for BGO-Cx intercalated with 1-alcohols (number of
carbon atoms x = 1-22). Low Temperature (LT) phases (black symbols)
correspond to inter-layer distances observed in BGO-Cx systems just
above the melting point of alcohol. High Temperature (HT) phases
(red symbols) corresponds to inter-layer distance observed just above
the point of phase transition. Data for alcohols with more than 10
carbon atoms (red circles and black squares) are from this work. Data
for alcohols with number of carbon atoms <10 (red and black
triangles) are from previous studies. 32:58.60.86, Note that phase
transitions are absent for BGO intercalated with C4,C5 and C6
alcohols. Insets of BGO-C3 and BGO-C22 show schematic structure of
the different LT phases.

Type I and Type II transitions are distinctly different also by the enthalpy determined
using DSC (Fig. 45b).

Based on the available data we suggest that Type II transition corresponds to change
from vertically standing molecules into completely disordered mostly parallel (kinked
structure). It should be noted that both type I and II transitions observed during the heating
should be considered as incongruent melting of LT phase with formation of HT phase + liquid
alcohol. 8
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3.1.3.4 Summary and outlook

In summary, we studied the temperature dependent swelling of BGO in a set of normal
alcohols (from 11 carbon atoms to 22). Our main results include:

e  Reversible phase transition from a- to f-phase was observed for all of the studied
BGO-Cx (x = 11-22) systems.

e  Reversible phase transition from a- to 3-phase corresponds to completely new type
of swelling transition (Type II transition). Transition from a- to f-phase occurs
due to incongruent melting of BGO-Cx structure formed by two vertically standing
alcohol molecules with formation of disordered kink-layered structure and
significantly smaller amount of intercalated alcohol.

e  Type II transitions are distinctly different from Type I transitions previously
reported for BGO in smaller alcohols (C<10) where both LT and HT phases are
formed by parallel to GO planes layers of alcohol molecules.

e  Composition of a-phase was determined for all BGO-Cx systems (x=11-22)
e  Composition of B-phase was determined for BGO-C16 system.

e  Several phases stable at room temperature were found for BGO-C16 exposed to
deficient amounts (less than required for saturated sorption) alcohol, most notably
y-phase.

e  The composition of y-phase was determined to be the same as B-phase with
transition between these two phases related only to change in orientation of
alcohol molecules.

Our results show that the inter-layer distance of BGO can be tuned in a rather broad
interval of values (from 6 A to ~60 A). Extraordinarily large inter-layer distance (63.8 A) was
observed for BGO intercalated with C22.

We provide so far the most comprehensive study of graphite oxide swelling in 1-alcohols.
For the first time the swelling phase transition has been studied using modern methods such
as synchrotron radiation XRD. Our study is also the first to include DSC and detailed analysis
of possible structures of the different phases.
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Although our results are mostly of fundamental value, some hypothetical applications of
the alcohol intercalated BGO materials can be suggested. For example, the combination of
hydrophilic graphene oxide with hydrophobic chains of alcohol molecules in the same
structure might result in unusual and interesting membrane properties of these materials.
This might provide applications as membrane or coatings. Another interesting possibility
would be to prepare reduced graphene oxide, intercalated with alcohol molecules acting as
“pillars”. Some of the BGO-alcohol phases (e.g. y-phase) might be porous as evident from
relatively low amounts of alcohol intercalated between layers. If pillared porous materials
can be transformed into electrically conductive analogues by reduction of GO it could be of
interest as electrode material for supercapacitor applications.

3.1.4 Thermally reduced pillared GO with precisely
defined slit pore size

Our group have previously reported GO pillared with tetrakis(4-aminophenyl)methane
(TKAM) molecules (Fig. 46). 78

Figure 46 — Schematic representation of GO pillared with TKAM
molecules. Reprinted from Carbon, Vol.120, Sun J., Morales-Lara F.,
Klechikov A., Talyzin A., Baburin I., Seifert G., Cardano F., Baldrighi
M., Frasconi M., Giordani S., "Porous graphite oxide pillared with
tetrapod-shaped molecules", pp. 145-56, Copyright (2017), with
permission from Elsevier.

GO pillared with TKAM (PGO/TKAM) is one of few materials with true porous pillared
structure. It satisfies requirements provided by definition of pillared structure, as evidenced
by:

1. Increased inter-layer distance, from 7.9 A (precursor GO) to ~14 A (PGO/TKAM)

2. The lattice expansion correlated with the size of pillaring molecules.

3. Interconnected pore structure evidenced by high specific surface area , up to 660
m2g-1

The main idea of this study was to convert electrically insulating GO into rGO while
keeping the structure pillared by TKAM molecules. The TKAM molecules are sufficiently
stable at the temperatures required for thermal deoxygenation of GO. The resulting material
can be expected to maintain relatively high surface area measurable by gas sorption methods,
precise slit pore shape, uniform pore size and improved conductivity making it suitable for
example for the preparation of electrode materials.
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3.1.4.1 Synthesis and characterization

We synthesized pillared GO (PGO/TKAM) according to previously reported procedure.?8
The as-synthesized PGO/TKAM was subjected to annealing at 280 °C under argon and the
resulting material was characterized using XRD, BET, TGA, FTIR and Raman spectroscopy.
We also performed conductivity measurements and studied the swelling in ethanol and
water. Most importantly we intended to verify if the pillared structure was preserved after
thermal annealing and to what extent the oxygen functional groups were removed.

In the following part, we present the evidence for pillared porous structure. The key
points are in bold text, followed by more detailed explanation and supporting data.

GO lattice remains expanded after annealing. The inter-layer distance decreased
somewhat after annealing (Fi‘%. 47) but remained expanded compared to pristine GO and
rGO. A small shift, from 13.8 A (before annealing) to 12.3 A (after annealing) is compatible
with expected removal of some oxygen groups from GO planes. The inter-layer distance 12.3
A proves that the structure did not collapse as a result of the thermal treatment. Note that
annealing of precursor GO at the same temperature results in formation of graphitic rGO
structure with inter-layer distance of about 3.4 A.

T
PGO/TKAM
d(001) = 13.8 A

Precursor GO T
d(0o1)=7.4 A

PrGO/TKAM
d(001) = 12.3 A

Normalized intensity

4 6 8 10 12 14
2 Theta (°)

Figure 47 — XRD patterns of precursor GO, pillared GO (PGO/TKAM)
and pillared rGO prepared by the annealing of PGO/TKAM at 280 °C
(PrGO/TKAM) in the angle region of (001) reflection. Reprinted from
Ref. 216 with permission from the Royal Society of Chemistry. Licensed
under CC BY 3.0.

Porous structure. Analysis of N. sorption isotherms confirms that material remains
porous after annealing. The surface area of the pillared rGO is almost the same as in
GO/TKAM prior to annealing, as determined by both BET and DFT methods (Table 6).

Table 6 — Specific surface area (SSA) based on N. sorption isotherms.
The SSA area was determined using the BET method and cumulative
surface area based on pore size distribution (DFT method).

Specific surface area
determined by N. isotherms
(m?g)
BET method | DFT method
Before annealing 350 370
After annealing at 280 °C 348 387
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The pore size distribution of the pillared rGO (PrGO/TKAM) is represented by a smgle
peak corresponding to pores 7 A in diameter (Fig. 48). This is different compared to pore size
distribution of pristine pillared GO (PGO/TKAM) which shows two peaks. The pore size can
be estimated for an ideal structure in which the graphite oxide is reduced to graphite. The
Van der Waals distance between graphite layers is 3.4 A. Since we know that the inter-layer
distance of PrGO/TKAM is 12.3 A we can calculate the expected pore size tobe 12.3 - 3.4 =8.9
A. This is in good agreement with the experimental pore size of 7 A, considering that not all
oxygen groups are removed during relatively mild annealing at 280 °C.
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Figure 48 - Pore size distribution before (PGO/TKAM) and after
annealing at 280°C (PrGO/TKAM). Reprinted from Ref.216 with
permission from the Royal Society of Chemistry. Licensed under CC
BY 3.0.

TKAM molecules are preserved after annealing. The presence of TKAM after
annealing is supported by features specific to TKAM found in both Raman and FTIR spectra
(Fig. 49). XPS of the material also showed clear signal from nitrogen (8.5 at. %) which likely
originates from TKAM molecules in the sample.
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Figure 49 — a) FTIR spectra recorded from precursor GO, precursor
TKAM powder, pillared GO (PGO/TKAM) and pillared rGO
(PrGO/TKAM). The spectrum of pure TKAM has been scaled down by
factor 10. b) Raman spectra of precursor TKAM powder, PGO/TKAM
and PrGO/TKAM. The spectra for pure TKAM has been scaled down by
factor 10 for easier comparison. Reprinted from Ref.2:6 with
permission from the Royal Society of Chemistry. Licensed under CC
BY 3.0.
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Less oxygen after annealing. As expected, some oxygen functional groups were
removed after annealing, as confirmed by TGA and XPS.

TGA traces (Fig. 50) show that the thermal stability of pillared rGO is higher than pillared
GO as a result of less oxygen. Pillared GO starts to decompose around 100 °C and pillared
rGO is stable at least up to 300 °C, similar to the temperature at which point the TKAM
molecules decompose. It should be noted that the TGA trace for pillared rGO is almost
completely flat, there is no noticeable change in weight due to water desorption (typically
below 100 °C) or around 190 °C where precursor GO has significant weight loss step.
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Figure 50 - TGA traces of GO, pure TKAM, pillared GO (PGO/TKAM)
and pillared rGO prepared by the annealing of PGO/TKAM at 280 °C
(PrGO/TKAM). There are three regions of interest in the figure,
labelled I, II, III. Region I is the temperature at which water
evaporate. Region II shows the main step of deoxygenation and weight
loss is due to deflagration and formation of CO and CO.. Region III
shows the main step for decomposition of TKAM molecules. Note that
the sample after annealing (PrGO/TKAM) is much more thermally
stable than before annealing (PGO/TKAM). Reprinted from Ref.216
with permission from the Royal Society of Chemistry. Licensed under
CC BY 3.0.

Analysis of XPS indicates less oxygen in the pillared rGO material (C/O=4.1) compared
to pillared GO (C/0=3.3) as a result of thermal annealing. Note that the C/O ratios have been
corrected for carbon originating from TKAM as it should not be considered as part of the
oxidized graphene sheets.

Relatively small amount of oxygen in pillared rGO (as detected by TGA and XPS) is
expected to result in a more hydrophobic material compared to PGO/TKAM and precursor
GO. This was confirmed by analysis of water sorption isotherms obtained by DVS method.
Pillared rGO showed lower surface area accessible to water (BET(H-0)=140 m2g) compared
to pillared GO (BET(H.0)=250 m2g*) and precursor GO (BET(H.0)=369 m2g"), thus
indicating more hydrophobic material.

As a result of lower amounts of oxygen in pillared rGO we found that the conductivity
improved by a factor of 100x compared to pillared GO, from 4 x 105 S m*to 1 x 103 S m.
Note that even though the conductivity improved as a result of annealing, it is still far lower
than other materials typically used for electrode materials in supercapacitors. For example,
activated reduced graphene oxide (a-rGO) shows powder conductivity of ~500 Sm-. 128
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3.1.4.2 Swelling properties of PrGO/TKAM

We found that annealing of pillared GO results in almost complete loss of swelling in
ethanol and water. In situ XRD patterns were recorded and the results are summarized in
Table 7.

Table 7 — Inter-layer distances (based on (001) reflection in XRD
patterns) for pillared GO and pillared rGO prepared by the annealing
of PGO/TKAM at 280 °C recorded in excess of liquid water and

ethanol.
Inter-layer distance (&)
Dry powder In water In Ethanol
Pillared GO 13.8 15.8 17.0
Pillared rGO 12.3 12.3 13.8

In our earlier studies of pillared GO (PGO/TKAM), one of the remaining questions was
how the TKAM molecules attach to the GO sheets. Swelling of PGO/TKAM in polar solvents
demonstrated that TKAM molecules are likely attached only to one GO sheet not forming
bridges interlinking neighboring GO sheets.

3.1.4.3 Summary and outlook

Thermal annealing of TKAM pillared GO results in the reduction of GO sheets but
preserves porous structure as indicated by relatively high surface area and expanded GO
lattice. As a result of the reduction, the pillared rGO material contains less oxygen, becomes
hydrophobic and exhibit 100x improved conductivity compared to pillared GO. The pillared
rGO has a narrow pore size distribution close to what was expected from ideal structure.
Narrow pore size distribution in combination with absence of swelling in common polar
solvents makes pillared rGO an interesting and unique material.

Conductive pillared GO is expected to perform well as electrodes in supercapacitor setup.
We tested electrodes prepared from pillared rGO and found that the performance improved
compared to pillared GO but the capacitance was still very low and not competitive for
example with electrodes prepared from standard rGO. For this reason, we did not include
these measurements in the article. We believe that the conductivity of the pillared rGO was
still too low (orders of magnitude less than for example a-rGO) for successful application in
electrode materials. The TKAM molecules separating rGO sheets in the composite structure
are not electrically conductive and in the absence of contact between individual sheets the
overall conductivity of the material remains poor.

One of the major issues hindering the use of multilayered GO materials for membrane
applications is their tendency to swell. As a result, a lot of efforts have recently been focused
on developing GO membranes with minimal swelling. 89217219 Lack of swelling in the pillared
rGO makes it an interesting material for such applications. Future studies might be aimed at
preparing membranes from the pillared rGO.

To conclude, we demonstrate an example of pillared rGO prepared by thermal annealing
of pillared GO. The pillared rGO material is one of few true pillared structures in literature
and first ever prepared starting from pillared GO (instead of inserting pillars into rGO). It
can be noted that the pillaring molecule (TKAM) is relatively stable in some solvents and
therefore it might be possible to prepare pillared rGO through chemical reduction in future
projects.
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3.2 High surface materials for supercapacitor
applications

3.2.1 Aqueous activated graphene dispersions

Activated reduced graphene oxide (a-rGO) also known as "activated graphene" is a highly
porous material, which exhibit excellent performance as electrode in supercapacitors. 126.128
However, the procedures to prepare electrodes from a-rGO powder are relatively complex
and involve several steps and additives. 27.148.160 Therefore, there is interest from industry to
develop alternative methods to prepare electrodes from a-rGO.

As a part of the European project “Graphene flagship” we collaborate with Thales
research and Technology (Dr.P. Bondavalli). They have developed a spray gun machine
suitable for fabrication of large area electrodes using of graphene/graphite dispersions.74175
Dispersion is sprayed on a hot current collector using nozzles moving over the relatively large
area in repeating cycles. Using spray-gun setup could provide significant advantage for
industrial applications.

In order to use the spray-gun machine, a-rGO first needs to be dispersed in solution with
suitable viscosity. The dispersion also needs to be sufficiently stable, at least for a few hours
and ideally over longer time.

It is rather challenging to disperse porous 3D materials such as a-rGO in water. In
contrast to materials which can be broken up in 2D sheets (for example rGO), a-rGO cannot
be dispersed to “single layers” due to its rigid 3D structure. The high specific surface area
(SSA) is found in bulk material consisting of micrometer sized a-rGO grains. If the a-rGO
grains are broken up in too small particles, the surface area will drop significantly due to loss
of porous structure. If the particles are too large, it will be difficult to keep them in dispersion
without rapid precipitation. It is therefore a challenge to prepare dispersion with relatively
large (micrometer size) grains of a-rGO without breaking their porous structure. One of the
main problems is that a-rGO is hydrophobic and cannot be directly dispersed in water. The
particles of a-rGO rapidly precipitate in water even after vigorous stirring or sonication
treatment. Hydrophobic 2D carbon materials (including graphene) are typically dispersed
using organic solvents, which are often toxic and harmful for the environment. 167 This is
especially problematic for spray deposition at large scale because toxic solvent must be
rapidly evaporated on hot plate. Expensive encapsulation procedures are required to contain
toxic vapors and to avoid environmental damage.

The goal of this project was to prepare a water-based stable dispersion with a-rGO as
main component without the use of toxic or environmentally harmful solvents. Ideally, the
dispersion should form electrodes directly by evaporation of water on a hot current collector,
while keeping all useful properties of a-rGO. The project can be divided into three parts:

1. Preparation of stable dispersions based on a-rGO

2. Using dispersion for preparation of electrodes using laboratory scale methods, e.g.
blade deposition and testing performance of the electrodes in supercapacitors.

3. Test electrodes prepared using spray gun in collaboration with Thales research and
Technology and compare performance of spray and blade deposited electrodes in
supercapacitors.

3.2.1.1 Dispersions

We found that a stable water dispersion of a-rGO could be prepared by using graphene
oxide and fumed silica as additives. These additives are electrically insulating, so to improve
the conductivity we also added carbon nanotubes. Carbon nanotubes connect a-rGO particles
and helps to improve electrical conductivity and mechanical stability of the electrodes
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without using additional binders. Fig. 51 shows the main components of our dispersion and
displays the main roles of each component.

activated graphene

- mechanical stability
- high conductivity
- adhesion promotion

- high surface area,
high capacitance

aqueous
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\’QQ/

- thixotropy
fumed silica - dispersion stability
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Figure 51 - Schematic representation of the aqueous dispersion
design for supercapacitor electrodes. The functions of the individual
components are noted. The pie chart areas represent the weight
content of each component in the dispersion. Reprinted with
permission from Skrypnychuk, V., Boulanger, N., Nordenstrém, A., &
Talyzin, A. (2020). “Aqueous activated graphene dispersions for
deposition of high-surface area supercapacitor electrodes.” The
Journal of Physical Chemistry Letters, 11(8), 3032-3038. Copyright
2020 American Chemical Society.

The dispersions are prepared in a few steps as follows:

1. Carbon nanotubes (CNT’s) are dispersed in water with graphene oxide using high-
shear mixing by ball milling. GO is easily adsorbed on the surface of CNT’s because
of the coexistence of randomly distributed hydrophilic and hydrophobic areas
within GO sheets. 220221 This means that the GO acts as surfactant for both CNT’s
and a-rGO.

2. Fumed silica is added to help stabilize hydrophobic components in the aqueous
dispersion and to adjust viscosity.

3. Lightly ball milled a-rGO is added to the fluid mixture and milled again.

The resulting dispersion is stable and can easily be prepared in liter amounts. Fig. 52
shows the dispersion and absence of precipitation after at least 10 days without any stirring.
It can be noted that similar aqueous dispersions were tested also with other hydrophobic
carbons, e.g. rGO, which are even more stable over long periods of time due to smaller
particle size.
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Figure 52 - a) Image showing the dispersion based on a-rGO. b) The
dispersion can be easily prepared in liter amounts. ¢) The dispersion
deposited and dried on a flexible stainless steel substrate shows good
adhesion even under bending conditions. d) Dispersions are stable
after days of shelf storage showing no significant precipitation.
Reprinted with permission from Skrypnychuk, V., Boulanger, N.,
Nordenstrom, A., & Talyzin, A. (2020). “Aqueous activated graphene
dispersions for deposition of high-surface area supercapacitor
electrodes.” The Journal of Physical Chemistry Letters, 11(8), 3032-
3038. Copyright 2020 American Chemical Society.

3.2.1.2 Electrodes prepared from dispersion by blade
deposition

Electrodes were prepared by depositing the dispersion onto suitable current collector
foils (steel or aluminium) followed by drying at room temperature (Fig. 52¢). The electrodes
prepared from the dispersion showed good adhesion to steel substrates and did not split after
gentle bending.

SEM images taken from the electrodes show the presence of um sized particles of a-rGO
connected by carbon nanotubes (Fig. 53d). The a-rGO in the electrodes remains porous (Fig.
53a,b,c). That is consistent with high surface area (1720 mz2g+) revealed by analysis of N.
sorption isotherms recorded from electrode material separated from the current collector.
Even though the surface area is smaller (due to added components and mechanical
treatment) compared to a-rGO precursor (~3000 m2g1) the surface area is still relatively
high.

We found that the electrodes can be improved by post deposition annealing at 200 °C-
250 °C due to thermal deoxygenation of GO. Converting electrically insulating GO into
electrically conductive rGO provides better electrical contact between grains of a-rGO and
significantly improves the overall conductivity of electrodes.
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Figure 53 - SEM images of electrode prepared by blade coating on
steel current collector: a) cross section, b) surface, ¢) high-
magnification image of an a-rGO particle with a porous structure, and
d) micrometer-sized a-rGO particles interconnected by CNT bundles.
Reprinted with permission from Skrypnychuk, V., Boulanger, N.,
Nordenstrom, A., & Talyzin, A. (2020). “Aqueous activated graphene
dispersions for deposition of high-surface area supercapacitor
electrodes.”The Journal of Physical Chemistry Letters, 11(8), 3032-
3038. Copyright 2020 American Chemical Society.

3.2.1.3 Electrodes prepared by spray deposition

Electrodes were prepared from dispersions provided by our group using spray gun
machine at Thales research and Technology (Fig. 54a). The spray tests were performed with
200-300 mL volume samples of dispersion producing 10 x 10 c¢m size electrodes. The
dispersion parameters had to be optimized to work with the spray setup, mainly by reducing
the concentration of active material to avoid clogging of nozzles. Typical concentration of the
dispersions for blade deposition was 20 mg L and for spray gun deposition it had to be
decreased to 2.5 g L. In addition to the dispersion concentration, several parameters of spray
deposition had to be optimized to prepare electrode materials, including nozzle speed, flow
speed and temperature of substrate.

Fig. 54b shows an example of electrode prepared from a-rGO dispersion by spray
deposition. A separate set of electrodes was prepared by spray deposition using the same
dispersion formula but with commercial activated carbon (AC) as active material.

SEM images of sprayed electrodes (Fig. 55) showed texture similar to blade coated
electrodes (see Fig. 53 for blade coated). The electrode surface was homogeneous and
reasonably smooth for grainy materials like a-rGO and AC (Fig. 55). The porous structure
also appears to be intact after deposition, as was also confirmed by analysis of N. sorption
isotherms. The surface area of the electrodes was 2053 mz2g- for a-rGO and 19977 m2g- for AC.
This can be compared to precursor a-rGO and AC which both have BET surface area of ~2580
mag-t,
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Figure 54 — a) Spray gun deposition setup developed by Thales
research and Technology group, b) Electrode prepared by spray gun.
Reprinted from Ref. 222 Licensed under CC BY 4.0.

Figure 55 - SEM images of a-rGO electrodes spray-deposited on
current collector foil. a) Micrometer size grains interconnected by
CNT's. b) Edge view of electrode attached to the substrate. ¢) Top
view of a-rGO electrode. d) Top view of AC electrode. Reprinted from
Ref. 222, Licensed under CC BY 4.0.

3.2.1.4 Supercapacitor performance of bladed and
sprayed electrodes

The performance of the a-rGO electrodes prepared from dispersion was evaluated in a
two-electrode supercapacitor setup using aqueous (6M KOH) as well as organic (1M TEA-
BF4 in acetonitrile) electrolytes.

Overall, the performance was similar to pellet electrodes prepared from a-rGO using
relatively complex procedures. 127:148,160
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Fig. 56 shows some examples of data recorded in aqueous electrolyte as well as a
summary of power and energy density recorded for electrodes in aqueous and organic
electrolytes. As expected, the performance of a-rGO electrodes prepared using standard
laboratory scale blade deposition was somewhat better than the electrodes prepared by large
area spray deposition. However, the performance of spray deposited electrodes was not
dramatically worse, and on level with pellet electrodes made from a-rGO reported in earlier
studies. 127:148.160

The electrodes exhibit typical capacitive behavior as indicated by the CV data (Fig. 56a).
Ideally there should be a rectangular shape, but the sprayed electrodes deviate which indicate
that there is some intrinsic resistance in the electrodes and/or supercapacitor cell. This can
also be seen in the Nyquist plot (Fig. 56b) where the semicircle is significantly larger for the
sprayed electrodes compared to the bladed. The semicircle should ideally be small, and larger
semicircles indicate higher resistance in the supercapacitor cell and/or electrode.

The highest gravimetric capacitance values for bladed electrodes was 185 F g1 and 121 F
g for sprayed electrodes. These values are similar to gravimetric capacitance reported for a-
rGO pellet electrodes (97-175 F g1). 127.148:160

a) b)

i} 16
e " Blade
= 41 2 -
< |
=z 24 £ -
5 S g .
s ol — Soray o
E —— Blade Me .l .
E . h
e 2 R - o Spray
- o .J""‘J
100 mvis
6 2
00 0z 04 05 08 10 o 1 2 N s [
u) 7'(0 )
C) 200 d) 100
180 1-..-
P
e - - 32351 o,
140 E s
] £ -
5120 e I
=2 o L L T
<100 2 . ° a B .
a oy A, =] = a4 o, hay
[E0-T)] & » A ' ' -E a
.
50 4 RS .
= Blade, aqueous FS ﬁ w Blade, aqueous|
40 5 Blade, organic £ Sl crynic|
& Spray, agueous| " . "
20 & Spray, organic & Spray, organic
0 T T T T T 01
1] 10 20 30 40 100 1000 10000 100000 1000000
Current densty (A/g) Power density (Wika)
Figure 56 - Electrochemical performance of a-rGO electrodes

prepared by different methods. Square symbols: blade deposition.
Triangle symbols: spray deposition. Black symbols are data recorded
using aqueous electrolyte (6 M KOH). Red symbols: data recorded
using organic electrolyte (TEA-BF4 in acetonitrile). a) Cyclic
voltammetry, b) Nyquist plot, ¢) gravimetric capacitance (Csp) vs
current density, d) Ragone plot, i.e. energy density vs power density.
Reprinted from Ref. 222, Licensed under CC BY 4.0.

The performance of sprayed electrodes made from commercial activated carbon was
significantly worse than sprayed a-rGO electrodes. For example, the highest gravimetric
capacitance was 73 F g compared to 121 F g for a-rGO (measured in aqueous electrolyte)
and 74 F g compared to 130 F g (measured in organic electrolyte).
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3.2.1.5 Summary and outlook

Our study provides the first example of stable aqueous dispersions based on micrometer
sized particles of a-rGO. It appears that using graphene oxide as surfactant allows to produce
stable aqueous dispersions using almost any high surface area carbon material. As was
demonstrated here with a-rGO as well as commercial activated carbon.

The dispersions can be spray deposited onto suitable substrates to prepare electrodes for
supercapacitors. The whole process of electrode deposition is environmentally friendly due
to using aqueous dispersions. Using water for the dispersions allows to avoid expensive
encapsulation and recycling technologies otherwise required to prevent contamination of
environment with toxic solvents. This could be a major step for a greener fabrication process
for electrodes avoiding the utilization of toxic solvent (e. g. Dimethylformamide, N-Methyl-
Pyrrolidone=23224),

The sprayed a-rGO electrodes demonstrated significantly higher gravimetric
capacitance, volumetric capacitance and energy density compared to sprayed electrodes
based on commercial activated carbon (YP-80F by Kuraray Co., Ltd). While a-rGO provide
better performance, commercial AC’s are beneficial due to mass production and low cost. It
can be noted that in later studies we prepared AC from biochar with performance similar to
a-rGO.

An additional feature of the electrodes prepared from dispersion is that they are as
flexible as the substrate on which they are deposited. Flexible supercapacitors are in demand
for many applications, e.g. in portable electronics. Spray deposition with our dispersion
formula might be used in such applications.

3.2.2 High-surface-area activated carbon from pine
cones for semi-industrial spray deposition of
supercapacitor electrodes

Activated reduced graphene oxide (a-rGO) is a promising material for supercapacitor
applications. 128 However, scaling up a-rGO production is rather difficult and costly since the
whole procedure includes first oxidation of graphite into graphite oxide, thermal reduction
into rGO followed by KOH activation.

Commercial activated carbons are relatively cheap but have quite different structure and
properties compared to a-rGO. We also know from previous reports that commercial AC does
not perform as good as a-rGO when prepared as electrodes in SC setup (see section 3.2.1).

In this study we aimed to prepare a “cheap” alternative to a-rGO by performing the same
KOH activation procedure using biochar instead of rGO. The resulting material should
ideally be similar to a-rGO in terms of surface area and pore size.

Several reports indicate that activated carbon prepared from carbonized pine cones
(biochar) display extremely high surface area, up to 3931 m2g-1. 179:225-228 Moreover, pine cones
are available in high abundance in Scandinavia (as well as in whole Europe and North
America) and is usually considered as waste in wood/forest industry.

Very few reports exist where activated carbon from pine cones were used as electrodes in
supercapacitor setup. 179-182.229.230 Most of these reports used activated carbon with relatively
small surface area prepared using different activation procedure compared to a-rGO.

In this study we prepared activated carbon starting from pine cones using exactly the
same activation procedure used to prepare a-rGO. The goal was to obtain a relatively cheap
material with similar performance as a-rGO when used as electrodes in supercapacitor setup.

67



3.2.2.1 Synthesis and characterization

Activated carbon from pine cones (PC-AC) was prepared by applying KOH activation
procedure, optimized in our earlier publications for rGO precursor to produce the highest
BET surface area, to biochar prepared by pyrolysis of pine cones. 126.128

Analysis of N. sorption isotherms shows that PC-AC exhibits specific surface area surface
area (as determined by both DFT and BET method) and pore size distribution nearly identical
to a-rGO (Fig. 57).

SEM imaging also confirmed that the PC-AC is porous and in fact looked very similar to
a-rGO on micrometer and nanometer scale.
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Figure 57 - Pore size distribution and the cumulative SSA obtained
using the QSDFT model for the PC-AC sample and sample of a-rGO
(Ref. 148). The PC-AC and a-rGO materials were prepared using a
similar KOH activation procedure. Reprinted from Ref. 23t with
permission from the Royal Society of Chemistry. Licensed under CC
BY 3.0.

The similarities between a-rGO and PC-AC indicates that the KOH activation procedure
is the main factor which defines porosity, while the influence of precursor (rGO or biochar)
appears to be smaller.

As expected, PC-AC appears to be amorphous. This was evident from lack of reflections
from graphitic carbon in XRD pattern and Raman spectra typical for activated carbons.

A separate batch of AC was prepared from pine cones following the procedure described
by K. Li et. al. 225 which was reported to result in AC with highest SSA (3931 m2g*). However,
analysis of the AC showed rather low BET SSA of ~1850 m2g-* and for this reason we did not
use this batch for electrode preparation.

3.2.2.2 Electrode preparation

We know from earlier studies that hydrophobic carbon can be dispersed in water by using
graphene oxide and fumed silica with carbon nanotubes added for improved conductivity
and mechanical strength of the electrodes. 183 Dispersions of PC-AC were prepared using the
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same formulation and deposited onto suitable substrate (aluminium or steel) followed by
thermal annealing at 200 °C to convert GO into electrically conductive rGO.

The same dispersion based on PC-AC was also used to prepare electrodes by semi-
industrial spray gun deposition. The spray gun deposition was performed using parameters
optimized in our previous study for a-rGO and porous carbon dispersions. 184

A separate set of electrodes were prepared as pellets, according to the procedure
described in our previous work. 148 In this case, the electrodes do not include graphene oxide
and fumed silica as a part of formulation but require a binder (we used PTFE). Annealing was
applied to all electrodes to improve electrical conductivity.

The general scheme of electrode production from pine cones is shown in Fig. 58.

~ 3000 m?/
Carbonization KOH activation ‘
2 R
500°C

850°C

~170 F/g ~170 F/g ~100 F/g

Figure 58 - Bottom part shows the electrodes prepared from
activated carbon (PC-AC) powder using different procedures. Top part
shows the different steps of the synthesis procedure. The PC-AC looks
similar before and after KOH activation, but in reality the material is
much more porous after activation, as evident from high surface area
and porosity seen in SEM. Reprinted from Ref. 231 with permission
from the Royal Society of Chemistry. Licensed under CC BY 3.0.

3.2.2.3 Testing PC-AC electrodes in supercapacitors

The electrodes prepared from PC-AC showed gravimetric capacitance similar to
electrodes prepared earlier using a-rGO (Table 8). The energy and power density of the
supercapacitor with PC-AC electrodes was somewhat lower compared to those of a-rGO
electrodes studied in our earlier work but on a comparable level. 148 For example, there was
approximately 20 % drop in energy and power density for sprayed PC-AC electrodes
compared to sprayed a-rGO.

The cell resistance was somewhat higher for sprayed electrodes compared to pellet and
bladed, as indicated by relatively large semicircle in Nyquist plot (Fig. 59a). There was also a
steeper drop in energy and power density for sprayed electrodes (Fig. 59b).

The performance of PC-AC is on level with other types of AC prepared from bio
precursors. For example, in a recent study by Keppetipola et. al.232, AC made from coconut
shells showed capacitance in the range ~100-260 Fg (in aqueous electrolyte) for materials
with BET SSA of ~1200-2900 m2g-*. The PC-AC was also better than standard commercial
AC (Kuraray), used in our previous studies (105 F g* compared to 84 F g for sprayed
electrode in organic electrolyte),'84 probably as a result of higher SSA value of PC-AC (3050
m2g*) compared to Kuraray AC (2580 m2g).
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Figure 59 — a) Nyquist plot of PC-AC electrodes. A larger semicircle
indicates more intrinsic resistance in cell. b) Ragone plot (energy
density vs power density) for PC-AC electrodes. The data shown in the
figure was measured in organic electrolyte (1M TEA-BF, in
acetonitrile). Reprinted from Ref. 231 with permission from the Royal
Society of Chemistry. Licensed under CC BY 3.0.

Table 8 —Gravimetric capacitance values obtained (at 0.5 A g!) for
electrodes prepared from PC-AC and a-rGO tested in similar setup.
Aqueous electrolyte refers to 6M KOH solution. Organic electrolyte
refers to 1M TEA-BF, in acetonitrile. All units are in F g-1, normalized
to total weight of average electrode mass (not only active material).

Method of electrode Aqueous electrolyte Organic electrolyte
preparation a-rGO PC-AC a-tGO | PC-AC
Sprayed 120184 - 120184 105
Bladed 185233 171 140233 93
Pellet 97148 171 102234 90

3.2.2.4 Summary and outlook

Pine cones, a naturally abundant precursor, were used as starting material for the
preparation of activated carbon with extremely high surface area of ~3050 m2g-. The pine
cone activated carbon (PC-AC) is very similar to a-rGO in structure and properties and can
be considered as an inexpensive alternative. In fact, a-rGO might also be considered as a type
of activated carbon produced using rGO instead of biochar. It appears that the type of
precursor (biochar or reduced graphene oxide) has smaller importance for producing high
surface area activated carbons compared to details of carbonization and activation. This
conclusion was also supported by a recent article from our group where it was demonstrated
that biochar produced from various biomaterials (different cones, wood chips and bark) can
be activated using KOH to produce high surface area AC with similar properties.235

The PC-AC was evaluated as electrode in supercapacitor devices. Electrodes were
prepared from aqueous dispersions using laboratory scale blade deposition as well as semi-
industrial spray-gun deposition on large area (10 x 10 cm) current collectors. A separate set
of free standing pellet electrodes were also prepared. The overall performance of PC-AC
based electrodes was almost on the same level as for a-rGO electrodes. Therefore, using pine
cone derived AC might be considered as a feasible alternative to a-rGO. Pine cones are
currently considered as a waste in the forestry industry, making it essentially cost free. In
contrast, rGO is prepared using a rather costly procedure starting from graphite which is
oxidized using concentrated acids and then subjected to explosive thermal exfoliation to
prepare rGO.
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4 Conclusions

In the first part of this thesis, we prepared different types of GO-based materials by
intercalation/functionalization.

GO functionalized with acetyl groups demonstrated expanded structure due to
acetylation. However, negligible specific surface area measured by N sorption indicates non-
porous structure and the material should not be considered as porous pillared material.

Pillared reduced GO was synthesized by applying mild annealing to GO material pillared
with tetrapod shaped amine molecules. The reduced pillared GO material maintains
relatively high specific surface area, become hydrophobic and show 100x improved
conductivity compared to precursor. Pillared rGO material exhibits no swelling in common
polar solvents. This, in combination with narrow pore size distribution makes it a potentially
interesting material for membrane applications.

We investigated the sorption of common dyes, methylene blue (MB), rose bengal (RB)
and crystal violet (CV) by multilayered GO materials. MB was adsorbed in significant
amounts compared to RB and CV. The difference in sorption could be because of the
relatively flat geometry of the MB molecule compared to RB and CV. Our results indicate that
penetration into GO inter-layers is related not only to the size but also depends on the shape
of the molecules.

The swelling of Brodie GO (BGO) was investigated in a set of alkyl alcohols, starting from
undecyl alcohol (no. of C=11) and up to behenyl alcohol (no. of C=22). We found that BGO
exhibits strong swelling in all molten alcohols in this set. The swollen phases preserve after
solidification of alcohol melts, are stable at ambient conditions and can be considered as solid
solvates of GO. Intercalation of alcohols with different chain lengths allows to control inter-
layer distance of GO in very broad interval with values exceeding 60 A. Just above the melting
point of alcohol, GO gets intercalated with two layers of alcohol molecules oriented
perpendicular to graphene oxide planes (a-phase). Further heating of a-phase results in
incongruent melting and the formation of a new phase with significantly smaller inter-layer
distance (B-phase). The transition from a-to -phase is distinctly different compared to
swelling transitions previously observed for BGO in smaller alcohols (no. of C<10). A more
detailed study of the BGO-C16 system revealed that (-phase has structure with alcohol
molecules mostly in parallel to graphene oxide planes. The composition of a-phase was
determined for all BGO-Cx (where x =11-22 is number of alcohol molecules in chain) systems.
Composition of f-phase was determined for BGO-C16 system and we found that exposure of
BGO to deficient amounts of C16 alcohol (less than the required amount for saturated
sorption) led to the formation of several other phases in addition to the a- and B-phases.

In the second part of this thesis, we mainly studied activated reduced GO (a-rGO), a high
surface area (~3000 m2g?) material derived from GO, as electrode material in
supercapacitors.

We developed first ever stable aqueous a-rGO dispersion. Electrodes for supercapacitors
were prepared from the dispersion either by drying on suitable substrate (called blade
deposition) or using semi-industrial spray-gun deposition onto large (10 x 10 cm) substrates.
The performance of electrodes prepared by blade deposition was slightly better than
electrodes prepared by spray-gun. However, spray-gun deposition might provide an
advantage for industry compared to conventional methods to prepare electrodes from a-rGO.
Dispersions developed in our group can be made compatible with main industrial methods
of electrode deposition such as brush/blade deposition, spray coating, and ink jet printing.

A separate set of reference electrodes were prepared by spray-gun and blade deposition
using commercial activated carbon (AC) as main component in dispersion. The electrodes
prepared with a-rGO demonstrated significantly higher gravimetric capacitance, volumetric
capacitance and energy density compared to electrodes prepared from dispersion of AC.
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We also prepared a cheap material similar to a-rGO in terms of structure, pore size and
surface area by applying the same KOH activation procedure, typically used to prepare a-rGO
from rGO, to biochar (carbonized pine cones). The activated carbon from pine cone (PC-AC)
was prepared as electrodes using various methods (spray-gun, blade deposition, free
standing pellets) and overall the energy storage parameters in supercapacitor setup were only
slightly smaller compared to a-rGO electrodes. Therefore, using pine cone derived AC might
be considered as a feasible and inexpensive alternative to a-rGO.

5 Summary of the included papers and my
contribution into those papers

Paper 1: Acetylation of Graphite Oxide

Nordenstrom, A., Iakunkov, A., Baburin, I. and Talyzin, A.

My contribution: Material preparation and characterization, preparation of figures for
manuscript and participation in manuscript writing.

In this study we synthesized and characterized acetylated graphite oxide (AcGO). The
aim of the project was to determine whether the AcGO has porous pillared structure, as
suggested in reports from 1960’s. We found that the as-synthesized AcGO has negligible
specific surface area measured by N. sorption and therefore AcGO should not be considered
as a true pillared material. However, the material exhibits unusual swelling properties
distinctly different from precursor GO. AcGO swell in acetonitrile but not in water, which is
interesting as GO swell in both solvents. Furthermore, AcGO is partly reduced compared to
precursor GO to a degree which typically does not allow for swelling. The selectivity of AcGO
in sorption of common polar solvents provides the possibility to use it for the preparation of
multilayered membrane materials with potentially selective permeation of solvents.

Paper 2: Intercalation of Dyes in Graphene Oxide Thin Films and Membranes

Nordenstrom, A., Boulanger, N., Iakunkov, A., Baburin, L., Klechikov, A., Vorobiev, A. and
Talyzin, A.

My contribution: Preparation of samples used in neutron reflectometry (NR), participation
in NR experiments and data analysis, XRD measurements, preparation of figures for
manuscript and participation in manuscript writing.

In this study we used neutron reflectivity to study sorption of common dyes dissolved in
ethanol by GO thin (~300-600 A) films. Significant sorption was found for methylene blue
(MB) but not for crystal violet (CV) and rose bengal (RB) dyes. All these dyes were previously
reported not to permeate across GO membranes, suggestively due to their “hydration
diameter” exceeding the size of inter-layers in a swollen GO structure. Our results suggest
that the planar geometry of MB molecules allows their penetration into GO inter-layers but
penetration of CV and RB is hindered by twisted and essentially non-flat shape of these
molecules. The sorption of MB was also compared for thin films, free standing um-thick GO
membranes and bulk GO powder. Strongest sorption was found for thin films and lowest for
membranes. However, even for membranes the sorption was sufficient to remove MB
molecules completely from diluted test solutions typically used in permeation experiments.
Our results show that even though MB is a large molecule it can be intercalated (adsorbed)
into the structure of GO multilayered materials. Intercalation of GO structure by MB is found
to result in expansion of inter-layer distance and strong change in the material composition.
Our results suggest that not only the size of molecule (hydration radius) but also the geometry
of molecule is important parameter allowing or hindering penetration of molecules into GO
inter-layer space.
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Paper 3: Temperature dependent intercalation of molten 1-hexadecanol into
Brodie graphite oxide

Nordenstrom, A., Iakunkov, A., Boulanger, N., Li, G., Hennig, C., Baburin, I., Jorgensen, M.,
Kantor, I. and Talyzin, A.

My contribution: Preparation of samples used in synchrotron XRD experiments,
participation in synchrotron experiments (performed at MAX IV and ESRF) and data
analysis, recording and analyzing XRD and DSC data, preparation of figures and
participation in manuscript writing.

We studied the temperature dependent swelling of Brodie graphite oxide (BGO) in excess
of molten 1-hexadecanol (No. of C=16). Synchrotron XRD was used to record patterns
approximately every 1 sec, which allowed for detailed investigation of phase transformations
of the BGO-C16 system upon heating/cooling. We found that the inter-layer distance of BGO
increases (from ~6 A to ~49 A) when exposed to liquid 1-hexadecanol just above the above
its melting point. The inter-layer distance of expanded structure (a-phase) corresponds to
two layers of 1-hexadecanol molecules oriented perpendicular to graphene oxide planes.
Further heating of a-phase in excess of molten alcohol resulted in reversible (after cooling)
transformation into a new phase (B-phase) and decrease in inter-layer distance from ~49 A
to ~30 A. The structure of f-phase was found to include five layers of 1-hexadecanol roughly
parallel to graphene oxide planes. The change in orientation of alcohol molecules from
perpendicular to parallel to GO planes allows to consider a- to B-phase transformation as
completely new type of swelling transition distinctly different from transitions previously
reported for BGO in smaller alcohols (No. of C<10). Several other structures were found
when BGO was exposed to molten C16 in amounts not sufficient to form saturated a- to -
phases or by evaporation of alcohol from these phases at elevated temperatures.

Paper 4: Effect of chain length on swelling transitions of Brodie graphite oxide
in liquid 1-alcohols (in review)

Takunkov, A., Nordenstrém, A., Boulanger, N., Li, G., Hennig, C., Baburin, I., Jorgensen, M.,
Kantor, I. and Talyzin, A.

My contribution: Preparation of samples used in synchrotron XRD experiments,
participation in synchrotron experiments (performed at MAX IV and ESRF) and data
analysis, XRD measurements, DSC measurements and analysis, preparation of figures for
manuscript and participation in manuscript writing.

In this study, the temperature dependent swelling of Brodie graphite oxide (BGO) was
studied in a series of normal alcohols, from 1-undecanol (No. of C=11) to 1-behenyl alcohol
(No. of C=22). Similar to what we found for BGO-C16 system, reversible phase transition
from a- to B-phase was observed for all of the studied alcohols (C11-C22). The lattice
expansion due to intercalation of molecules and change of inter-layer distance at the point of
transition were found to correlate with the length of 1-alcohol molecules, providing a set of
materials with easily controlled and rather broad range of inter-layer distances, up to record
high values of ~60 A. Analysis of BGO swelling in the whole set of 1-alcohols (C1 to C22,
including data for C<11 from earlier studies) showed existence of two type of swelling
transitions controlled by the length of molecules. Swelling transitions of BGO in smaller
alcohols (C<10) are related to insertion/de-insertion of one alcohol layer parallel to GO
planes (Type I). The Type II transition is found in longer alcohols (C>10) and occurs due to
change in orientation of intercalated molecules from perpendicular to parallel to GO plane
with simultaneous change of inter-layer distance proportional to the length of alcohol
molecules. Both types of swelling transitions found upon heating of BGO in 1-alcohols
correspond to incongruent melting of low temperature phase.
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The swelling properties of BGO in long alcohols are mostly of fundamental value.
However, the combination of hydrophilic graphene oxide with hydrophobic chains of alcohol
molecules in the same structure might result in unusual and interesting membrane
properties of these materials. It can also be noted that BGO intercalated with long alcohols is
stable solid phase at ambient conditions. Hypothetically, part of the molecules can be
removed from saturated BGO-alcohol structure, leading to preparation of pillared structures
with pore size precisely defined by the length of alcohol molecules.

Paper 5: Thermally reduced pillared GO with precisely defined slit pore size

Nordenstrom, A., Iakunkov, A., Sun, J. and Talyzin, A.

My contribution: Material preparation and characterization, preparation of figures for
manuscript and participation in manuscript writing.

In this paper we prepared pillared rGO by thermal annealing GO material pillared with
“tetrapod” molecules (Tetrakis(4-aminophenyl)methane). Tetrapod intercalated GO
reported in earlier studies performed in my group is one of few examples of porous pillared
GO materials with sizable surface area and expanded inter-layer distance. Our study
demonstrated that GO can be thermally reduced without collapse of porous structure because
of high thermal stability of pillaring tetrapod molecules. The pillared rGO material is one of
very few true pillared structures reported in literature and to the best of our knowledge the
first ever prepared starting from pillared GO. The pillared rGO material contains less oxygen,
becomes hydrophobic and exhibit 100x improved conductivity compared to precursor
tetrapod-pillared GO. However, the performance of this material as electrode in
supercapacitor devices was poor , most likely due to insufficient electrical conductivity, even
though it was markedly better than precursor tetrapod- pillared GO material.

Interestingly, the pillared rGO material exhibits no swelling in common polar solvents.
This, in combination with narrow pore size distribution makes it a potentially interesting
material for membrane applications.

Paper 6: Aqueous activated graphene dispersions for deposition of high-surface
area supercapacitor electrodes

Skrypnychuk, V., Boulanger, N., Nordenstréom, A. and Talyzin, A.

My contribution: SEM imaging and preparation of figures for manuscript and participation
in manuscript writing, as well as assisting with some supercapacitor measurements and
analysis.

In this study we demonstrated for the first time that stable water-based dispersions based
on micrometer sized particles of high surface area activated reduced graphite oxide (a-rGO)
can be prepared using graphene oxide and fumed silica as surfactants. Carbon nanotubes
were added to the formulation to improve mechanical stability and electrical contact between
grains of a-rGO. The water-based dispersion is environmentally friendly compared to e.g.
graphene dispersions based on toxic organic solvents harmful to the environment. The
aqueous dispersion can be used to prepare electrodes by simple drying on suitable substrates
(steel or aluminium) without any precautions required for evaporation of bulk amounts of
toxic organic solvents. The electrodes prepared from our dispersions exhibit high specific
surface area and good electric conductivity due to the a-rGO as a main component. Thermal
reduction of GO in the deposited electrodes was found to improve electrical contact between
a-rGO grains and improve energy storage parameters of supercapacitors. The performance
of the annealed electrodes in supercapacitors was comparable to electrodes prepared by
standard procedures, i.e. preparing pellets starting from powder. However, preparing
electrodes from dispersion might provide an advantage over “powder methods” as it is can
be made compatible with main industrial methods of electrode deposition such as
brush/blade deposition, spray coating, and ink jet printing.
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Paper 7: Spray deposition of supercapacitor electrodes using environmentally
friendly aqueous activated graphene and activated carbon dispersions for
industrial implementation

Boulanger, N., Skrypnychuk, V., Nordenstréom, A., Moreno-Fernindez, G., Granados-
Moreno, M., Carriazo, D., Mysyk, R., Bracciale, G., Bondavalli, P. and Talyzin, A.

My contribution: SEM imaging and preparation of figures for manuscript and participation
in manuscript writing.

In previous study (presented as a Paper 6 above) we developed an aqueous dispersion
based on high surface area a-rGO as main component. The dispersion formulation was
optimized according to requirements provided by our industrial partner (Thales research
group) and produced in bulk (liter) amounts so that it could be used for deposition of
supercapacitor electrodes using semi-industrial scale spray gun machine. Relatively large
electrodes (10 x 10 cm) were prepared by spray gun method, cut in smaller pieces and
evaluated for energy storage parameters in supercapacitor devices. A separate set of
electrodes was also prepared using commercial activated carbon (AC) instead of a-rGO.

The performance of the sprayed electrodes was evaluated in SC devices in several
electrolytes (organic and aqueous). The performance of spray deposited electrodes was
somewhat less good compared to electrodes prepared in our earlier study by drying
dispersion directly on substrate. However, the decrease in performance was relatively
modest, considering strong upscale in the area of electrodes and deposition method, which
involves rather rapid drying of dispersion on hot current collector. The electrodes prepared
with a-rGO demonstrated significantly higher gravimetric capacitance, volumetric
capacitance and energy density compared to electrodes prepared from dispersion of
commercial AC.

Paper 8: High-surface-area activated carbon from pine cones for semi-
industrial spray deposition of supercapacitor electrodes

Nordenstrom, A., Boulanger, N., Iakunkov, A., Gui L., Mysyk, R., Bracciale, G., Bondavalli,
P. and Talyzin, A.

My contribution: Material preparation and characterization, supercapacitor measurements
and analysis, preparation of figures for manuscript and participation in manuscript writing.

In this study we prepared a “cheap” alternative to a-rGO by performing the same KOH
activation procedure using biochar instead of rGO. The biochar was prepared by pyrolysis of
of pine cones. Pine cones are typically considered as “waste” in the forest industry and are
highly abundant in Scandinavia. Pine cones are essentially cost free precursor which can be
picked up directly in the forest of Umea region. The biochar produced by pyrolysis of pine
cones was activated using KOH procedure previously optimized for rGO precursor and
preparation of a-rGO with highest surface area.

The pine cone activated carbon (PC-AC) was found to be very similar to a-rGO in terms
of pore size distribution and exhibit high (BET) specific surface area of ~3050 mz2g-. This
indicates that the type of precursor (carbonized pine cone or rGO) has smaller importance
for producing high surface area activated carbons compared to details of carbonization and
activation.

The PC-AC was tested as electrode material in supercapacitor devices using various
methods of electrode forming (spray and blade deposition, free standing pellets). The overall
performance of PC-AC based electrodes was almost on the same level as for a-rGO electrodes.
Therefore, using pine cone derived AC might be considered as a feasible and inexpensive
alternative to a-rGO.
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