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Abstract 
 
Carbon materials have been studied for hydrogen storage for decades, 

but they showed too low capacity at ambient temperature compared to target 
values for practical applications. This thesis includes two parts. First one is 
fundamental study of graphite oxides (GO) structure and properties. Second 
part is focused on hydrogen storage properties of graphene related materials 
prepared using GO as a precursor.  

We studied the effects of synthesis methods and oxidation degree on 
solvation/intercalation properties of GOs. New effect of temperature 
induced reversible delamination was observed for Hummers GO (HGO) 
immersed in liquid acetonitrile. Experiments with swelling of Brodie GO 
(BGO) in 1-octanol revealed parallel orientation of the intercalated solvent 
molecules relative to graphene oxide (GnO) layers. Chemical 
functionalization of GO in swelled state allowed us to synthesize the 
materials with subnanometer slit pores supported by molecular pillars. 
Structure and properties of pillared GO were characterized by variety of 
methods. Swelling properties of multilayered GnO membranes were 
compared to properties of precursor GO. GnO membranes were found to 
swell similarly to GO powders in some solvents and rather differently in 
other. Our experiments revealed important limitations in application of GO 
membranes for nanofiltration. Several parameters were found to affect the 
size of permeation “channels” provided by interlayers of GnO membrane 
structure: e.g. nature of solvent, pH of solutions and concentration of 
solutes.  

Hydrogen storage parameters were studied for a set of graphene related 
materials with broad range of surface areas (SSA) (200 - 3300 m2/g). 
Hydrogen sorption weight percent (wt%) is found to correlate with SSA for 
all studied graphene materials following the trend standard for other 
nanostructured carbon materials. The highest hydrogen uptakes of ~1.2 wt% 
at 296 K and ~7.5 wt% at 77 K were measured for graphene material with 
SSA of over 3000 m2/g. Addition of Pd and Pt nanoparticles to graphene 
materials did not resulted in improvement of hydrogen storage compared to 
nanoparticles-free samples. No deviation from the standard wt% vs. SSA 
trends was also observed for pillared GO materials. Therefore, hydrogen 
storage properties of graphene related materials at room temperatures are 
not confirmed to be exceptional. However, high surface area graphene 
materials are found to be among the best materials for physisorption of 
hydrogen at liquid nitrogen temperature. Moreover, hydrogen storage 
capacity of 4 wt%, comparable to target values, was observed at temperature 
of solid CO2 (193 K) which can be maintained using common refrigeration 
methods.   
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1. Hydrogen storage 
1.1. Current state and targets 

 
Worldwide energy demands are rising every day while using the non-

renewable energy carriers such as coal, oil and natural gas is 
environmentally harmful. Therefore there is a need to replace fossil fuels 
with environmentally friendly and renewable energy carriers.  

Hydrogen is environmentally friendly energy carrier which provides 
high gravimetric energy density and can be produced using water. Chemical 
energy per mass of hydrogen (142 MJ/kg) is 3 times higher than in 
hydrocarbons (47 MJ/kg) (see Figure 1a). Hydrogen can also be used in 
fuel cells instead of combustion engines, thus providing two times more 
energy. The only exhaust product of electrochemical reaction of hydrogen 
with oxygen is water.1 However, volumetric energy density of hydrogen is the 
main drawback which prevents using hydrogen for energy storage in general 
and specifically for mobile applications (e.g. in fuel cell driven cars).  

Four kilograms of hydrogen are needed for an electric car equipped with 
fuel cell to provide distance range of 400 km without refilling, the distance 
typical for a small car with combustion engine.2 However, unacceptably large 
tank with the volume of 225 liters is needed to store 4 kg of hydrogen under 
200 bar. That is 4 times larger than the tanks used to store petrol in small 
cars (Figure 1b). Storing the hydrogen in liquid form improves energy 
density but requires using very low temperature (-243 K) (Figure 1a). The 
liquefaction is energy consuming and technically complicated whereas the 
evaporation of hydrogen from the storage vessels creates risk of explosions. 
Therefore, using compressed gas remains to be the main method of 
hydrogen storage at the moment. 

In November 2014 Toyota presented first mass produced car (named 
Mirai) which uses fuel cell stack and two tanks storing total of 5 kg of 
hydrogen compressed to exceptionally high pressure of 700 bar.3 Cost of 
storing gas is increasing dramatically depending on required pressure. 
Apparently, there is a need to improve hydrogen storage properties using 
other ways than increasing the pressure inside of the tanks.  
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Figure 1: a - Comparison of energy densities of different fuels by weight and 
volume. Reprinted from International Journal of Hydrogen Energy, Vol.38(34), 
Durbin DJ., Malardier-Jugroot C., " Review of hydrogen storage techniques for on 
board vehicle applications", pp. 14595-617, Copyright (2013), with permission from 
Elsevier. b - 4kg of hydrogen compacted under different conditions compared to 
25kg of petrol.  

 
One possible way to lower tank pressure without decreasing the amount 

of hydrogen is to use materials that could reversibly adsorb hydrogen. All 
sorbents could be described using two types: the first one includes materials 
which store hydrogen in molecular form using intermolecular forces related 
to the surface (physisorption)4, the second one includes materials which 
store hydrogen within hydrides or other chemical compounds 
(chemisorption)5 (Figure 2).  

However, none of the existing materials is so far providing satisfactory 
solutions for hydrogen storage according to the target parameters 
formulated for mobile applications. Combination of high gravimetric and 
volumetric hydrogen storage capacities with possibility to load and unload 
hydrogen near ambient temperature are the main requirements for ideal 
hydrogen storage material. Gravimetric and volumetric hydrogen storage 
capacities of 4.5 wt% and 0.030 kgH2/L in operating range of -40 to 100 °C 
were identified by US Department of Energy (DOE) as a target for 2020.6 
These requirements correspond to the materials which could store the same 
amount of hydrogen in the same volume as the one stored in high pressure 
Toyota Mirai’s tank. Using materials could possibly help to store hydrogen at 
much lower pressures compared to 700 bar. However, material which 
satisfies all DOE requirements was not yet found.  
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Figure 2: A plot of hydrogen gravimetric capacity of hydrogen sorption or release 
temperature for different types of samples.7 

 
1.2. Materials and mechanisms of hydrogen 

storage 
1.2.1. Chemisorption 

 
The hydrogen storage using materials always involves some chemical 

processes. The surface related sorption of hydrogen is conventionally named 
as “physisorption” and involves only relatively weak van der Waals bonding. 
The term “chemisorption” is typically used for materials formed as a result of 
chemical reaction between some elements with relatively strong (e.g. ionic or 
covalent) bonding.5 Several types of materials are known to store hydrogen 
via chemisorption. 

Metal hydrides are materials where metals bond hydrogen via strong 
covalent or ionic bonding, or which could incorporate hydrogen into its 
interstitial sites. Metal hydrides with ionic type of bonding between metal 
and hydrogen are named salt-like hydrides. Some of them have high 
gravimetric storage capacity (7.7 wt% for MgH2), but rather slow kinetics of 
hydride formation and high temperatures are required for loading and 
unloading of hydrogen (e.g. above 570 K for MgH2).  

Metal hydrides could be binary or complex depending on the number of 
chemical components. Metallic binary hydrides are known since 1866 
when Thomas Graham observed sorption of hydrogen by palladium. 
Mechanism of binary hydride formation includes three steps. At first step 
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molecular hydrogen dissociates into atomic one on the surface of metal. 
Second and third steps include delocalization of electron from hydrogen and 
diffusion of the proton into the metal lattice (Figure 3). Binary metallic 
hydrides (Pd, Ni, Cr, Pt, etc) are well studied at the moment but they does 
not show sufficiently high hydrogen sorption in temperature interval 
required for mobile application (-40 to 100 °C). 

 

 
Figure 3: Scheme of metal hydride formation: a - α+β-phase (mix of hydride phase 
and solid solution), b - β-phase (hydride phase). 

 
Non-metal binary hydrides are materials where hydrogen is 

associated with nitrogen, carbon or boron. Many of non-metal hydrides have 
very high gravimetric and volumetric hydrogen capacities. Hydrocarbons 
and nitrogen hydrides contains significant amount of hydrogen (25 wt% in 
CH4, 17.7 wt% in NH3, 12.6 wt% in N2H4) which is possible to extract at 
large-scale but it requires temperatures which are too high for practical 
applications. 

Intermetallic hydrides (LaNi5, CeNi3, Y6Fe23 and others) consist of 
several metallic components where one element act as a catalyst for 
hydrogen dissociation and another element have high affinity to hydrogen.8 
Some intermetallic hydrides could store significant amount of hydrogen (1.4 
wt% for LaNi5) at room temperature and equilibrium pressure of around 20 
bar.9 Unfortunately, hydrogen storage capacities of intermetallic hydrides 
are also too low for on-board storage systems. Nevertheless, some 
intermetallic hydrides (such as Fe/Ti/Mn/Zr alloy) are already implemented 
in fuel cell systems where high weight with low storage capacity can be 
acceptable (German Navy submarine).10  
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Complex hydrides are another type of materials with the main 
structural element in a form of “complex” hydrogen containing anions. 
Anions consist of hydrogen atoms covalently bound to metal (e.g [AlH4]-) or 
non metal (e.g. [NH2], [BH4]) atoms. High hydrogen capacity is achieved by 
using light metallic elements or Nitrogen in complex hydrides. Borohydrides 
and Amides which use B and N respectively represent a large group of 
hydrogen carriers with very high hydrogen storage capacity (e.g. 18.36 wt% 
for LiBH4 and 8.78 wt% for LiNH2). Boron containing hydrides were 
extensively studied in recent years due to their hydrogen storage capacity of 
up to 19.6 wt%. Ammonia borane (H3N-BH3) with hydrogen gravimetric 
density of 19.6 wt% has one of the highest hydrogen gravimetric capacities 
known at the moment. Unfortunately, slow kinetics or reduction of hydrogen 
storage capacity by cyclic re-hydrogenation along with too high operation 
temperature make complex hydrides unsuitable for mobile application.11 

 
1.2.2. Physisorption 
 
Physisorption involves interaction of hydrogen molecules with materials 

surface via weak van der Waals forces. The density of hydrogen near the 
surface is higher compared to bulk gas density but this excess amount is 
relatively small. Main advantage of physisorption for hydrogen storage is 
fast kinetics in combination with reversible loading and unloading. The gas 
is adsorbed by the material when pressure in increased and quickly desorbed 
when pressure is lowered. Low gravimetric and volumetric density of 
hydrogen storage at ambient temperature is the main drawback of materials 
which store hydrogen by physisorption. However, physisorption of hydrogen 
is known to exhibit rather steep temperature dependence. Hydrogen storage 
properties of best physisorbing materials at 77 K (liquid nitrogen 
temperature) are exceeding gravimetric and volumetric target values. 
Therefore, it can be assumed that DOE target values can be achieved at 
temperatures which are above 77 K and much closer to the ambient. 
However, full temperature dependence of hydrogen storage values is rarely 
reported for physisorbing materials. 

Surface area (SSA) and pore volume are the key parameters which are 
important for characterization of hydrogen storage capacities of materials. 
Material with both high gravimetric and volumetric hydrogen storage 
performance is needed for practical applications. However, these two 
parameters were found to be related inversely as it is illustrated below.  

Hydrogen storage capacity of materials are most commonly expressed 
using the terms “excess”, “absolute” or “total” adsorption (shown on Figure 
4b). The figure shows pore with certain diameter. In the absence of surface-
related sorption the pore would be filled by the H2 gas with uniform density 
independently on the distance from the pore walls (total stored amount 
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B+C). Physisorption results in higher density of hydrogen for the region 
close to the surface. The thickness of this surface related region is given as d 
in (see Figure 4b) with question mark since it is usually not exactly 
determined. The thickness of this layer is typically defined by the distance 
range near the surface where the density of hydrogen is higher than density 
of bulk gas. The “excess” sorption of hydrogen within the near-surface layer 
is amount of hydrogen (A) which is added to the storage due to 
physisorption. “Absolute” adsorption corresponds to all hydrogen within 
interaction range near solid adsorbent surface (A+B), “Total” hydrogen 
includes all hydrogen presented in the system (A+B+C).12  

 

 
Figure 4: a - examples of excess and absolute adsorption isotherms. T1 and T2 are 
different temperatures, where T1<T2<120 K. b - Schematic representation of a gas 
distribution within a single pore. Molecules shown by  are excess adsorbed, by  
are adsorbed, but presented in the gas phase and by  are in “Bulk” gas phase. Areas 
shown as A correspond to excess mass of adsorbed H2, B and C are adsorbed and 
“Bulk” gaseous H2 phase. Reprinted from Applied Physics A, Vol.122(3), Parilla PA., 
Gross K., Hurst K., Gennett T., "Recommended volumetric capacity definitions and 
protocols for accurate, standardized and unambiguous metrics for hydrogen storage 
materials", pp. 201, Copyright (2016), with permission from Springer. c - Density of 
the hydrogen gas between pore walls. Reprinted from The Journal of Physical 
Chemistry B, Vol.102(52), Rzepka M., Lamp P., de la Casa-Lillo MA., "Physisorption 
of hydrogen on microporous carbon and carbon nanotubes", pp. 10894-8, Copyright 
(1998), with permission from ACS Publications. 
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It is obvious that the ideal material with the highest hydrogen storage 
corresponds to the separation of pore walls at sufficiently small distance to 
eliminate the part C which has density of bulk gas (Figure 4c). Example of 
isotherms showing excess and total adsorption at low temperatures is 
presented on Figure 4a. Excess adsorption is most often reported in 
hydrogen storage studies. However total or absolute adsorption could be 
reported in other cases.13 The most common experimental methods used to 
evaluate hydrogen storage (gravimetric and volumetric, see Section 3.2.2. 
Hydrogen sorption) allow to measure excess uptake value. The total 
sorption is of the highest value for practical applications since it provided the 
amount of hydrogen stored inside of some tank filled with sorbent. The total 
sorption can be calculated using values of excess sorption if the pore size and 
volume are known. However, the pore size and pore volumes are quantities 
which also need to be found experimentally or reasonably estimated using 
e.g. structure of studied materials. Therefore, it is advisable to report always 
the original measured value of hydrogen sorption, the excess amount, and to 
provide detail description of calculation details if the total and absolute 
uptake is also reported. 

Some of the most common materials studied for physisorption are 
zeolites, Metal Organic Framework materials (MOFs), Covalent Organic 
Frameworks (COFs) and carbon nanostructured materials. 

 
1.2.2.1.  Crystalline nanoporous materials  
 
Zeolites: zeolites are microporous solids mainly consisting of Si, Al, O 

and some metals. Presence of heavy elements is limiting SSA of zeolites and, 
correspondingly, the hydrogen storage. For example zeolite with SSA value 
of 725 m2/g was reported to show gravimetric capacity of 1.8 wt% at 77 K. 
Gravimetric hydrogen capacity of zeolites is too low for practical applications 
and unlikely to be improved.14  

MOFs: MOF structure consists of metallic clusters connected by 
molecular bridges (Figure 5b). Some of the best MOFs show very high SSA 
of more than 4000 m2/g which is an advantage for physisorption.15 More 
than 5000 MOFs structures were reported in literature and more than 200 
of them were studied for hydrogen storage.16-18 Maximum amount of 
hydrogen sorbed by MOFs was reported as 8.6 wt%19 at 77 K and 1 wt%20 at 
ambient temperature for MOF-210 with SSA of 6240 m2/g. MOFs are among 
the best sorbents of hydrogen at cryogenic temperature. However, MOFs 
with high SSA have low density as shown on Figure 6.  
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Figure 5: a - α cage of Zeolite A (blue - O, red - Si or Al)21, b - Metal-Organic 
Framework ([Zn4O(BDC)3] or MOF-5)22. 

 

 
Figure 6: MOF density vs. calculated SSA. Inset shows a plot of total gravimetric vs. 
volumetric density (adsorbed + gas phase) at 77 K and 35 bar of H2. Data points of 
20000 MOFs from Cambridge Structural Database were determined using high-
throughput computational screening. Reprinted from Chemistry of Materials, 
Vol.25(16), Goldsmith J., Wong-Foy AG., Cafarella MJ., Siegel DJ., "Theoretical 
Limits of Hydrogen Storage in Metal-Organic Frameworks: Opportunities and Trade-
Offs", pp. 3373-82, Copyright (2013), with permission from ACS Publications. 
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Rapid and nonlinear decrease of MOFs density vs. SSA, together with 
relation between volumetric and gravimetric storage capacities (shown on 
inset on Figure 6) provide inherent problem for increase of total amount of 
hydrogen stored within certain tank volume. Lower amount of material can 
be placed inside of the hydrogen tank if the density of material is rather 
small. Therefore, little advantage for the total amount of stored hydrogen 
will be achieved even for materials with relatively high gravimetric sorption. 
Therefore, the development of new MOFs should not only target high SSA, 
but also moderately high density.23 MOFs with SSA in the range of 3100 - 
4800 m2/g could offer 8 - 12 wt% and 50 - 64 g/L of total gravimetric and 
volumetric hydrogen storage densities respectively (at 77 K). Experimental 
studies of MOFs show that their hydrogen storage parameters at cryogenic 
temperatures are superior compared to other materials.15,24 However, their 
gravimetric hydrogen storage capacities at ambient temperature remain to 
be on the level of 1 wt% at 100 bar which is far below target value. Common 
drawbacks of MOFs are poor air stability reported for most of the structures 
and complicated synthesis procedures for materials with the highest SSA 
values which are likely to prevent their scale-up production.  

Nevertheless, MOFs remain to be among the best known materials for 
physisorption of hydrogen. Huge amount of theoretical and experimental 
data has already been published on structure and hydrogen sorption of 
MOFs.16,25,26 SSA and pore volume/geometry were found the most important 
factors which define hydrogen storage capacity of these materials.20,26 

MOFs still are of very strong interest for studies aimed on improving 
hydrogen storage capacity at ambient temperature.  

 
1.2.2.2. Carbon nanostructures 
 
Variety of carbon materials was studied for physisorption of hydrogen. 

Advantage of carbon materials is their high stability at ambient conditions 
and light weight. Many carbons were reported to have remarkably high SSA 
exceeding 3000 m2/g.27-29 However, H2 adsorption by carbons show 
relatively low isosteric enthalpy of approximately 6 kJ/mol.30 Several studies 
reported optimal enthalpy of adsorption for achieving ambient temperature 
H2 storage should range starting from ~15 kJ/mol.30-32 This fact limits use of 
carbon materials for physisorption to low temperatures below ambient.33  

Hydrogen uptake by carbon materials is known to correlate with SSA 
and could be roughly estimated using so-called “Chahine’s rule” (Figure 
7e).34 This rule predicts ~2 wt% maximal excess uptake (which is typically 
achieved in the range of 10 - 40 bar) of hydrogen per 1000 m2/g of SSA at 77 
K.35,36 Hydrogen uptake at ambient temperatures is also correlates almost 
linearly with SSA value. Experimental studies reveal the trend which shows 
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uptakes of about 0,2 wt%35, 0,3 wt%37, and 0,46 wt%33 per 1000 m2/g at 65 
bar, 100 bar, and 300 bar respectively. 

 

 
Figure 7: a - Activated Carbon, b - Fullerene, c - Single-Walled Nanotubes, d - 
Multi-Walled Nanotubes, e - Equilibrium excess adsorption of hydrogen as a 
function of SSA at 77 K (maximal excess capacity) and at 298 K (at 300 bar). 
Reprinted from Langmuir, Vol.28(26), Stadie NP., Vajo JJ., Cumberland RW., 
Wilson AA., Ahn CC., Fultz B., "Zeolite-templated carbon materials for high-pressure 
hydrogen storage", pp. 10057-63, Copyright (2012), with permission from ACS 
Publications. 

 
Various carbon-based materials studied for hydrogen storage properties 

will be discussed below. 
Activated carbons (AC): AC is highly porous form of carbon with 

maximal SSA values exceeding 3000 m2/g (Figure 7a) for best materials.38-

40 ACs are known for decades and their hydrogen storage performance is 
well-studied for large variety of SSA and pore sizes distribution. Hydrogen 
storage capacity of ACs was found to correlate with SSA and micropore 
volume. Some of the highest values of hydrogen uptake were reported for 
templated carbons, e.g. material with SSA of ~3200 m2/g was reported to 
adsorb 1.46 wt% at 298 K, 300 bar and 5.5 wt% at 77 K.33 However, too low 
hydrogen uptake of ACs (~1 wt% at 100 bar under room temperature) and 
low bulk density are the main limitations of these materials for practical 
applications. 

Fullerenes: The most common form of fullerenes is 
buckminsterfullerene containing 60 atoms of Carbon (C60) (see Figure 7b). 
Typically fullerene powder shows negligible SSA and very small hydrogen 
storage capability which is related to diffusion of H2 molecules into 
octahedral holes of close packed fcc structure of solid C60. This mechanism 
of hydrogen sorption is more similar to intercalation rather than 
physisorption and do not correlate with surface area of material thus 
providing rare exception from the standard wt% vs. SSA trend. Slow kinetics 
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of H2 molecules diffusion into the C60 structure and absence of strong 
temperature dependence are the typical features of hydrogen sorption in 
fullerite. Only 1.7 molecules per C60 molecule are adsorbed even at rather 
high pressures of hydrogen (2000 bar) at ambient temperature.41 
Mechanical destruction of C60 structure by ball milling results in increase of 
SSA from near-zero value up to ~255 m2/g and increase of hydrogen 
sorption from ~0.1 wt% to ~0.36 wt% at ambient temperature.42 It is unclear 
how the hydrogen sorption properties of fullerites could be improved.  

Carbon Nanotubes (CNTs): CNTs were discovered in 199143 and 
suggested as promising material for hydrogen storage in 1997.44 
Exceptionally high hydrogen uptake of about 5 - 10 wt% were reported in 
early studies of CNTs.45,46 However, superior hydrogen capacity of CNTs was 
not confirmed later.8,47,48 It is commonly accepted now that physisorption by 
CNTs occurs similarly to other carbon materials exhibiting standard 
correlation with SSA values and maximal sorption of about 1 wt% at 100 bar 
and ambient temperature.49,50  

Linear relation between sorption and SSA for both single-walled 
(Figure 7c) and multi-walled (Figure 7d) CNTs was found. CNTs 
reversibly adsorb about 1.5 wt% of H2 per 1000 m2/g under cryogenic 
conditions and are not competitive as a materials for hydrogen storage at 
ambient temperatures.51 

 
1.2.2.3. Graphene related carbon materials 
 
Graphite is an ordered carbon allotrope with layered structure (Figure 

8a). Each carbon atom in the graphite structure interacts with three 
neighboring carbons via covalent bonding forming 2D layer and neighboring 
layers are connected via van der Waals forces. The interlayer distance of 
about 3.3 Å is typical for well crystalline graphite but can be slightly higher 
for turbostratic materials. Graphite does not exhibit high values of surface 
area since the interlayer space is not accessible for penetration of any gases. 
Single layer of graphite is named as graphene (Figure 8b). SSA of defect-
free graphene has been calculated as 2630 m2/g.52 Graphene can 
theoretically offer best volumetric hydrogen capacity among other carbon 
materials due to full coverage of material surface by adsorbent molecules. 
However, single layered graphene cannot fill the space of hydrogen tank 
without assuming other graphene layers placed at reasonable distance 
between each other. Therefore, some 3D arranged multilayered graphene 
structures need to be considered for practical applications. 
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Figure 8: a - Graphite, b - Graphene, c - Graphite Oxide (GO), d - Graphene Oxide 
(GnO), e - Reduced Graphene Oxide (rGnO). 

 
The study of hydrogen physisorption by true single-layer graphene is 

challenging due to problems with production of the material in bulk amount. 
Most of previously published studies which reported hydrogen storage 
properties of “graphene” were actually performed on reduced graphene 
oxide (rGnO) (Figure 8e). Typically the rGnO samples were obtained by 
rapid heating of graphite oxide (GO) (see section 2. Graphite Oxide for 
detailed description). 

rGnO: Interaction between hydrogen and carbon is expected to be 
rather similar for graphene, AC and CNTs. In fact, SWCNT can be 
represented as a single layer of graphene rolled into a tube. Therefore 
gravimetric hydrogen storage capacity of these materials is likely to follow 
the same wt% sorption vs. SSA trend provided by the “Chahine rule”. 
However, superior hydrogen sorption was reported for rGnO (often named 
simply as “graphene”) in several papers. For example, 3.1 wt% of hydrogen 
stored at 100 bar and 77 K was reported for “graphene” in 2008 by 
Sabrahmanyam et al for the sample with SSA of only 925 m2/g.53 This value 
exceeds standard trend for carbon materials by about two times. The same 
group later reported 3 wt% uptake at 100 bar and 298 K which is about ten 
times higher compared to standard trend.54 This well cited study was among 
the earliest which stated exceptional hydrogen storage properties of 
“graphene”.55,56 By the time of start of my own research in this field the 
reports of exceptionally high hydrogen uptakes by “graphene” were 
seemingly reproduced in several studies.53,55-57 Values of hydrogen uptakes 
more similar to other carbon materials were reported for example by 
Srinivas et al58 (0.7 wt% at 100 bar for the sample with SSA of 640 m2/g) and 
Wang et al59 (0.9 wt% at 100 bar for sample with SSA of 2139 m2/g). But 
even these values exceeded those expected from wt% vs. SSA trend known 
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for other carbon materials. Note also that the sample prepared by Wang et al 
was prepared using carbonization of hydrocarbon precursor and shows more 
similarity to AC rather than to graphene. 

Considering high number of contradictory reports showing broad variety 
of hydrogen uptakes for rGnO samples there was strong need for careful 
verification of real hydrogen uptake by graphene (rGnO) materials. 
Therefore, we started our own studies with experiments aimed on 
establishing true hydrogen sorption values of rGnO (see section 4.2.1. 
Hydrogen sorption properties of rGnO and a-rGnO). Note also that 
all studies of hydrogen storage properties were typically based on 
experiments with very few samples, most often with only one sample and no 
trends for sorption wt% vs. SSA were known at the moment. 

Activated rGnO (a-rGnO): rGnO typically show SSA in the range of 
300 - 1200 m2/g. Higher SSA values were reported for materials obtained 
using chemical activation of rGnO. For example, KOH-activation procedure 
similar to the one commonly used for preparation of ACs60,61 was reported to 
result in preparation of a-rGnO with SSA values slightly exceeding 3000 
m2/g.62  

However, the studies of graphene related materials with ultra-high SSA 
were focused on application in supercapacitors. Hydrogen sorption 
properties of these materials were not reported at the moment when my 
work started. Therefore, a-rGnO was studied considering its high SSA and 
light weight. Theoretical study is also needed to define maximal SSA for 
perforated graphene related materials to understand if the SSA exceeding 
the value of single layered graphene (2630 m2/g) can be achieved for bulk 
graphene related materials (see section 4.2.1. Hydrogen sorption 
properties of rGnO and a-rGnO). 

rGnO decorated with nanoparticles: Significantly improved 
hydrogen sorption (by 10 - 500%) was reported in several studies of 
“graphene” decorated with metal nanoparticles (Pt, Pd, TiO2).63-65 Increased 
hydrogen sorption was assigned in these studies to so-called “spillover 
effect”. Hydrogen spillover suggests molecular hydrogen dissociation on 
metal nanoparticles with further migration of atomic hydrogen onto 
supporting material.66 The spillover effect seem to be well documented 
phenomenon in heterogeneous catalysis at elevated temperatures.66 
However, reports of increased hydrogen sorption at ambient temperatures 
and even at temperatures as low as 77 K assigned to spillover effect are 
highly controversial. First study showing superior hydrogen storage 
properties of carbon materials with metal oxide catalyst was reported in 
2002.67 Many later reports provided contradictory results on hydrogen 
sorption by various nanoporous materials. Some groups reported spillover 
effect for almost any materials67,68, while other groups could not confirm 
these results69-71. The controversy was extended also to studies of graphene 
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related materials. For example, hydrogen uptake of ~3 wt% at 40 bar and 
ambient temperature was reported for rGnO sample with SSA ~470 m2/g 
decorated with Pd nanoparticles in the study of Parambhath et al.65 Material 
reported in that study would easily exceed DOE targets in case of higher H2 
pressures or for material with quite reasonable twice higher SSA values. 
However, one can note that even after 15 years passed after the first reports 
of superior hydrogen sorption via spillover, this method of storing hydrogen 
was never shown feasible even for prototypes of storage tanks.  

New reports stating enhancement of hydrogen sorption due to addition 
of metal nanoparticles and assigned to spillover are still continuing to 
appear and are well cited at the moment.65,72,73  For example, decoration of 
rGnO with Pd nanoparticles74 was claimed to improve hydrogen sorption of 
the sample with SSA of 586 m2/g up to 4.4 wt% at 77 K and 70 bar H2 
pressure compared to 1.5 wt% uptake for precursor rGnO sample. The goal 
of our work on decoration of graphene samples (see section 4.2.2. 
Hydrogen adsorption by rGnO and a-rGnO decorated with Pd or 
Pt nanoparticles) was to verify if the addition of Pd and Pt improves 
hydrogen storage of rGnO. Possibly record high number of 8.67 wt% was 
reported for Pd/graphene material with 750 m2/g SSA already at 60 bar and 
ambient temperature which would be extrapolated to at least 15 wt% at 120 
bar H2 pressure following the trends presented in this study.75 

Pillared GO: SSA is not the only parameter which could affects 
hydrogen sorption of porous materials. Fine-tuning of the distance between 
graphene sheets has been theoretically predicted to improve hydrogen 
storage properties of graphene related materials (Figure 4c).76,77 These 
studies suggested that increased hydrogen sorption can be achieved using 
graphene sheets separated by ~7 - 10 Å to allow one hydrogen monolayer to 
be adsorbed by each side of slit pore formed by graphene layers. However, 
the distance between graphene layers was simply postulated by theoretical 
models, while experimental realization of this concept requires using some 
pillaring molecules or nanoparticles to prevent slit-pores from collapse.  

One theoretical possibility to produce pillared layered carbon material is 
to use GO as a precursor. Pillar molecules could be inserted between two GO 
layers which are swelled by polar solvent (see section 2.3.1. 
Swelling/Intercalation); then these molecules could be chemically 
attached to some functional groups of GO to make pillared structure. Finally, 
removing the solvent could result in creation of expanded structure with 
tunable interlayer distance and interconnected pore network. 

This concept was tested in several studies published prior to the start of 
my work. For example, the solvothermal reaction of GO with 1,4-benzene 
diboronic acid (DBA) was reported to result in formation of a porous 
material with relatively high SSA.78,79 An idealized structural model with 
molecular linkers attached to neighboring graphene layers was suggested by 
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authors and named as graphene oxide framework (GOF) (see section 2.3.2. 
Pillaring). Other linker molecules were also tested for synthesis of pillared 
GO (PGO).80,81 However, SSA of all so far reported PGO materials (400 - 500 
m2/g) is far below theoretical value for graphene (2630 m2/g).  

GOF samples with DBA linkers were reported to have superior hydrogen 
sorption properties under cryogenic temperature (1.2 wt% for 470 m2/g) 
compared to other carbon materials.78,79 If true, these results could be 
considered as an evidence for deviation of hydrogen uptake from the 
standard correlation with SSA thanks to the fine tuning of distance between 
graphene layers in the pillared GOF structure. Therefore, there was an 
interest to synthesize pillared GO materials with higher SSA and to verify 
their hydrogen uptakes at different temperatures (see section 4.2.3. 
Hydrogen adsorption by Pillared GO (PGO)). 

 
1.2. Research scope and objectives 
 
Our group has more than 10 years of experience with measurements of 

hydrogen uptakes using different materials.42,82,83 The main goal of our 
studies was to verify if the graphene related materials could provide 
improved physisorption of hydrogen and to find some possible methods to 
exceed the hydrogen uptakes predicted by the “Chahine’s rule” (shown on 
Figure 7e). Irreproducibility of hydrogen sorption results remains to be 
rather complex issue in the hydrogen storage field.84 Therefore, it is rather 
important to provide independent verification of the results and to establish 
reliable routines for hydrogen uptake measurements. 

We defined three directions for our studies of hydrogen storage using 
graphene related materials. First includes synthesis of graphene related 
materials with high SSA using thermal reduction of GO and KOH-activation 
(see sections 2.3.4. Reduction and Activation of GO and 4.2.1. 
Hydrogen sorption properties of rGnO and a-rGnO). Second 
direction is to verify effect of nanoparticles (Pd and Pt) decoration on 
hydrogen sorption of graphene related materials (see section 4.2.2. 
Hydrogen adsorption by rGnO and a-rGnO decorated with Pd or 
Pt nanoparticles). Last direction includes preparation of porous GO-based 
materials with precisely defined slit pore size using molecular pillars (see 
sections 2.3.2. Pillaring and 4.2.3. Hydrogen adsorption by Pillared 
GO (PGO)).  
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2. Graphite Oxide (GO)  
2.1. Introduction 
 
Graphite can be converted into GO by the oxidative treatment via one of 

three principal methods developed by Brodie85, Staudenmaier86, and 
Hummers87. GO preserves layered structure of graphite, but shows about 
twice higher interlayer distance.88 GO layers are functionalized with many 
groups (e.g. epoxy, hydroxyl, ketone, carboxylic) which results in dramatic 
modification of properties compared to graphite. GO is hydrophilic material 
which can be easily intercalated by polar solvents. GO can be dispersed on 
single sheets (Graphene Oxide) e.g. by sonication in water.89  

The interest to graphene oxide in recent years was initially mostly due to 
possibility to reduce it thus producing graphene. Possibility to exfoliate GO 
into single-layered sheets and to convert it to graphene is known at least 
since 1961.90  

Following studies by Geim and Novoselov91 which started the “graphene 
revolution”, old method to produce graphene starting from dispersions of 
graphene oxide was re-discovered and now widely employed for production 
of graphene in bulk amounts.92-94 

Many studies of GO structure and properties appeared during last 10 
year’s.95,96 Several of these unique properties are of main interest for my 
thesis. The GO can be thermally exfoliated to produce rGnO with high SSA 
(see section 2.3.4. Reduction and Activation of GO). GO swells in polar 
solvents (see section 2.3.1. Swelling/Intercalation) with expansion of 
interlayer distance which allows insertion and chemical attachment of 
molecular pillars, thus creating pillared GO structure (see section 2.3.2. 
Pillaring). GO can be used as a precursor for preparation of mechanically 
strong papers or membranes using graphene oxide dispersion (see section 
2.3.3. Membranes).  

Previous work with GO performed in our group includes studies of 
intercalation/swelling and solvation properties97-100, difference in properties 
between GO’s synthesized using different procedures89, etc. My work with 
GO is based on experience collected in our group after 2007 and includes 
further study of structure, properties and chemical modification of GO. 

 
2.2. Historical overview on synthesis and structure 

of GO 
2.2.1. Synthesis methods 
 
GO is known since 1859 when Brodie reported the method to oxidize 

graphite by fuming nitric acid (HNO3) and potassium chlorate (KClO3). 
Synthesis of GO using Brodie’s method (BGO) required multiple treatment 
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steps where each step increases oxidation degree and decreases the C/O 
ratio in GO.85,101 Later in 1898 Staudenmaier reported modified Brodie’s 
method where sulfuric acid (H2SO4) was added during oxidation of graphite 
to reduce number of needed oxidation steps.86  

Alternative method to synthesize GO was proposed in 1958 by 
Hummers and Offeman.87 Sulfuric acid, sodium nitrate (NaNO3), and 
potassium permanganate (KMnO4) were used in this method to oxidize 
graphite. Hummers GO (HGO) often includes small amounts of potassium, 
manganese and sulfur which are very difficult to remove completely. These 
impurities affect properties of GO.102 Large number of 
variations/optimizations had been reported for Hummers method and every 
modification could affect properties of resulting material. Therefore, it is 
important to know exactly all synthesis details. One of the most popular 
modifications of Hummers methods was proposed in 2010 by Tour’s 
group.103 This method includes using phosphoric acid (H3PO4) in addition to 
sulfuric acid and potassium permanganate. Since no sodium and nitrogen is 
used for oxidation (compared to sodium nitrate in original Hummers 
method), Tour’s method has several advantages, such as no generation of 
toxic gases and easy temperature control during oxidation reaction. 
However, some properties of resulting GO were found somewhat different 
from HGO, therefore it needs to be studied as a different type of GO.103  

Main methods reported in literature for GO synthesis are summarized in 
Figure 9. It is impossible to select one of these methods as the “best” due to 
rather significant difference between the GOs produced by these methods 
(see further sections in section 2. Graphite Oxide (GO)). The definition of 
“best” will be then depending on the particular application suggested for the 
GO. Choice of the route (Chlorate or Permanganate) determines also the 
type of contaminants remaining in GO after synthesis. Using different 
oxidation methods and even small variations of synthesis details is likely to 
result in GOs with different oxidation levels, types and amounts of functional 
groups. Synthesis method determines some difference in properties of GO. 
For example typical interlayer distance of moisture free BGO is generally 
somewhat smaller compared to HGO.104,105 
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Figure 9: Schematic illustration of graphite oxidation methods based on chlorate or 
permanganate oxidation routes. Reprinted from Nanoscale, Vol.7(47), Eng AYS., 
Chua CK., Pumera M., "Refinements to the structure of graphite oxide: absolute 
quantification of functional groups via selective labeling", pp. 20256-66, Copyright 
(2015), with permission from RSC. 

 
Hummers method of GO synthesis is the most widely used one because 

it is simple, relatively safe and quick. It is even possible now to purchase 
HGO materials from many companies. However, there is much interest in 
comparing material’s properties and possibility to tune them using 
appropriate synthesis methods. My studies in this field were aimed on 
preparation of graphite oxides using Brodie and Hummers methods, tuning 
the synthesis procedures and comparing fundamental properties of prepared 
materials, e.g. their structure, swelling in polar solvents and thermal 
exfoliation. 

 
2.2.2. Structure models 
 
The structure of GO was a subject of many studies over past 100 years 

(Figure 10). One of the fist structural models was suggested by Hoffman 
and Holst in 1934.106 Their model includes only epoxy groups on the basal 
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plane of GO. Later (in 1947), Ruess suggested another model with hydroxyl 
groups located on the basal plane of GO.107 However, none of these models 
could explain all experimentally observed properties of GO. Scholz and 
Boehm proposed another model in 1969 where some epoxy and ether groups 
were substituted by regular quinoidal species and carbon vacancies in the 
graphene backbone.108 All these three models were based on the assumption 
that GO is built up by repetitive units.  

 

 
Figure 10: Summary of structural models of GO that have been proposed, including 2 
modern models proposed by Lerf & Klinovski and Szabó & Dékány. Reprinted from 
Chemistry of Materials, Vol.18(11), Szabó T., Berkesi O., Forgó P., Josepovits K., 
Sanakis Y., Petridis D., Dékány I., "Evolution of surface functional groups in a series 
of progressively oxidized graphite oxides", pp. 2740-9, Copyright (2006), with 
permission from ACS Publications. 

 
Non-stoichiometric structure of GO was first introduced by Lerf and 

Klinowski in 1998.109 The revised Lerf-Klinovski model which includes 
hydroxyl, epoxy, oxygen and carboxylic functional groups is widely accepted 
for description of GO structure. Many other models were proposed recently 

19 
 



 

based on experimental findings and theoretical modeling but most of them 
are based on above listed old models with difference in some details.101,110,111  

It is rather common that “new” models are proposed based on results 
obtained using one specific synthesis procedure and it is not clear if the same 
detailed model can be applied to GO produced by different method. 
According to the experience accumulated in our group the structure of GO is 
strongly dependent on the synthesis method and details of oxidation 
procedure. Therefore, it is impossible to propose one detailed “true” 
structural model which describes properties of all types of GO.112,113 

  
2.3. Characterization and properties 
2.3.1. Swelling/Intercalation 
 
GO, unlike its precursor graphite, can be swelled/intercalated when 

immersed in liquid or exposed to vapor polar solvent (Figure 11).97,114-116 
This property of GO is well known and was studied already in 1930-
60th.104,117,118 However, most of these early studies reported results obtained 
only at ambient temperature and pressure. The systematic study of 
solvation, hydration and intercalation properties of GO under variation of P-
T conditions was not available until the work performed earlier in our group 
starting from 2007.  

Figure 11a shows synchrotron radiation XRD patterns of pristine BGO 
and BGO immersed in excess of water.114 The swelling of GO results in 
expansion of interlayer distance which can be followed using change of 
d(00ℓ), while the in-plane structure of graphene oxide sheets remains 
unchanged. No structural information can be extracted from XRD for 
intercalated solvent. The change of d(001) for GO immersed in water is 
larger than the size of water molecule (from ~6.6 to ~10.6 Å)97 thus 
corresponding to insertion of at least two water layers. In contrast, swelling 
of BGO in alcohols at ambient temperature (Figure 11b) results in the 
change of d(001) which is somewhat smaller compared to the size of 
molecules and corresponds to intercalation of maximum one layer of 
solvent.  

High pressure study of water-immersed GO revealed unusual 
compressibility anomaly. Gradual pressure-induced water insertion 
(intercalation) into GO structure was found to result in expansion of the 
interlayer distance by 28 - 30%. Pressure-induced swelling of GO immersed 
in excess of several other polar solvents (ethanol, methanol, acetone and 
DMF) and solutions (aqueous copper acetate and sucrose solutions) was 
studied in our group in 2009-2011.97,119,120 Reversible phase transition was 
found for BGO immersed in excess of methanol and ethanol (Figure 12a).97 
The step-like change of d(001) observed upon compression and pressure 
release exactly corresponds to the size of alcohol molecules. Therefore, the 
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change was assigned to transition between one and two layers of alcohol 
intercalated BGO structures. 

 

 
Figure 11: a - XRD patterns of BGO powder immersed in excess of water at ambient 
temperature and pressure. Reprinted from Angewandte Chemie International 
Edition, Vol.47(43), Talyzin AV., Solozhenko VL., Kurakevych OO., Szabo T., Dekany 
I., Kurnosov A., Dmitriev V., "Pressure-induced insertion of liquid alcohols into 
graphite oxide structure", pp. 8268-71, Copyright (2008), with permission from John 
Wiley and Sons. b - XRD patterns of BGO powder immersed in excess of propanol, 
ethanol and methanol at ambient temperature and pressure. Reprinted from Journal 
of the American Chemical Society, Vol.131, Talyzin AV., Sundqvist B., Szabo T., 
Dekany I., Dmitriev V., "Pressure-induced insertion of liquid alcohols into graphite 
oxide structure", pp. 18445-9, Copyright (2009), with permission from ACS 
Publications. 

 
Later reports from our group showed structural “breathing” upon 

variation of temperature observed in GO immersed in water98, liquid 
alcohols (ethanol, methanol)100 and some other solvents (acetone, DMF)100 
(see Table 1). The phase transitions between ambient temperature phase 
(A-solvate) and expanded low temperature phase (L-phase) (see Figure 
13b, BGO in methanol) were also confirmed using DSC method.100 DSC 
traces recorded for BGO samples immersed in some solvents show 
anomalies (peaks) at the temperatures, similar to revealed by XRD for A to L 
phase transition. These peaks provided estimation of enthalpy change due to 
insertion/deinsertion of additional solvent monolayer. Quantitative 
measurement of the solvent amount presented in the L and A solvate phases 
was done in our group in later study.121 Transition of GO/methanol from A to 
L phases was revealed to increase solvent content intercalated into GO from 
0.28 to 0.55 mol/g. 
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Figure 12: a - DSC traces recorded for BGO immersed in excess amounts of 
different solvents upon heating with a scanning rate 10 K/min. b - Full cycle with 
cooling and heating recorded for a BGO/methanol sample. Reprinted from The 
Journal of Physical Chemistry Letters, Vol.3(7), You SJ., Luzan S., Yu JC., Sundqvist 
B., Talyzin AV., "Phase transitions in graphite oxide solvates at temperatures near 
ambient", pp. 812-7, Copyright (2012), with permission from ACS Publications. 

 
First studies on swelling/intercalation described above were made on 

GO synthesized using Brodie method. Therefore, there was an interest to 
study the difference in intercalation of HGO and BGO (see 2.2.1. Synthesis 
methods). The study made in our group revealed that swelling occurs 
differently in HGO and BGO both at ambient temperature and upon 
variation of temperature (see Figure 13b).99 

 

 
Figure 13: a - XRD patterns of GO powder immersed in excess of methanol at 

different pressures. Reprinted from Journal of the American Chemical Society, 
Vol.131, Talyzin AV., Sundqvist B., Szabo T., Dekany I., Dmitriev V., "Pressure-
induced insertion of liquid alcohols into graphite oxide structure", pp. 18445-9, 
Copyright (2009), with permission from ACS Publications. b - Temperature 
dependence of interlayer distance for HGO immersed in excess of methanol and 
ethanol and for BGO in methanol. Reprinted from ACS Nano, Vol.7(2), You S., 
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Sundqvist B., Talyzin AV., "Enormous lattice expansion of hummers graphite oxide 
in alcohols at low temperatures", pp. 1395-9, Copyright (2013), with permission from 
ACS Publications. 

 
Table 1: Interlayer spacing’s, measured earlier in our group for some solvents and 
solutions. Values for high pressure and low temperature phases show maximum 
expansions. 

Solvent 

HGO (7.18 Å)89 BGO (6.35 - 7 Å)89,97,114 

Ambient 

Temperature 

and Pressure 

Maximal 

Expansion 

at Low 

Temp. 

Ambient 

Temperature 

and Pressure 

Low 

Temp. 

Phase 

High 

Pressure 

Phase 

Water 12.41 Å89 ~12.7 Å99 ~10.7 Å89,97,114 ~11.2 Å98 ~13.1 Å114 

Methanol ~~13.1 Å89,99 19.42 Å99 ~8.91 Å89,97,100 12.15 Å100 ~12.2 Å97 

Ethanol ~15.4 Å89,99 20.64 Å99 ~9.26 Å89,97,100 
13.34 

Å100 
~12.7 Å97 

Propanol   9.50 Å97   

Acetone   9.29 Å120 13.19 Å100 12.98 Å120 

DMF   10.2 Å100 14.6 Å100  

NaOH (0.5 

mol/L in water) 
  11.58 Å122  

up to 

21.47 Å122 

HCl (1 mol/L in 

water) 
  ~9.2 Å122  ~10.3 Å122 

Cu Acetate (0.4 

mol/L in water) 
  ~11.3 Å119  

up to 17.4 

Å119 

Sucrose (2.3 

mol/L in water) 
  ~12 Å119  

up to 12.71 

Å119 

 
The swelling of BGO is different compared to HGO already at ambient 

temperature and pressure.89 Stronger expansion of interlayer distance was 
found for fully hydrated HGO relative to BGO (12.41 and 10.43 Å 
respectively). BGO immersed in liquid ethanol or methanol at ambient 
temperature is intercalated by one solvent monolayer, while expansion of 
HGO lattice corresponds to insertion of at least two methanol or ethanol 
layers (Figure 13b).89 Decrease of the temperature results in gradual vs. 
step-like types of expansion for HGO and BGO immersed in alcohols 
(ethanol and methanol) respectively (Figure 13b).99,100 

The study of GO swelling was continued in my own work for several 
other polar solvents, e.g. interesting anomalies were found for BGO and 
HGO immersed in acetonitrile (see 4.1.3. Reversible delamination of 
HGO immersed in Acetonitrile). The temperature dependent swelling 
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was also studied in details for 1-octanol, the alcohol molecule with eight 
carbon atoms. 

 Surprisingly little was known about swelling of GO in alcohols other than 
methanol, ethanol, and propanol. However, careful literature search revealed well 
forgotten study of GO swelling in a variety of alcohols (Figure 14a) published 
in 60-s.123-125  

 

 
Figure 14: a - Interlayer spacing vs. chain-length of alcohols found for GO at three 
distinct temperatures (ref A123, ref B124). b - Structural model which illustrates 
suggestive change in orientation of from parallel to the standing up. The change is 
provided by postulated existence of “attachment points” for alcohol molecules on GO 
planes. Parallel orientation of intercalated molecules was suggested for molecules 
with the length smaller than the distance between these points and up-standing 
orientation for molecules with longer chains. Reprinted from Kolloid-Zeitschrift und 
Zeitschrift für Polymere, Vol. 203(1), De la Cruz FA., MacEwan DMC., "Sorption of 
organic molecules by graphitic acid and methylated graphitic acid: A preliminary 
study", pp. 36-42, Copyright (1965), with permission from Springer. 

 
Large increase of the interlayer distance of GO (up to ∼50 Å) due to 

intercalation by alcohols with up to 18 carbon atoms was demonstrated. Non-
trivial dependence of the lattice expansion due to swelling vs. the size of the 
alcohol molecule was found.124 For molecules with more than four carbon atoms, 
the orientation of inserted molecules was suggested to change from “lying down” 
to “standing up”, thus explaining larger lattice expansion. Somewhat larger d-
spacing was also found for GO in several larger alcohols at low temperature (223 
K). However, temperature dependence of swelling was not studied and structural 
model related to change in orientation of alcohol molecules was never verified 
over past 50 years. Therefore, we performed the experiments with temperature 
and pressure variation for GO immersed in 1-octanol, one of the larger alcohols 
which was found to exhibit significantly different swelling at 293 and 223 K124 
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(Figure 14a) (see section 4.1.4. Orientation of solvent molecules 
intercalated into BGO studied on 1-octanol).  
 

2.3.2. Pillaring  
 
As was mentioned above, GO can be swelled in polar solvents with 

increase of interlayer distance from 0.6 - 0.7 nm to more than 4 nm.124,126,127 
Molecules of various sizes could possibly be introduced into interlayer space 
of GO using their solutions in polar solvents and serve as pillars capable of 

keeping the layered structure expanded after the solvent removal. Pillared 
GO materials (PGO) with high SSA could be useful for many possible 
applications, e.g. gas storage (see section 1.2.2.3. Graphene related 
carbon materials), as materials for supercapacitors128 and membranes127. 

One of the first PGO materials was suggested in the study of Burress et 
al78. The idealized Graphene Oxide Framework (GOF) structure proposed 
theoretically in this study consists of graphene layers connected by DBA-
based pillars (see Figure 15). However, more “realistic” material suggests 
that DBA molecules are reacted with GO forming less than four covalent 
bonds while the complete reduction of GO to graphene is not achieved.129  

 

 
Figure 15: Scheme representing GOF formation. Reprinted from Angewandte 
Chemie International Edition,Vol.49, Burress JW., Srinivas G., Ford J., Simmons 
JM., Zhou W, Yildirim T., “Graphene Oxide Framework Materials: Theoretical 
Predictions and Experimental Results.”, pp. 8902-4, Copyright (2010), with 
permission from John Wiley and Sons. 
 

Several other studies reported synthesis of PGO materials with other 
linker molecules. For example, interlayer spacing of GO pillared with p-
phenylenediamine was increased only slightly (up to ~1 nm) compared to 
GO precursor (Hung at al127) and SSA of this material was not reported.  
Pillaring of GO is relatively new field of research. Our interest in PGO was 
mainly driven by hydrogen storage study. Therefore, we started with the 
study of DBA based pillared GO and optimization of the synthesis procedure 
to increase SSA. Then we proposed and synthesized new PGO material with 
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Tetrakis(4-aminophenyl)methane molecules as a pillars (see section 4.2.3 
Hydrogen adsorption by Pillared GO (PGO)). 

 
2.3.3. Membranes  
 
GO is hydrophilic and can be easily dispersed in water. Vacuum 

filtration of GO dispersion is typically used to prepare multilayered materials 
usually named as GnO papers or membranes.104 The interlayer distance of 
GnO multilayers is similar to the parent GO powder (6.5 - 7.5 Å).130 

In fact, preparation of GnO membranes and detailed studies of their 
permeation properties were reported already in 1961 by Boehm et al.104 The 
membranes were found to be permeable by water vapors and not permeable by 
gases.104 However, several studies published in 1960-s104,131 remained 
forgotten until recent years. Interest to study the permeation properties of 
membranes was reborn after Nair et al132 reported the GnO membranes 
permeability by water vapors, but not by vapors of several other solvents 
(acetone, ethanol, propanol, etc). More recent studies of GnO membranes 
showed some properties which make them promising for several 
applications, e.g. selective ion penetration133, filtering of some organic 
molecules134, nano-filtration104, water desalination135, etc. It is believed that 
permeation of membranes occurs trough the “labyrinth path” of GnO 
interlayers, while the distance between individual GnO layers provides size 
of “permeation channels” defined by the swelling properties of materials. 

Therefore, there was a strong interest to study the structure of GnO 
membranes in water and other polar solvents. First structural studies of solvent 
immersed GnO membranes have been reported by our group and revealed 
surprisingly strong difference between swelling of GnO membranes and precursor 
GO powders.130 The structure of GnO membranes in liquid water, ethanol, 
methanol and water-ethanol mixtures was studied in our group at ambient 
temperature and as a function of temperature (Figure 16b,c).130 Expansion 
of the spacing between layers in GnO membranes due to swelling in alcohols was 
found to be much smaller compared to precursor GO powders (Figure 16b,d). 
GnO membranes immersed in alcohols demonstrated also the absence 
of significant lattice expansion upon cooling (Figure 16d) and absence of phase 
transitions related to the change of solvate composition for BGO (Figure 16b).130 
Quantitative estimation of selectivity in intercalation of components from 
water/ethanol mixture by GO thin films was made by our group using neutron 
reflectivity.136 
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Figure 16: a - SEM image taken from edge of BGnO membrane, b - temperature 
dependence of d(001) for BGnO membrane and powder immersed in ethanol or 
methanol, c - SEM image taken from edge of HGnO membrane, d - temperature 
dependence of d(001) HGnO membrane and HGO powder immersed in ethanol or 
methanol. Reprinted from Nanoscale, Vol.6(1), Talyzin AV., Hausmaninger T., You 
SJ., Szabo T., "The structure of graphene oxide membranes in liquid water, ethanol 
and water-ethanol mixtures", pp. 272-81, Copyright (2014), with permission from 
RSC. 

 
Several recent studies demonstrated selective permeation of some ions 

and molecules through GnO membranes.137-139 It is obvious that permeation 
of ions in these experiments occurs through the membrane immersed on 
solution and the size of permeation channels must depend on the swelling 
state of the GnO structure. However, surprisingly little was known about 
structure and swelling of GnO membranes in various solvents and solutions 
at the moment when my work with the membranes started. The structure of 
GnO membranes in solutions and size of permeation channels were not 
reported in most of the studies published prior to 2015.  

Some studies claimed that “ultra-precise” filtration of all ions and 
molecules with size above ~4.5 Å can be achieved using GnO membranes in 
different solvents and solutions. This claim is based on assumption that 
membranes always swell in the same way as in pure water with d(001) of 
about ∼12-13 Å.140 However, larger ions and molecules were reported to 
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permeate through the GnO membranes.104,141 Following well known results 
obtained for graphite oxides, the swelling of membranes could be expected 
to depend significantly not only on the nature of solvent, but also on the 
nature of dissolved molecules and ions, their concentration and pH of 
solution. None of these factors were considered in the ref140 but they are 
likely to impose significantly limitations for the “ultra-precise” filtration.  

Our experiments provided first detailed study of GnO membranes swelling 
measured directly in solvents and solutions similar to those which are typically 
tested for permeation (see section 4.1.6 Structure and swelling of GO 
membranes). 

 
2.3.4. Reduction and Activation of GO 
 
Thermal exfoliation of GO is the most common method to produce bulk 

graphene. It is known that rapid heating results in explosive reduction 
(exfoliation) of GO with formation of rGnO.89,104,142  

The study of effect of synthesis on exfoliation of GO was made in our 
group earlier (in 201389) and showed that SSA of rGnO depends on 
precursor GO synthesis method (Brodie or Hummers).89,143 Thermal 
exfoliation of BGO typically results in more expanded rGnO (Figure 17b) 
with higher SSA.89 BGO was also found to require higher temperature for 
exfoliation than HGO (Figure 17a). The heating rate was also reported to 
affect exfoliation. Onset of exfoliation temperature was demonstrated to 
occur at lower temperatures for lower heating rates.89 

 

 
Figure 17: a - TGA traces of BGO and HGO recorded upon heating; b - image of 
vacuum sealed ampoule with GO on the left and exfoliated BGO and HGO on the 
right. Reprinted from Carbon, Vol.52, You SJ., Luzan S., Szabo T., Talyzin AV., 
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"Effect of synthesis method on solvation and exfoliation of graphite oxide", pp. 171-
80, Copyright (2013), with permission from Elsevier. 

 
Typical SSA reported in a literature for of rGnO obtained by thermal 

exfoliation (~300 - 400 m2/g) is far below theoretical value of graphene 
(2630 m2/g). During my work we tried to optimize several exfoliation 
parameters (gas environment, heating rate, reactor volume) in order to 
achieve rGnO samples with maximal possible SSA (see section 4.1.3 
Thermal exfoliation/reduction in BGO and HGO). However, SSA of 
rGnO samples was not found to increase dramatically directly after 
exfoliation. The rGnO consisting of few-layered graphene requires further 
modification in order to increase SSA.  

Thermally exfoliated GO preserves some amount of functional groups 
attached to rGnO planes; C/O ratio increases from ~2.5 to ~6.3 during 
exfoliation. One of the ways for further increase of rGnO SSA is to reduce the 
amount of functional groups remaining on rGnO planes by some treatment 
(see section 4.1.3. Thermal exfoliation/reduction in BGO and HGO).  

KOH-activation procedure is well known to increase SSA of AC.27 It was 
recently applied to rGnO and was reported to result in a-rGnO material with 
SSA of ~3000 m2/g.60 However, hydrogen sorption was not reported in 
these studies and some details of activation procedure appeared to be not 
reproducible. Several other studies aimed at synthesis of a-rGnO using KOH-
activation reported lower SSA obtained for their samples.144-146 Therefore, 
optimization of KOH-activation procedure had to be done in our work in 
order to reproduce a-rGnO samples with SSA above 3000 m2/g; see section 
4.2.1.1. Preparation of high surface area graphene samples for our 
results. 

 
2.4. Research scope and objectives 
 
We defined five directions for our studies aimed on characterization and 

properties of GO.  
1) Study of the synthesis effect on GO structure and properties (see 

sections 4.1.1 - 4.1.2). 
2) Study of swelling/intercalation of GO immersed in different solvents 

under variation of temperature and pressure (see sections 4.1.2 - 4.1.5).  
3) Preparation of GO structures pillared with organic molecules (see 

sections 4.2.3. Hydrogen adsorption by Pillared GO (PGO)). 
4) Characterization of solvation/intercalation properties of GO 

membranes in polar solvents and in some solutions (see sections 4.1.6. 
Structure and swelling of GO membranes). 

5) Search for methods to prepare graphene related materials with 
maximal SSA (see section 2.3.4. Reduction and Activation). 

29 
 



 

3. Experimental section 
3.1. Synthesis of materials 
3.1.1. GO synthesis by Hummers (HGO) and Brodie 

(BGO) methods 
 
Synthesis of HGO samples was performed according to the slightly 

modified Hummers method.87 Oxidation of graphite (10 g) was performed 
using following steps. At first, graphite is mixed with 10 g of sodium nitrite 
(NaNO2) and 400 ml of sulfuric acid (H2SO4) in 2 liters flask and cooled to 
0 °C in an ice-bath under continues stirring which continues during all 
synthesis. After the ingredients are mixed for 30 minutes, 30 g of potassium 
permanganate (KMnO4) is added to the suspension. The rate of addition is 
carefully controlled to prevent overheating (exceeding 20 oC) of the 
suspension. At the next step ice bath is replaced by oil for careful control of 
temperature. The sample is maintained at 35 °C for 2 hours; after 30 
minutes it becomes pasty with brownish grey color. Then sample is slowly 
added to 400 ml of water which is kept under steering in 2 liter flask on ice. 
Temperature of the solution increases up to 90 °C as a result of reaction. The 
diluted suspension is then maintained on ice for 15 minutes until it cooled 
down below 40 °C. At the next step suspension is heated to 95 °C in oil bath 
for 30 minutes and diluted with 1 liter of warm water. Hydrogen peroxide 
(H2O2, 30%) is used to reduce the residual permanganate and manganese 
dioxide to colorless soluble manganese sulfate. During treatment with the 
peroxide, the suspension turned bright yellow. After storing without steering 
for a night, GO paste settles down to the bottom of the flask and all 
transparent solution can be removed. Last step consists of washing of GO 
with 0.75 liters of hydrochloric acid (HCl 10%) to remove the remaining salt 
impurities and with big amount of water until pH did not reached 5. At last 
step resulting paste GO is dried in either vacuum oven or using freeze 
drying. 

Synthesis of BGO was performed according to original method reported 
by Brodie.85 Small flake graphite (5 g) is used as starting material for 
oxidation. Graphite is mixed with sodium chlorate (42,5 g, NaClO3) in 500 
ml round bottom flask which is placed in an ice bath under continuous 
stirring; 30 ml of fuming nitric acid is added to the mixture dropwise over ~1 
hour time. The mixture is left for 12 hour under continuous stirring at 
ambient temperature; then it is heated to 60 °C and kept for 8 hour. At next 
step sample is washed with 10% HCl solution and water; after pH of 5 is 
obtained BGO could be freeze-dried or vacuum dried. Part of the BGO 
obtained by described procedure was used to repeat the oxidation procedure 
(step 2 oxidation) using BGO as starting material (instead of graphite). This 
small improvement compared to original Brodie procedure as use of 
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continues stirring of the mixture during synthesis allowed us to obtain a 
homogeneous and fully oxidized sample, already after one oxidation step. 

 
3.1.2. KOH activation of reduced GO 
 
Several kinds of rGnO were tested for KOH activation, including 

materials produced by thermal exfoliation of Hummers and Brodie GO, 
rGnO provided by private companies etc, see results section. Typical 
procedure for KOH activation of rGnO is as following: a solution of 
KOH/methanol (20 ml) was added to the rGnO sample (400 mg) in a round-
bottom flask. Different weight ratios of KOH to rGnO (7 - 9) were tested to 
find optimal for preparation of the samples with the highest SSA. The 
mixture solution is then stirred for 1 to 2 hours and dried under vacuum at 
room temperature for 12 - 24 hours. The precursor rGnO/KOH mixture is 
annealed in 5 ml alumina boat placed in horizontal alumina tube under 
argon flow (~130 ml/min) via heating to 100 °C for 15 minutes and to 800 
°C (heating rate of 5 °C/min) for 1 hour. The sample is then cooled back to 
room temperature and washed in an acetic acid solution 10% (CH3COOH, 
100 ml) under stirring for 30 minutes. Then it is filtered on a PTFE 
membrane (1 μm) and washed with deionized water (500 ml) 3 times. The 
drying is performed by heating the a-rGnO sample at 55 °C under vacuum 
for at least 12 hours.147 

 
3.1.3. Pillaring of GO using solvothermal reactions 
 
GO/DBA samples were prepared by a solvothermal synthesis method78 

using HGO and BGO. Precursor GO powder (typically 200 mg) and benzene-
1,4-diboronic acid (DBA) are mixed with various weight ratios (1:1, 1:3, and 
1:6) in methanol (10 ml) in a stainless steel reactor. The reactor is then 
sealed under nitrogen and annealed at 90 °C for different periods of time:  4 
- 96 hours. After reaction is performed, the mixture is centrifuged (4400 
rpm for 15 minutes) in order to separate the sample from the remaining 
methanol solution. The unreacted DBA is then removed by repeated washing 
with methanol. The sample is finally dried under vacuum at room 
temperature for at least 12 hours.148 

Pillared GO/TKAm (tetra(p-aminophenyl)methane) samples were 
prepared by a similar solvothermal synthesis method. Precursor GO powder 
(typically 50 mg) and TKAm are mixed in various weight ratios in a stainless 
steel reactor and methanol (10 ml) was added. The reactor was closed under 
nitrogen and annealed at 90 - 130 °C for 24 hours. The reaction mixture is 
centrifuged (4400 rpm for 15 min) and washed several times with methanol 
to remove the unreacted or simply intercalated TKAm molecules. The 
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sample is then dried under vacuum at room temperature for at least 12 
hours.149  

 
3.1.4. Decoration of rGnO and a-rGnO samples with 

Pd and Pt nanoparticles 
 
Decoration were performed by microwave treatments (mwt1 and mwt2) 

and thermal treatments (tt).150 Details for each method are listed further: 
• mwt1 - 50 mg of rGnO or a-rGnO powder is grinded with 1 ml 

toluene containing 5 mg Bis(dibenzylideneacetone) palladium(0) or 
5 mg Tetraammineplatinum(II) nitrate for 10 min. The mixture is 
then dried in a fume hood and transferred into a small beak with 
argon flow for another 2 hours. Finally, the mixture is treated in a 
microwave oven for 2 minutes and cooled down to room 
temperature under argon protection.  

• mwt2 - 200 mg rGnO and 21 mg palladium acetate (Pd(O2CCH3)2) 
are mixed in 20 ml ethanol (C2H5OH). The mixture is then steered 
for 3 h under ambient conditions and dried under vacuum. Then the 
mixture is treated in a microwave oven under air in 3 steps; after 
each step the sample should be cooled down to ambient 
temperature. At first step the mixture is treated for 30 seconds at 
700 W, while second and third steps are performed at 700 W and 
900 W for 60 seconds each. This procedure was described in the 
report of Kumar et al.74  

• tt - 200 mg rGnO and 21 mg palladium acetate (Pd(O2CCH3)2) are 
mixed in 20 ml ethanol (C2H5OH). The mixture is steered for 3 
hours under ambient conditions and then dried under vacuum. 
Then the mixture is heated in oven at 400 - 500 °C for 20 - 60 
minutes under air in 1 step with cooling down at ambient conditions.  

 
3.1.5. Deposition of membranes 
 
Graphene oxide dispersion was prepared by sonication of GO powder in 

water for 12 - 16 hours. Then solution was centrifuged to remove few-layered 
(or not exfoliated) flakes. GO membranes were prepared using filtration of 
the solution through alumina membranes (Anodisc 25, 0.2 μm, diameter: 25 
mm from Whatman GmbH). Finally, membranes were dried directly on 
alumina filters and separated from the support.151 The membranes were 
studied after several weeks of air drying at room conditions. 

 
 
 
 

32 
 



 

3.2. Characterization techniques 
3.2.1. X-ray diffraction (XRD) 
 
XRD was used in this study as one of the main methods for 

characterization of the intercalation/swelling of GO. XRD patterns were 
recorded using in-house X-ray diffractometers (Siemens D5000 and 
PANalytical X'pert) and synchrotron radiation (MAX-Lab, I711 beamline, 
Lund and Soleil, Psiché beamline, Paris). 

Structural characterization of powder samples at ambient temperature 
was performed using the Siemens 5000 diffractometer with CuKα1 and 
CuKαaverage (for low angles)) radiation (λaverage = 1.5418 Å), with reflection 
geometry in Bragg-Brentano theta-2 theta configuration. Here X-ray tube is 
fixed, while sample stage and detector are moving in the same angular 
direction.148 Part of the data collected during the last year of my thesis were 
acquired using more modern X-ray diffractometer PANalytical X'Pert with 
CuKa radiation (λaverage = 1.5418 Å). This diffractometer is equipped with 
TTK stage which allows to record XRD patterns in situ during the cooling 
and heating of samples. Typical recording time for both diffractometers was 
20 - 60 minutes per pattern.152 

Synchrotron radiation at beamline I711 of the National Laboratory for 
Synchrotron Radiation (MAX-lab) in Lund, Sweden was also used for studies 
of intercalation/solvation properties of powders and membranes. 
Synchrotron source provides much higher flux of X-ray radiation (λ = 
0.98987 or 0.99148 Å) with low beam divergence compared to in-house 
XRD apparatus, thus it allows studying larger lattice expansion with higher 
precision. Two-dimetional detector was used to record XRD images; it 
allows to significantly reduce the scanning speed with no loss in signal to 
noise ratio. Two dimensional images were integrated using the FIT2D 
software.148,151,153,154 XRD images were recorded during experiments with 
cooling of the samples using an Oxford Cryosystems (CryoStream 700+). 
Typical recording time was ~2 min per pattern. Unlike the in-house 
facilities, XRD images were collected from the samples loaded in glass 
capillaries (0.5 - 0.7 mm wide and 1 - 2 mm long) in transmission geometry, 
in some experiments with excess amounts of solvents.  

XRD patterns for high pressure experiments (see section 3.2.4.4. High 
pressure experiments) were recorded using synchrotron radiation (λ = 
0.4859 Å) at PSICHÉ beamline (SOLEIL), using a MARE Research image 
plate detector. These experiments were performed using Diamond Anvil Cell 
with 0.6 mm culet and stainless steel gasket. Samples were loaded into ~0.3 
mm hole with ruby ball and piece of gold wire for pressure calibration. The 
pressure was increased gradually, and XRD patterns were recorded (~2 
minutes per pattern) on every step during compression and decompression. 
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The two dimensional XRD patterns were integrated using Dioptase 3.1 
software.152 

 
3.2.2. Hydrogen sorption 
 
In this section I describe two techniques (gravimetric and volumetric) 

used to study hydrogen storage properties of materials.  
 

3.2.2.1. Gravimetric method 
 
The gravimetric method is widely used for the determination of 

hydrogen sorption properties of materials. This method uses the fact that the 
weight of the sample is increasing due to adsorption of a gas. The excess 
uptake can be calculated using the weight change once the buoyancy effect is 
taken into account. A hydrogen sorption measurement system based on 
gravimetric method (shown on Figure 18) contains several elements: a 
microbalance, a vacuum pump (for system evacuation), a thermostat (for the 
sample temperature control) and a gas supply system allowing accurate 
control of the pressure. 

 

 
Figure 18: A scheme of a basic gravimetric system. Reprinted from the “Rubotherm 
magnetic suspension balances” brochure155 with permission from Rubotherm GmbH. 
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Hydrogen uptake is measured using Rubotherm gravimetric system 
(Figure 19) following six step procedure:  

1) Degassing at high vacuum conditions and high temperature, dry-
state samples weight is measured and recorded to use later for uptake 
calculations.  

2) Hydrogen is slowly introduced into the sample chamber until 
required pressure achieved.  

3) Temperature, pressure and sample weight are equilibrated (typically 
15 minutes) and the weight difference is recorded. Full isotherm is then 
obtained by the stepwise increase of the pressure (repeating steps 2 and 3) 
with buoyancy corrections applied for each pressure.  

4) Hydrogen is removed and sample is degassed at vacuum conditions. 
The weight of sample recorded after complete desorption of hydrogen.  

5) Volume of sample and sample holder is determined using step-like 
increase of helium pressure to be used for calculations of buoyancy 
correction. 

6) The hydrogen uptake is calculated using the sample weight 
difference data and correction to the buoyancy effect. 

 

 
Figure 19: Schematic representation of the Rubotherm gravimetric balance: a - in 
calibration mode, b - in measurement mode; c - The photo of measurement cell. 
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Reprinted from the “Rubotherm magnetic suspension balances” brochure155 with 
permission from Rubotherm GmbH. 

 
Rubotherm gravimetric system used in my experiments is based on high 

precision magnetic suspension balance (see Figure 19). The magnetic 
balance consists of two magnets: permanent magnet located inside the 
chamber and electromagnet located outside of the chamber. The magnetic 
suspension allows to measure the sample weight in situ inside of sealed cell 
filled with gas. The Rubotherm system automatically records weight of 
sample, temperature inside of the cell and gas pressure. The system 
performs internal calibration every 2 - 3 minutes by placing the sample 
holder on the support and measuring the weight of empty balance pan (see 
Figure 19) (zero point). Correction of the weight difference to “zero point” 
allows to eliminate slow drift of measured weight due to environmental 
disturbances. Reliable measurements can be then achieved for long 
experiments (1 - 3 days) with low sample weight (50 mg - 10 g) and high 
precision (±0.01 mg). 

Details of experimental procedure are listed below: 
• The sample is placed into the sample holder (basket), the sample 

chamber is then sealed and evacuated for about 12 hours using 
turbopump (~ 10-5 bar) to remove moisture and gases sorbed from 
air. During this degassing step, the sample is heated to 110 - 150 °C 
using external heater. Temperatures up to 400 °C are available for 
degassing. 

• Hydrogen uptakes are typically measured at five different pressures 
of up to 120 bar (increased using manual dozing with 20 - 25 bar per 
step). Each pressure-point needs to be measured for at least 15 
minutes to equilibrate weight and temperature inside the 
experimental chamber. Sample temperature is controlled 
(stabilized) using external liquid circulation thermostat (typically set 
to 20 °C during the measurement). High purity hydrogen 
(99.9999%) is used. 

• Hydrogen desorption is typically evaluated in two steps: hydrogen 
pressure is first decreased to 1 bar and on the next step hydrogen is 
removed and vacuum degassing is applied. In case of ideal 
reversibility the weight of sample at that step must be identical to 
the weight of the sample prior to hydrogen sorption test.  

• Second, third and further isotherms can be recorded using the same 
procedure to verify reproducibility of sorption/desorption cycle. 

• Sample volume was determined usually by measuring the sample 
weight at different helium pressures (25 - 120 bar). In absence of 
sorption (valid assumption for helium) the weight difference occurs 
only due to the buoyancy effect which is strictly related to the 
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sample volume. The data are plotted as weight difference at every 
pressure point vs. fluid density (He) (Figure 20a). The slope of this 
line is equal to the total volume of sample holder and sample. This 
volume is used for buoyancy correction of hydrogen sorption data. 
The volume of empty (sample free) basket and holder are measured 
separately and used as a reference to calculate the volume and 
density of sample. 

 

 
Figure 20: a - Example of weight difference vs. fluid density plot obtained using He 
isotherm. The slope of linear fit provides volume of sample holder + sample. Sample 
volume and density are calculated using the data and reference volume of empty 
sample holder. b - A typical example of data recorded in process of hydrogen 
adsorption experiment showing the pressure, weight difference corrected with 
respect to zero point measurement and temperature evolutions with time. 

 
3.2.2.2. Volumetric method 

 
Volumetric method is the most common for hydrogen adsorption 

measurements and the most often cited in past reports of overestimated 
hydrogen uptakes. The method is based on pressure decrease due to gas 
sorption by a sample inside of the vessel with fixed volume. The main part of 
volumetric system is high precision manometer. The main problem of this 
method is related to unaccounted gas leaks which can be mistakenly 
interpreted as a gas sorption. 

A measurement system based on the volumetric method (shown on 
Figure 21) consists of dosing and reactor chambers with known volumes 
(shown as V1 and V2). Degassed sample is located in the reactor chamber 
and dozing volume is filled with gas at certain pressure. The gas pressure 
equilibrates at certain level when the valve between dozing volume and 
reactor is opened. In the absence of sorption the final pressure depends only 
on volumes V1 and V2 and can be easily calculated. The volume of sample 
should be measured in order to evaluate exact value of dozed volume Vreal = 
V2 - Vsample. Slightly lower pressure compared to the one calculated using V1 
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and Vreal will be recorded if the sample adsorbs some gas. Note that 
volumetric method provided the value of excess uptake similarly to the 
gravimetric method described above.  

 

 
Figure 21: A scheme of a basic volumetric system. Reprinted from the “Hiden 
Isochema. IMI Series.” brochure156 with permission from Hiden Isochema LTD. 

 
Hiden Isochema Intelligent Manometric Instrument (IMI) volumetric 

system used for the measurements of hydrogen sorption in my experiments 
is equipped with two reactors, «High Pressure» (HP) and «Liquid Nitrogen» 
(LN) (see Figure 21b). The LN reactor is connected to the HP reactor as an 
extension unit. It has several elements similar to gravimetric measurement 
system (a vacuum pump, a thermostat and a gas supply system with accurate 
control of the pressure). Calibration of dosing volume if performed 
automatically when calibration program is started using the software. 
Calibration of sample reactor volumes needs to be performed using 
calibration sample (steel cylinder) with known volume. HP reactor need to 
be calibrated prior to the calibration of LN reactor. Full calibration of all 
reactors is performed every 3 month to ensure no systematic error during 
measurements. 
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Figure 22: a - A schematic plot of a single dosing step (Pressure is measured inside 
dosing volume V1), b - A representation of the LN reactor immersed into the tank 
with liquid nitrogen, c - Loading of the sample and quartz wool into reactor, d - A 
scheme showing a dosing and reactor volumes presented in the volumetric system. 
Reprinted from the “Hiden Isochema. IMI Series.” brochure156 with permission from 
Hiden Isochema LTD. 

 
Hydrogen uptake measurement at certain pressure is performed in the 

apparatus shown schematically on Figure 21 in five steps (see Figure 
22a):  

1) Sample is loaded into the reactor and the system is sealed. The 
reactor is filled with helium at 50 bar and pressure is recorded for at 
least 10 minutes to verify the absence of leaks.  

2) Degassing of the sample is performed using high-vacuum pump. At 
this step valves B and C are opened to evacuate both V1 and V2. 
Reactor volume is heated to 110 - 150 °C depending on the sample 
type. After 12 hours, valves B and C are closed, reactor volume is 
cooled down to ambient temperature.  

3) Samples volume is measured using helium pycnometry procedure.  
4) Hydrogen is added to V1 at pressure P1 (Figure 22a Pressurization 

and Stabilization) by using valve A2.  
5) Valve C is opened: V2 is filled with the gas, pressures inside of V1 

and V2 are equilibrated (Figure 22a Dosing and Sorption). Final 
pressure (P2) is then used for calculation of the sorption by the 
sample.  
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A complete sorption isotherm is measured by repetition of the steps 4 
and 5 with stepwise increase of the pressure. Equation 1 can be used for the 
sorption calculation for ideal case when we have the same temperatures in 
reactor and dosing volumes:  

∆𝑛 = 𝑃1 𝑉1

𝑍T1 𝑅𝑇1
− 𝑃2 (𝑉1+𝑉2)

𝑍T2 𝑅𝑇2
    (1) 

where ∆n is the number of moles of hydrogen sorbed by the sample, ZT1 and 
ZT2 are the hydrogen compressibilities at the temperatures T1 and T2 and the 
pressures P1 and P2, respectively. Multiple measurements are performed to 
increase accuracy and allow checking if the sample is changing its volume 
after some pressure is applied. 

Schematic representation of reactor and dosing volumes in IMI system 
is shown on Figure 22d. LN reactor is represented as an extension for HP 
reactor. Total V2 becomes relatively large when LN reactor is used and its 
temperature needs to be carefully monitored across reactor volumes length. 
The total reactor volume V2 is partitioned into three interconnected zones: 
the thermostated sample volume (V2f), the temperature controlled cabinet 
(V2c), and the volume of interconnection (V2i). All these zones exist at 
different temperatures and provided by the temperature sensors. Volumes 
V2c and V2i typically have slightly different near-ambient temperatures, but 
the temperature of V2f can be much different. Moreover, V2f is presented in 
the setup as a long tube which is only partially exposed to the thermostat (or 
bath with a coolant). Correction coefficient is needed to calculate the amount 
of gas presented in the V2f; this coefficient is named “fractional volume” (fT2) 
and should be defined for each temperature. This is done by measuring 
hydrogen sorption isotherm on the calibration sample (steel cylinder). 
Fractional volume is found as the value which makes adsorption isotherm to 
show zero uptakes by the calibration sample. Calibration of the fractional 
volume is done right after dosing and reactor volumes calibration. 

Updated formula for calculation of total hydrogen sorption using 
redefined V2 is the following: 

∆𝑛 = 𝑃i 𝑉1

𝑍T1 𝑅𝑇1
− (𝑃f (𝑉1+ 𝑉2c)

𝑍T2c 𝑅𝑇2c
+ 𝑃f 𝑉2i

𝑍T2i 𝑅𝑇2i
+ 𝑃f (𝑉2 f∗𝑓T2−𝑉sample)

𝑍T2 𝑅𝑇2
)  (2) 

where Pi and Pf are initial (presented in closed V1) and final (when gas is 
distributed between V1 and V2) pressures, T1, T2c, T2i and T2 are the 
temperatures measured from different detectors and ZT1, ZT2c, ZT2i and ZT2 
are gas compressibilities at corresponding temperatures and pressures.  

Excess hydrogen sorption was calculated by the software (IMI Systems 
Software v2.02.46) automatically using implemented algorithm after the 
measurement is done.  

Experimental details are listed below: 
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• Combined coolant-circulation and heating thermostat system is 
used with HP reactor. It allows temperature control in the range 
from -250 to 500 °C with precision of ±1 °C.  

• Variation of the temperature of LN reactor is performed via 
immersion of the sample reactor part into the dewar containing 
coolant in liquid (liquid nitrogen, water) or solid (dry ice) form, or 
into the heater especially designed by Hiden Isochema. Immersion 
of the reactor into fixed temperature coolant provides precise 
control (±0.1 °C) of the samples temperature. 

• Typical used temperature for degassing (at 10-8 bar) is 110 - 150 °C 
and depends on the samples type.  

• Hydrogen sorption isotherms typically include 20 points (as 
recommended by the manufacturer) corresponding to different 
pressures of up to 120 bar. Each point required equilibration time of 
3 - 5 minutes for the pressure to stabilize if LN reactor is used. 
Longer time is needed for HP reactor (typically 5 - 10 minutes), due 
to larger variations of temperature. Note that changing number of 
points might affect the accuracy of measurements and shape of 
recorded isotherms.  

• We used powder samples (100 - 400 mg) which need to be covered 
by quartz wool (fiber-like material, typically 0.05 cm3 is used) to 
prevent contamination of the system. The wool is inert material 
which does not adsorb hydrogen (Figure 22c). The volume of the 
wool is calculated using its weight and known density.  

 
3.2.2.3. Gravimetric vs. Volumetric methods 
 
The isotherms were recorded using IMI and Rubotherm systems for H2 

pressures of up to 120 bar. The isotherms measured at ambient temperature 
using these two systems were compared and in most of the experiments 
showed good agreement. In case if agreement was not good, additional re-
calibration of the systems was performed or possible sample-related reasons 
for the difference were studied.  

 
Gravimetric method has following advantages (Rubotherm apparatus): 
• The main advantage of gravimetric technique is absence of H2 

uptake overestimation due to a small gas leaks typical for volumetric 
method. Small decrease of H2 pressure caused by leak will be 
accounted using buoyancy correction and rather minor decrease of 
hydrogen uptake value due to the change of pressure will be 
recorded.  

• Zero-point corrections (internal calibration) allow to avoid 
cumulative error during long experiment.  
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Drawbacks of gravimetric method: 

o Rubotherm system used in our lab does not allow to perform 
experiments below ~-100C. 

o Weight difference caused by buoyancy effect is much larger than due 
to adsorption, the main errors originate from corrections related to 
buoyancy.  

o Relatively long time (~15 min) required for the temperature 
equilibration at every pressure point. Longer time (compared to 
volumetric method) is required to record full isotherm. 

 
Advantages of volumetric methods (IMI apparatus): 
• The main advantage of IMI apparatus compared to Rubotherm is 

wide temperature interval available for sorption measurements 
(from 77 to 500 K). 

• The system allows automated measurements. The pressure, 
temperature, equilibration time interval, number of measurement 
point for given isotherm and dozing rate can be pre-programmed to 
allow rapid measurements.  

• Time per measurement point is less than in gravimetric system (3 - 7 
minutes).  
 
Disadvantages of volumetric technique methods (IMI apparatus): 

o Unaccounted leaks can easily be interpreted as gas sorption and 
result in overestimated “hydrogen adsorption”. If the leak is small, it 
can be difficult to detect and the measurement error will be 
accumulated during the isotherm recording which includes many 
pressure points. The errors are accumulated when pressure is 
changed from point to point. 

o Temperature stability is another parameter which needs to be 
carefully monitored during measurements. We performed full 
calibration every 3 month to ensure the temperature of surrounding 
air is roughly the same during measurements and calibration. 

o Fractional volume is of essential importance to define prior to a 
measurement in order to obtain correct hydrogen adsorption result. 
Fractional volume for every working temperature is calibrated after 
full calibration. 

 
Using both gravimetric and volumetric techniques allowed us to 

crosscheck density of studied materials and hydrogen uptakes at ambient 
temperature.  
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3.2.3. SSA and Pore Size Distribution Determination 
using Nitrogen sorption analysis 

 
Analysis of nitrogen sorption isotherm measured at 77 K is the most 

used method for determination of SSA, total pore volume, micropore volume 
and pore size distribution of the samples.  

The BET (Brunauer-Emmett-Teller) method is the most commonly used 
one to estimate SSA of the material from nitrogen sorption isotherm. The 
isotherm is measured using volumetric apparatus (see 3.2.2.2. 
Volumetric method) and analyzed on the basis of several assumptions:  

• In contrast to Langmuir theory of monolayer formation, BET 
accounts for adsorption of further layers above the first 

• Adsorption on flat surface is considered, no limit on the number of 
adsorbate layers is imposed.  

• The surface is energetically homogeneous and neighboring 
adsorbate molecules are not interacting to each other. 

• Adsorption and desorption rates are dependent on the adsorption 
and liquefaction energies, which are also assumed to be equal. 

 
These assumptions lead to the BET equation, 

𝑉 =  𝑉m𝐶𝑃

(𝑃0−𝑃)�1+(𝐶−1)(𝑃𝑃0
)�

     (3) 

where V is the volume of adsorbed phase, Vm is the volume of a complete 
monolayer formed via adsorption at the pressure P, P0 is the adsorptive 
saturation pressure and C is the BET constant which is related to adsorption 
energy.157,158 The linearised form of the BET equation (equation 4) is used 
for determination of the materials SSA, 

   𝑃
𝑉(𝑃0−𝑃)

=  1
𝑉m𝐶

+ �𝐶−1
𝑉m𝐶

� (𝑃
𝑃0

)    (4) 

We need to plot the left-hand side of this equation (P/V(P0 - P)) against 
relative pressure (P/P0) and to determine the slope and intercept of a 
straight line fit to the linear part of the resulting curve for the BET analysis. 
The slope will be equal to (C - 1)/VmC and the intercept to 1/VmC, so C and 
Vm could be calculated. 

The BET SSA, αBET, can then be calculated from the following 
expression, 

αBET = 𝑉m𝑁A𝜎     (6) 

where NA is the Avogadro constant and σ is the molecular area of the chosen 
adsorbate (0.162 nm2 for Nitrogen). The BET SSA is commonly defined 
using relative pressure interval (P/P0) from 0.05 to 0.3. But it is important 
to define the region of interest for the calculations on a case-by-case basis 
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using the plots of V(1-P/P0) vs. P/P0 to define the right limit (using the peak 
position)159 and P/V(P0-P) vs. P/P0 to define the left limit (by looking for the 
most points which are possible to use for linear fit). For microporous 
materials the range (P/P0) is typically lower than 0.1. The chosen P/P0 
region should be reported together with the BET SSA.160 

Example of nitrogen sorption isotherm measured for the thermally 
exfoliated HGO sample is shown on Figure 23a. BET SSA is determined in 
three steps after isotherm is measured:  

1) Define right limit for P/P0 interval (Figure 23c).  
2) Define left limit for P/P0 range (Figure 23b).  
3) The last step is typically performed automatically by the software: 

the slope and intercept are found based on defined P/P0 interval, 
then BET SSA is calculated. 
 

 
Figure 23: a - Nitrogen sorption isotherm; b - Plot of P/(V(P0-P)) vs. P/P0 allowing 
to define BET SSA using the slope and intercept of the fit line for the region of 
interest points; c - Plot of V(1-P/P0) vs. P/P0 allowing to define region of interest for 
BET SSA determination.159 

 
Type of the samples porosity could be defined just by looking on the 

form of Nitrogen adsorption isotherm (see Figure 24). 
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Figure 24: Types of adsorption isotherms according to IUPAC classification. 

 
The isotherms classification includes 6 types: 
• Type I isotherms normally measured on microporous adsorbents 

(pore diameters are less than 2 nm). 
• Type II isotherms are obtained for nonporous or macroporous 

materials (pore diameters are larger than 50 nm). 
• Type III or V isotherms are measured for materials which have 

weaker adsorbent-adsorbate then adsorbate-adsorbate interaction. 
• Type IV isotherms are normally obtained on mesoporous adsorbents 

(pore diameters are between 2 and 50 nm). 
• Type VI isotherms corresponds to layer by layer adsorption on 

materials with highly uniform surface. 
 
Quantitative estimation of pore sizes could be done using one of the 

many theoretical models applied to experimental data (nitrogen sorption 
isotherm). Many classical methods on a pore sizes determination (Barrett-
Joyner-Halenda, Dubinin-Radushkevich, Dubinin-Astakhov and Horvath-
Kawazoe) leads to underestimated pores sizes determination in microporous 
samples. The modern methods (Density Functional Theory (DFT), the 
Monte Carlo and Molecular Dynamics) are considered to be more 
accurate.160  

There are several types of DFT models which are different by the 
assumptions used for the interpretation of fluid-fluid interactions. The Non-
Local DFT (NLDFT)161 model has became a standard tool for the 
calculation of pore size distributions162 and is implemented in the software 
of many commercial adsorption apparatuses. However, the NLDFT model 
applied to carbon adsorbents produces artificial valley on the pore size 
distributions around 1 nm which is connected to assumption of flat, 
structureless, graphitic pore walls structure.163,164 The heterogeneity of the 
adsorbent surface (roughness) was accounted in the modified NLDFT 
model, named Quenched Solid DFT (QSDFT).165,166 The extension of this 
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method to Nitrogen adsorption with slit pore geometry was further 
developed and has been commercialized within Quantachrome’s data 
reduction software.167 

 

 
Figure 25: Pore size distribution simulated for the typical exfoliated HGO sample 
using the QSDFT method for the slit pore model (nitrogen sorption isotherm is 
shown on Figure 23). 

 
For our experiments we used Quantachrome Nova 1200e Nitrogen 

analyzer equipped with vacuum pump which allows to achieve P/P0 range of 
10-3 - 1. Samples are degassed at appropriate temperature (typically 120 - 150 
°C) under vacuum prior to the measurements. SSA and pore sizes 
distributions (using QSDFT model) calculations were performed using 
ASiQwin version 3.0 software (Quantachrome Instruments). 

 
3.2.4. Other used methods 
3.2.4.1. Thermogravimetric measurements 

 
Thermogravimetric Analysis (TGA) is a powerful technique used to 

detect the change in samples weight upon variation of the temperature. It 
allows to characterize adsorption/desorption, phase transition as well as to 
measure decomposition of a samples upon heating.  

In our experiments we used Mettler Toledo TGA/DSC1 instrument with 
the horizontal furnace design. Experimental details are listed below: 

• Typical sample weight for the measurement is less than 50 mg. 
• Measurements are typically performed by heating of the samples to 

700 - 1000 °C with the heating rate of 5 °C/min. 
• High precision balance provided measurement accuracy of 0.1 µg. 
• Typically the TGA traces were recorded under nitrogen flow.  
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TGA traces measured for BGO and HGO sample are shown on Figure 
26. 

 

 
Figure 26: TGA traces for typical HGO and BGO samples. The weight change trace 
and derivative plot of the weight change are shown. 
 

3.2.4.2. Scanning Electron Microscopy (SEM) 
 
The electron microscopy is based on either reflection or scattering of 

accelerated electrons reflected or passed through the sample. SEM technique 
gives a high magnification image with a good depth of field by detecting 
secondary or backscattered electrons ejected from the samples surface. 

SEM imaging was performed using a Carl Zeiss Merlin Field Emission 
Scanning Electron Microscope (FESEM) with SmartSEM V.5.05 software at 
Umeå Core Facility Electron Microscopy. Measurements details are listed 
below: 

• The samples are under vacuum during the measurements. 
• Magnification range 12 - 2000000 X. 
• Accelerating voltage: 20 V to 30 kV. 
• Probe current: 10 pA up to 300 nA. 
 
3.2.4.3. Infrared spectroscopy (IR) 
 
Characterization of GO was made using Fourier Transform IR (FTIR) 

method using the fact that absorption occurs at resonant frequencies (the 
absorbed radiation frequency matches the vibrational frequency) which are 
characteristics for certain functional groups. Example of IR spectra showing 
frequency regions for different bonds is shown on Figure 27. 
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Figure 27: Example of IR spectra. Reprinted from Carbon, Vol.52, You SJ., Luzan 
S., Szabo T., Talyzin AV., "Effect of synthesis method on solvation and exfoliation of 
graphite oxide", pp. 171-80, Copyright (2013), with permission from Elsevier. 

 
FTIR spectra were recorded using a Bruker IFS 66 v/S FT-IR 

spectrometer in diffuse reflectance mode at Vibrational Spectroscopy Core 
Facility at KBC. 

  
3.2.4.4. High pressure experiments 

 
High pressure experiments were performed using a Diamond Anvil Cell 

with a 0.6 mm culet and a stainless-steel gasket (see on Figure 28). GO 
powder sample and liquid solvent in excess amount were loaded into a ∼0.3 
mm hole. A piece of gold and a ruby ball were placed in the same hole to 
determine the pressure due to known equation of state and Raman shift, 
respectively. The pressure was increased gradually, and XRD patterns were 
recorded for every step during compression and decompression.152  

 

 
Figure 28: Schematic representation of a diamond anvil cell.  
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4. Results and discussion 
4.1. Graphite Oxide  
4.1.1. Structure 
 
I studied two types of GO synthesized using Brodie (BGO) and 

Hummers (HGO) oxidation routes (see Figure 9). HGO and BGO were 
previously demonstrated to show strong difference in e.g. swelling and 
exfoliation properties (see 2. Graphite Oxide). However, the nature of this 
difference remained unclear. Therefore, we performed detailed 
characterization of BGO and HGO samples to provide better understanding 
of correlations between swelling properties and materials structure, 
elemental composition and type of functionalization. 

Different oxidation degree of HGO and BGO typically characterized by 
C/O ratio could be one of possible reasons explaining difference in 
properties of these materials. Elemental composition of GO samples was 
verified using X-ray Photoelectron Spectroscopy (XPS) technique (see 
Figure 29a for example of XPS spectra for C1s).89 C/O ratios of studied 
HGO and BGO samples were found to be in the ranges between ~2.5 - 
2.7147,153,154,168 and 2.55 - 3.479,152,153 respectively. The broader range of 
oxidation degree for BGO is achieved due to stepwise oxidation procedure. 
BGO obtained using one oxidation step usually shows lower oxidation degree 
(C/O ~3.4) but after two oxidations the C/O ratio of BGO is in the same 
range as for typical HGO (~2.5 - 2.7). Despite similar oxidation degree, these 
materials show rather different swelling properties (see section 4.1.2. 
Effect of synthesis and oxidation degree on swelling/ 
intercalation). Therefore, we performed detailed characterization of HGO 
and BGO in respect of functionalization type and relative amount of different 
functional groups. C1s region of XPS spectra for HGO and BGO are 
qualitatively similar. However, different relative intensities are found for 
288.6 (288.8) eV peaks (see Figure 29a) of BGO and HGO. This peak is 
typically assigned to carbonyl (C=O) and carboxyl (C(=O)OH) groups. 

Therefore, HGO shows relatively larger amount of carbonyl and carboxyl 
groups but also lower amount of hydroxyl (C-OH) and epoxy groups 
compared to BGO. Note that the BGO samples with various oxidation 
degrees (BGOo1 and BGOo2) show only difference in relative intensities of 
some peaks, while HGO material is clearly different (will be discussed in 
next section). Carboxyl groups are typically located on the edges of GO 
layers, thus higher amount of C(=O)OH in HGO might indicate higher 
number of holes in micrometer size flakes compared to BGO. This 
conclusion is supported by the results obtained using FTIR spectroscopy 
(Figure 29b), another powerful method which allows to study 
functionalization of GO.  
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Figure 29: a - Deconvolution of XPS spectra for C1s of BGO and HGO samples89, b - 
FTIR spectra for HGO, two BGO samples with one and two oxidations, c - XRD 
patterns (intensity of BGO scan in lowered by 3 times) and d - NMR spectra obtained 
for powder HGO and BGO samples. Reprinted from Carbon, Vol.115, Talyzin AV., 
Mercier G., Klechikov A., Hedenström M., Johnels D., Wei D., Cotton D., Opitz A., 
Moons E., "Brodie vs. Hummers graphite oxides for preparation of multi-layered 
materials", pp. 430-40, Copyright (2017), with permission from Elsevier. 

 
Study of HGO and BGO samples using Nuclear Magnetic Resonance 

(NMR) spectroscopy provided the information on the distribution of the 
most important functional groups of GO. NMR spectra’s shown on Figure 
29d revealed smaller amount of sp2 carbons in BGO samples compared to 
HGO for samples with similar C/O ratio (2.5 for HGO and 2.7 for BGOo2 on 
Figure 29d). The functionalization with epoxy groups will result in a higher 
number of carbon atoms affected by oxidation for the same C/O ratio. 
Inhomogeneous oxidation of graphene oxide sheets in HGO was also 
reported to result in formation of nanometer size not oxidized areas on 
graphene oxide sheets.169-171  

Summarizing the results provided by XPS, FTIR and NMR, the 
difference between BGO and HGO is mostly limited to relative amount of 
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various functional groups and their distribution over the graphene oxide 
surface.  

Some difference between various GO samples can also be detected using 
XRD (see Figure 29c).89 Diffraction pattern of BGO typically reveals 
stronger and less broadened peak (001) compared to HGO. HGO samples 
also typically show slightly larger interlayer distance (d(001)) compared to 
BGO.  

 
4.1.2. Effect of synthesis and oxidation degree on 

swelling/intercalation  
 
Swelling/intercalation properties of HGO vs. BGO were studied earlier 

in our group in 2008-2013.89,99,100,119 These studies were performed using 
BGO provided through collaboration and only using relatively strongly 
oxidized samples. My work included synthesis of BGO materials using two 
step oxidation procedure. Two BGO samples with different oxidation degree 
were synthesized using one and two oxidation treatment steps (BGOo1 and 
BGOo2). This provided us with the opportunity to verify how oxidation state 
of BGO affects swelling and temperature dependent transitions between 
different swelling states. 

Note that during our study we slightly modified BGO oxidation 
procedure (described in 3.1.1 GO synthesis by Hummers (HGO) and 
Brodie (BGO) methods). XRD scan obtained from BGOo1 and BGOo2 

showed absence of peaks corresponding to precursor graphite. Therefore, 
using small improvement of the synthesis we achieved a complete 
transformation from the graphite to GO already after one oxidation step.  

BGOo1 showed swelling properties nearly identical to earlier studied 
BGO material with higher oxidation degree. Despite significant difference in 
oxidation degree between BGOo1 and BGOo2 (C/O 3.4 and 2.7 respectively), 
they showed very similar lattice expansion (8.93 and 9.05 Å respectively) 
when immersed in liquid methanol. Both BGOo1 and BGOo2 immersed in 
liquid methanol also exhibited typical phase transition at lower 
temperatures (d(001) increases to ~12.15 Å)100,121 with stepwise insertion of 
additional solvent monolayer into GO interlayer space (Figure 30).  

Diffraction peaks of BGO sample immersed in methanol become 
stronger compared to solvent free powder thus demonstrating swelling-
induced ordering of graphene oxide sheets. Unlike BGO, HGO sample with 
C/O ratio 2.71 studied using XRD shows broader peaks with lower 
intensities on intercalated samples, thus showing swelling-induced disorder 
of graphene oxide sheets. HGO immersed in liquid methanol also shows no 
phase transitions upon cooling (Figure 30b). The d(001) of HGO sample 
shows gradual shift which corresponds to increase of interlayer distance at 
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lower temperature. The swelling of HGO also results in much larger 
separation (up to ~18.8 Å) of the graphene oxide layers compared to BGO.172  

 

 
Figure 30: a - XRD patterns recorded during cooling of BGOo1 sample immersed in 
liquid methanol, b - Interlayer distance (d(001)) plotted as a function of temperature 
for BGOo1, BGOo2 and HGO samples immersed in liquid methanol. Reprinted from 
Carbon, Vol.115, Talyzin AV., Mercier G., Klechikov A., Hedenström M., Johnels D., 
Wei D., Cotton D., Opitz A., Moons E., "Brodie vs. Hummers graphite oxides for 
preparation of multi-layered materials", pp. 430-40, Copyright (2017), with 
permission from Elsevier. 

 
Summarizing this section, surprisingly little difference was observed 

between swelling properties of BGO prepared using one and two step 
oxidation procedures despite significant difference in the oxidation degrees 
of these materials. It can be concluded that the synthesis method rather than 
degree of oxidation has decisive importance for intercalation properties of 
GO. We argue that Brodie oxidation provides more homogeneous oxidation 
of graphene oxide sheets which is reflected in more ordered structure and 
provides conditions for step-like solvent intercalation into BGO.  

 
4.1.3. Reversible delamination of HGO immersed in 

Acetonitrile 
 
The effect of temperature induced intercalation of additional solvent 

into GO structure was studied on many GO/solvent systems prior to my 
work.99,100,123,130,173 These studies were extended to include several other 
polar solvents. As a result, we discovered new type of swelling transitions for 
HGO immersed in excess of liquid acetonitrile described in this section.  

The HGO sample immersed in liquid acetonitrile at room temperature 
revealed expected expansion of the lattice due to solvent intercalation. 
However, experiments with in situ synchrotron radiation (XRD) performed 
under conditions of temperature variations revealed a set of unusual 
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swelling phase transformations in the HGO/acetonitrile system (see Figure 
31).154 

 

 
Figure 31: XRD patterns for cooling (a) and interlayer distances for cooling and 
heating (b) of HGO immersed in Acetonitrile. Insets on figure b shows recorded XRD 
images. Reprinted from Nanoscale, Vol.7, Talyzin AV., Klechikov A., Korobov M., 
Rebrikova AT., Avramenko NV., Gholami MF., Severin N., Rabe JP., "Delamination 
of graphite oxide in a liquid upon cooling", pp. 12625-30, Copyright (2015), with 
permission from RSC. 

 
Slow cooling (3 K/min) of HGO sample immersed in Acetonitrile 

showed an increase of interlayer distance from 14.09 up to ~16.6 Å (at 260 
K). Further decrease of the temperature resulted in complete delamination 
of the sample, as evidenced by broad diffuse scattering which appeared 
instead of well defined (001) diffraction ring. The crystalline phase is 
recovered after further cooling below freezing point of bulk acetonitrile 
(~200 K). The effect is fully reversible and the same set of transformations 
occurs backwards upon increase of the temperature back to ambient 
(Figure 31).154 

Similar experiments were performed also with BGO immersed into 
liquid acetonitrile. Swelling of BGO at ambient temperature was found to 
result in interlayer lattice expansion from 6.9 to 8.99 Å. The insertion of 
additional solvent monolayer evidenced by step like increase of d(001) up to 
12.45 Å was observed upon cooling the sample below ~279 K. The transition 
between one layer and two layered solvate states observed for 
BGO/acetonitrile is very similar to the transition previously found for BGO 
immersed in several other polar solvents.97,100,121,174 The thickness of 
acetonitrile monolayer (~3.5 Å) in GO structure could be roughly estimated 
using phase transition observed during cooling of BGO. Therefore, the HGO 
lattice expansion upon cooling at ~260 K (prior to complete delamination) 
corresponds to the insertion of approximately three solvent monolayers. 
Once again, the gradual change of d(001) should be assigned to effects of 
interstratification and intrastratification.  
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The reversible delamination of GO upon temperature variation was 
never observed previously and so far remains to be unique only for 
HGO/Acetonitrile system. 

 

 
Figure 32: XRD patterns for cooling of BGO immersed in Acetonitrile. Reprinted 
from Nanoscale, Vol.7, Talyzin AV., Klechikov A., Korobov M., Rebrikova AT., 
Avramenko NV., Gholami MF., Severin N., Rabe JP., "Delamination of graphite oxide 
in a liquid upon cooling", pp. 12625-30, Copyright (2015), with permission from RSC. 

 
The appearance of delaminated (jelly) phase can be related to a change 

of the individual graphene oxide flake shapes from planar-like to wrinkled 
(Figure 33). Deformations of the flakes shape suggestively leads to the 
change of GO ordering from nearly parallel layered state into the strongly 
disordered structure. We suggest that the difference in swelling between 
HGO and BGO is related to rather different distribution of functional groups 
over graphene oxide planes. More homogeneous oxidation of BGO compared 
to HGO leads to better crystallinity. Better ordering of BGO layers is 
evidenced e.g. by almost four times smaller value of (FWHM) measured for 
(001) reflection.153 

 

 
Figure 33: Schematic representation of HGO multilayer packing at ambient 
temperature (a), after cooling down to ~260 K (b), between ~200 and 260 K (c). 
Reprinted from Nanoscale, Vol.7, Talyzin AV., Klechikov A., Korobov M., Rebrikova 
AT., Avramenko NV., Gholami MF., Severin N., Rabe JP., "Delamination of graphite 
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oxide in a liquid upon cooling", pp. 12625-30, Copyright (2015), with permission 
from RSC. 

 
The swelling of GO is connected with the interaction between functional 

groups of oxidized regions and solvent molecules. Therefore, insertion of 
additional solvent molecules at lower temperatures is likely to occur mostly 
over oxidized regions of GO flakes. We suggest that homogeneous oxidation 
of graphene oxide flakes in BGO results in formation of solvent monolayers. 
Sharp transition between one and two monolayer states is observed by XRD 
and DSC in the BGO structure. The size of oxidized and oxidized areas of 
graphene oxide flakes in HGO is likely to be larger and they are randomly 
distributed. Therefore, we suggest that interaction of solvent molecules over 
oxidized regions and absence of this interaction over not oxidized regions of 
these graphene oxide sheets induce curvature, wrinkling and corrugations of 
GO layers. When deviations from a planar shape due to conformational 
changes becomes too strong (HGO/acetonitrile 200 - 260 K), the packing of 
GO layers is completely destroyed and the jelly phase is formed. 

As a conclusion, we reported reversible enormous lattice expansion of 
HGO in Acetonitrile upon cooling. The reversible swelling transition 
between a stacked crystalline phase and an amorphous jelly phase observed 
upon temperature variations in GO/acetonitrile system provides 
opportunities for preparation of new composite GO materials intercalated 
with larger molecules or nanoparticles. The intercalant molecules can be 
introduced into GO interlayer space while the system is in jelly phase and 
trapped between layers of GO when the system is heated back to room 
temperature. The thermo-responsive transition between the delaminated 
and the stacked phase can also used for sonication-free dispersion of 
graphene oxide. 

 
4.1.4. Orientation of solvent molecules intercalated 

into BGO studied on 1-octanol 
 
1-Octanol is larger alcohol molecule with the formula CH3(CH2)7OH. It 

is liquid between -16 and 195 °C thus providing opportunity to study GO 
swelling in rather broad temperature interval. Low vapor pressure results in 
rather slow evaporation rate of this solvent at room temperature which 
results in higher on air stability of GO/1-octanol solvates. 1-Octanol is 
immiscible with water due to presence of long hydrophobic alkane chain.  
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Figure 34: XRD scans for BGO in dry-state and if immersed into liquid 1-octanol 
(a). Simplified models of lattice expansion due to intercalation of solvent molecules 
into GO. “Stand up” (c) or parallel (b) orientation of solvent molecule relative to 
graphene oxide layers. Reprinted from Nanoscale, Vol.9(20), Klechikov A., Sun J., 
Baburin IA., Seifert G., Rebrikova AT., Avramenko NV., Korobov MV., Talyzin AV., 
"Multilayered intercalation of 1-octanol into Brodie graphite oxide.", pp. 6929-36, 
Copyright (2017), with permission from RSC. 

 
Immersion of BGO sample into 1-octanol leads to significant increase of 

GOs interlayer distance up to 23.4 Å at ambient temperature (Figure 34a). 
BGO intercalated by relatively large long-chain alcohol molecules of 1-
octanol shows better lattice ordering compared to pristine BGO. Almost 5 
times smaller FWHM of (001) peak was observed for 1-octanol immersed 
material as compared to reference solvent free state of BGO. Better ordering 
of BGO layers is also evident from presence of higher order reflections from 
(00ℓ) set (ℓ up to five).  

Relatively large lattice expansion of GO due to swelling in 1-octanol was 
explained in early studies by the structural model which suggests “stand up” 
orientation of molecules relative to graphene oxide layers (Figure 34c). 
Alternative structural model is shown in Figure 34b and suggests 
formation of parallel to the graphene oxide layers system of four 1-octanol 
layers. However, diffraction patterns of BGO/1-octanol samples do not 
provide information about the structure of intercalated molecules due to the 
absence of reflections from intercalated solvent.  
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Figure 35: XRD data recorded from BGO/1-octanol sample during cooling in 

situ: XRD scans (a) and interlayer distances (b) indicates lattice expansion with 
insertion of additional solvent monolayer. Reprinted from Nanoscale, Vol.9(20), 
Klechikov A., Sun J., Baburin IA., Seifert G., Rebrikova AT., Avramenko NV., 
Korobov MV., Talyzin AV., "Multilayered intercalation of 1-octanol into Brodie 
graphite oxide.", pp. 6929-36, Copyright (2017), with permission from RSC. 

 
Experiment with cooling of BGO/1-octanol sample (to ~-23 °C) showed 

increase of BGO interlayer distance by ~4.5 Å (see Figure 35).152 Near 
stepwise expansion of BGO interlayer space during decrease of the 
temperature is in agreement with insertion of one additional 1-octanol layer 
in parallel orientation. Increase of temperature allows the sample to recover 
its ambient phase with d(001) ~23.4 Å. 

 

 
Figure 36: XRD data recorded from BGO/1-octanol sample during increase of 
pressure in situ: XRD scans (a) and interlayer distances (b) indicates stepwise lattice 
expansion (near 0.7 GPa) with insertion of additional solvent monolayer. Reprinted 
from Nanoscale, Vol.9(20), Klechikov A., Sun J., Baburin IA., Seifert G., Rebrikova 
AT., Avramenko NV., Korobov MV., Talyzin AV., "Multilayered intercalation of 1-
octanol into Brodie graphite oxide.", pp. 6929-36, Copyright (2017), with permission 
from RSC. 
 

Expansion of BGO immersed in 1-octanol is also observed upon 
compression of the sample at room temperature (Figure 36).152 Increase of 
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BGO interlayer distance up to ~28 Å was observed at high pressure (above 
~0.7 GPa) and is similar to the one measured at low temperatures and 
ambient pressure. One can clearly see coexistence of both ambient an high 
pressure phases in the XRD pattern recorded at 0.6 GPa (d(001)~23.6 and 
d(001)~27.9 Å ). Expansion of GO lattice upon increase of pressure is 
reversible. Once the pressure is decreased back to ambient, the pristine 
phase is recovered. 

The ~4.5 Å change in the interlayer distance observed in the BGO/1-
octanol system upon pressure and temperature variation corresponds to the 
size of octanol molecule inserted in parallel to graphene oxide sheets 
orientation. However, it could also be explained by change in the angle 
between the graphene oxide and 1-octanol molecules to the “standing up” 
orientation, as suggested by early studies.124,173 This explanation can be ruled 
out thanks to the experiments where the composition of ambient 
temperature phase (determined using isopiestic method) was compared to 
the composition of BGO/1-octanol near the temperature of solvent freezing 
found using DSC (see introduction section, 2.3.1. 
Swelling/Intercalation). The amount of intercalated 1-octanol was found 
to increase from 0.88 g/g at room temperature to 1.10 g/g at the melting 
point temperature. Therefore, the phase transformations shown in Figures 
35 and 36 should be explained by insertion and de-insertion of octanol into 
BGO structure.  

The evidence for the layered structure of BGO/1-octanol was also 
obtained using XRD data recorded in process of solvent evaporation. The 1-
octanol evaporates rather slowly at room temperature. Therefore, we made 
experiments with slow increase of the sample temperature under vacuum 
condition which accelerates solvent evaporation. XRD data recorded during 
evaporation of 1-octanol are shown on Figure 37. 

The XRD patterns shown on Figure 37 exhibit four distinctly different 
sets of (00ℓ) reflections which emerge in process of solvent evaporation. 
Higher temperatures of heating or longer solvent evaporation results in 
progressively smaller d(001) with decrease by ~4 - 4.5 Å on each step of the 
octanol removal (Figure 37b). Analysis of XRD patterns recorded in the 
process of 1-octanol evaporation allows to identify three new BGO/1-octanol 
phases with interlayer distances that correspond to one-layered (∼9.9 Å), 
two-layered (14.6 Å), and three-layered (19.4 Å) solvate phases in addition to 
the ambient solvent immersed phase with d(001)~23.4 Å. This set of XRD 
patterns would be rather difficult to explain by change in the angle of 1-
octanol molecules to “stand up” orientation. Summarizing the data shown on 
Figures 35-37152 we provide the evidence for multilayered intercalation of 
1-octanol into BGO structure with orientation of solvent molecules parallel 
to graphene oxide sheets.  
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Figure 37: XRD data recorded from BGO/1-octanol sample at elevated 
temperatures under vacuum: XRD scans (a) and interlayer distances (b) showing 
phases with 4, 3, 2 and 1 solvent monolayers intercalated between graphene oxide 
layers. Reprinted from Nanoscale, Vol.9(20), Klechikov A., Sun J., Baburin IA., 
Seifert G., Rebrikova AT., Avramenko NV., Korobov MV., Talyzin AV., "Multilayered 
intercalation of 1-octanol into Brodie graphite oxide.", pp. 6929-36, Copyright 
(2017), with permission from RSC. 

 
4.1.5. Layered intercalation of alcohols with different 

numbers of C atoms 
 
Multilayered intercalation of 1-octanol into BGO structure indicates that 

other long chain alcohols are likely to form multilayered solvates as well. Old 
studies from 1960-s provided ambient temperature data for GO immersed 
into alcohols with up to 18 carbons in the alkane chain. Assuming that 
multilayer intercalation is valid for all these alcohols, the expansion of GO 
interlayer spacing up to ~50 Å (for octadecyl alcohol containing 18 C atoms) 
(Figure 14a)123 requires insertion of 10 octadecyl layers. Progressively 
larger number of solvent layers should be assumed for longer chain alcohols 
in order to explain the data shown in Figure 14a by multilayered sorption 
of solvents.  
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Figure 38: Interlayer distance of GO intercalated by alcohol molecules of different 
length. Data points shown by star symbols (⋆) are obtained in this study for BGO in 
various alcohols or from earlier studies made in our group.97 Data points collected 
from other studies are shown by (▼)124 and (▲)123 for ambient temperature and by 
(■)123 and (●)175 for 223 and 240 K, respectively. Reprinted from Nanoscale, 
Vol.9(20), Klechikov A., Sun J., Baburin IA., Seifert G., Rebrikova AT., Avramenko 
NV., Korobov MV., Talyzin AV., "Multilayered intercalation of 1-octanol into Brodie 
graphite oxide.", pp. 6929-36, Copyright (2017), with permission from RSC. 

 
Further experiments are required to verify this concept for all alcohols in 

the set, but so far available results are in agreement with progressively larger 
number of solvent layers intercalated into GO for alcohols with longer 
chains. We performed additional experiments on intercalation of BGO by 
several other alcohols (heptanol, hexanol, pentanol and butanol) at ambient 
conditions to verify the results from earlier study123. Figure 38 shows 
summary of all results so far available for BGO swelling in liquid alcohols 
and includes our earlier results obtained for intercalation of methanol, 
ethanol and propanol. New data are compared to the results published in 
1960-s. The swelling of BGO evaluated in our studies is found to be in a good 
agreement with report by Garcia et al.123 Note that this old study was made 
using GO synthesized with Staudenmaier method. Detailed description of 
GO composition (C/O ratio) and other characterization were not provided by 
Garcia et al.123  

Figure 38 includes novel results related to phase transitions between 
phases with different number of solvent layers. These phase transitions are 
found for methanol, ethanol and propanol, no phase transitions so far found 
for several larger alcohols (butanol to heptanol) and starting from octanol 
the transitions are again presented. The general overview of Figure 38 
allows to suggest that formation of layers with thickness of about 4.5 Å is 

60 
 



 

typical for all BGO/alcohol systems. However, it remains unclear why the 
number of solvent layers increases proportionally to the length of alcohol 
chain. Figure 34b shows one possible structure with regular and well 
distingushed octanol layers. Another possible mechanism (shown on Figure 
39) illustrates suggestive mechanism of alkylammonium ions intercalation 
into GO structure.176 The model suggests that certain attachment points are 
distributed randomly over the surface of graphene oxide sheets. If the length 
of chain molecule exceeds the distance between these attachment points, the 
molecules will overlay each other and fill the space between GO sheets with 
interlayer distance which will correspond to “multilayered” structure.  

 

 
Figure 39: The model showing expansion of GO corresponding to two (a) and three 
(b) layers of solvents (n-alkylamonium). Reprinted from Colloid and Polymer 
Science, Vol.276(7), Dekany I., Kruger-Grasser R., Weiss A., "Selective liquid 
sorption properties of hydrophobized graphite oxide nanostructures", pp. 570-6, 
Copyright (1998), with permission from Springer. 

 
It needs to be noted that HGO immersed in liquid alcohols or other 

solvents does not show phase transitions with stepwise increase of interlayer 
distance. HGO in 1-octanol showed gradual lattice expansion upon cooling 
with similar to BGO/1-octanol interlayer spacing at low temperature (~28 Å 
at 251 K) and absence of step-like transitions. 

 
4.1.6. Structure and swelling of HGnO membranes 

 
GnO membranes are materials prepared using GO dispersed in water 

and passed through fine filter. The membranes are composed by the same 
GnO flakes as precursor powders of GO and form multilayered assemblies 
with rather similar interlayer distance evaluated using d(001) (see Figure 
40). GnO membranes were recently proposed for nanofiltration and 
solvents separation application.132,140 These studies emphasized mostly some 
exciting properties of GnO membranes, but often with over-simplified views 
on swelling and unrealistic structural models related to the membrane 
permeation mechanisms. For example, the authors of ref132,140 assumed that 
swelling of GnO membranes is the same as for GO powders and remains to 
be the same as for pure water in any solvents and solutions independently on 
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concentration. However, our recent study showed solvation properties of 
membranes in water and alcohols are significantly different compared to 
their powder precursors.177  

We believe also that it is very important to study not only advantages but 
also limitations of GnO membranes for various applications. Since the 
swelling of GnO membranes controls the size of permeation channels, it is 
rather important to understand main parameters which affect interlayer 
separation in GnO membrane structure. 

 

 
Figure 40: SEM images of HGnO membrane sample from different views: a - edge, 
b - planar. Reprinted from Nanoscale, 7(37), Klechikov A., Yu J., Thomas D., Sharifi 
T., Talyzin AV., "Structure of graphene oxide membranes in solvents and solutions", 
pp. 15374-84, Copyright (2015), with permission from RSC.  

 
Note that GnO membranes used in our study on swelling/intercalation 

were prepared using HGO as a precursor. Lattice expansion (d(001)) of HGO 
powders and HGnO membranes in different solvents and solutions are 
summarized in Table 2 and will be discussed in further sections.  

 
Table 2: Interlayer spacing’s, measured in our group for HGO powder and HGnO 
membrane samples immersed in some solvents and solutions.  

Solvent/Solution 
HGO 

Powder 
(7.5Å) 

HGnO 
Membrane 

(7.5 Å) 

 
HGnO membranes in polar solvents 

 
Acetonitrile 14.0 Å 9.0 Å 
Acetone 12.5 Å 8.7 Å 
Dioxolane 14.5 Å 8.5 Å 
DMSO 19.8 Å 18.6 Å 
DMF 17.7 Å 13.8 Å 
Ethylene glycol 

 
7.7 Å 
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Chloroform 14.6 Å 8.8 Å 
Trimethylamine 12.7 Å 8.2 Å 
1-methyl-2-pyrrolidinone 18.1 Å 16.7 Å 
N,N dimethylacetatamid 16.2 Å 15.4 Å 

 
HGnO membranes in aqueous and methanol solutions 

 
Water 12.7 Å 12.3 Å 
KBr in water (1M) 

 
13.07 Å 

NaCl in water (1M) 
 

12.42 Å 
NH4F in water (1M) 

 
12.2 Å 

Formic acid in water (2M) 
 

12.2 Å 
Phenylboronic in methanol (1M) 

 
12.57 Å 

Benzene-1,4-Diboronic acid in methanol (1M) 
 

12.64 Å 

NaOH in water 
0.01M 

 
13.5 Å 

<0.01M 
 

∞ 

NaHCO3 in water 
 

1M 14.9 Å  
0.5M 16.92 Å  
0.2M ∞ ∞ 

CH3COONa in water 
1M 14.42 Å  

0.5M 14.42 Å & ∞  
0.2M ∞ 13.4 Å 

LiF in water (Excess, ~0.1M) ∞ ∞ 
 

HGnO membranes in alkylamines and methanol solutions 
of alkylammonium salts 

 
Octylamine ~28.07 Å ~28.07 Å 
Hexadecylamine in methanol 30.99 Å 31.56 Å 
Octadecylamine in methanol ~34.5 Å ~34.5 Å 
HDTMA 35.09 Å 32.65 Å 
Toluene (for the membrane 
functionalized using HDTMA) 

46-47 Å 46-47 Å 

 
4.1.6.1. HGnO membranes in polar solvents 

 
Both HGO powders and HGnO membranes do not exhibit swelling in 

non-polar solvents but are easily intercalated by polar solvents. We revealed 
that intercalation of the membranes by the solvents can be either very 
similar compared to the powders (Type I) or very different (Type II) in 
respect of interlayer distance expansion provided by d(001). Therefore, 
estimation of GnO membrane swelling properties using the d-spacings data 
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obtained in experiments with powders is incorrect and can be misleading for 
some systems. 

Swelling of HGO powders and HGnO membranes in several liquid polar 
solvents showed rather different expansion of interlayer distance. For 
example intercalation of dioxolane (Figure 41b) into HGO powder sample 
results in increase of interlayer spacing to 14.5 Å, while the membrane 
expands to only 8.5 Å. Therefore, swelling of GO powder in dioxolane 
corresponds to insertion of two solvent monolayers between graphene oxide 
layers, while expansion of the membrane is smaller than the size of 
dioxolane molecule. Note that d(001) should not be directly equalized to the 
value of interlayer distance in GO structure. XRD method provides only 
some averaged value over thousands of GnO layers. The d(001) of HGO 
samples often change gradually due to the effect of interstratification and 
non-uniform intercalation of interlayers on the nanometer scale 
(intrastratification).105 The Type I systems include also acetonitrile, 
chloroform, trimethylamine, and acetone (see Table 2). Note that XRD 
patterns were recorded from solvent immersed samples repeatedly until 
further changes could not be detected, for some systems the measurements 
were repeated again after 12 - 24 hours of solvent immersion to verify for 
possible slow changes. We cannot rule out very slow changes of structure 
which could, in principle, occur over several days. However, our experiments 
showed that the Type I systems maintain the same d-spacing even after 
prolonged immersion in liquid solvents for several hours.  
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Figure 41: XRD patterns recorded at ambient temperature for HGO powder and 
HGnO membrane immersed in excess amounts of liquid solvents: a - Acetone, b - 
Dioxolane, c - DMF, d - DMSO. Reprinted from Nanoscale, 7(37), Klechikov A., Yu 
J., Thomas D., Sharifi T., Talyzin AV., "Structure of graphene oxide membranes in 
solvents and solutions", pp. 15374-84, Copyright (2015), with permission from RSC. 

 
Another type of intercalation (Type II) where solvation properties of 

membranes and powders are more similar to each other is observed for 
several other tested solvents, such as N,N-dimethylacetatamid, 1-methyl-2-
pyrrolidinone and DMSO (Figure 41d and Table 2). The HGnO membrane 
intercalated by DMSO showed lattice expansion up to 18.8 Å, very similar to 
d(001) measured for powder sample (~19.6 Å). This expansion indicates 
insertion of several solvent monolayers between graphene oxide layers. The 
peak from non-intercalated part of the membrane (d(001) = 7.28 Å) was 
found to decrease in intensity rather slowly and disappeared only after ~120 
minutes. Therefore, Type II intercalation is sometimes characterized by 
much slower kinetics observed for HGnO membranes compared to HGO 
powders.  

Rather distinct type of intercalation was observed for 
dimethilformamide (DMF) (Figure 41c). The thickness of DMF monolayer 
intercalated in BGO structure is known from our earlier study ( ~4.4 Å).100 
Interlayer expansion corresponding to insertion of two DMF layers was 
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observed for HGO membrane, while the lattice expansion of HGO powder 
corresponds to intercalation by three solvent monolayers. Thus, DMF could 
not be characterized as having Type II intercalation due to significant 
difference in interlayer distances of intercalated membrane and powder. 
This difference is even stronger to Type I intercalation. 

In conclusion, we showed that the swelling/intercalation properties of 
GnO membranes can be very different compared to precursor GO powder 
and somewhat unpredictable. Note that we used pieces cut from the same 
membrane in all experiments described in this section. Therefore, the GnO 
membranes swelling needs individual characterization for each solvent and 
the data obtained using powder GO cannot be used to predict swelling of the 
membranes. We suggest that permeation properties of GnO membranes 
depend on the type of intercalation (Type I or II). Solvents which correspond 
to Type II intercalation are expected to show much better permeation 
through GO membranes due to larger size of “permeation channels” 
provided by swelling. 

 
4.1.6.2. HGnO membranes in aqueous solutions 
 
Once again, some literature reports assumed that swelling of GnO 

membranes in solutions of any salts or molecular solutions is the same as in 
pure water. For example permeation of Na ions trough GO membrane was 
reported as if it was not dependent on the precursor chemical which 
dissociates in water.132 However, even the very first papers where GO 
swelling effect was discovered in 1930-s already reported that swelling is pH 
dependent and complete dissolving of material occurs for pH value in the 
range 7 - 12 e.g. in NaOH solutions.178 It is only one of many obvious 
examples which illustrates that not only the nature of ions (e.g. Na+) but also 
the source of these ions (e.g. NaCl and NaOH) are of critical importance for 
permeation through GO membranes. The nature of solute may affect 
swelling of GO membranes in many different ways and even result in 
complete dissolving of membranes. Delamination of GO in slightly basic 
solutions was very well known by 60-s104 and used in many modern studies 
as a method to prepare GnO dispersions using sonication free method.130,179 
However, these experiments were performed only using GO powders. 
Therefore, we tested GnO membranes for swelling in several solutions to 
verify if the swelling is affected by pH and concentration of solutes. 

Our experiments confirmed that the interlayer distances of HGnO 
membranes (12.3 Å) and HGO powder (12.7 Å) immersed in water are 
similar (Type II intercalation).  

 We found that HGnO membranes demonstrate similar effect of 
dissolving in basic solutions but sometimes with slower kinetics compared to 
GO powders. Both HGO powders and HGnO membranes demonstrated 
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similar interlayer spacing’s in water, acidic and neutral salts. For example in 
solutions of KBr(1 M) - 13.07 Å, NaCl(1 M) - 12.42 Å, NH4F(1 M) - 12.2 Å and 
formic acid(2 M) - 12.2 Å. Minor change of d-spacing’s to 12.57 and 12.64 Å 
were also observed for acidic solutions of phenilboronic(1 M) and Benzene-
1,4-diboronic(1 M) acids in methanol respectively. Penetration of solutions 
into HGnO membranes was found to be typically slower and takes some tens 
of minutes compared to 3 - 4 minutes for HGO powders.  

The averaged interlayer distance (d(001)) provides sizes of “channels” 
available for permeation through HGnO membrane. Therefore we can 
partially confirm ion size effect reported by Nair et al132 (and later Joshi et 
al140) which was observed for permeation of several ions through GO 
membranes. However, only acidic salts were tested in that study while the 
effect of ion size was stated to be general for any molecules and solutions. 
Experiments described below show that this claim in not valid. 

XRD patterns recorded from HGO powder shows no visible peak from 
the sample right after immersion into NaOH(0.01 M), while HGnO 
membrane is slowly dissolved during many hours.  

Further experiments showed that HGnO membranes dissolve also in 
some other basic solutions. HGO powder sample immersed into NaHCO3 
solutions of different concentrations (see Figure 42a) showed similar to 
NaOH concentration dependence. The powder sample delaminates 
completely if concentration of NaHCO3 is below 0.2 M. HGnO membrane 
immersed in NaHCO3(0.2 M) showed slow increase of interlayer spacing 
from 13.4 to 14.2 Å during first six hours, followed by complete delamination 
as observed after 24 hours. The (001) reflection of GnO membrane was 
found to shift slowly and decrease in intensity during first few hours in 
solution until the membrane is fully dissolved in NaHCO3 or NaOH 
solutions. The membrane loses its outer layers one by one while the core 
remains well packed. In this case, the delaminated part of membrane gives 
contribution to the diffraction pattern, while the (001) peak is recorded from 
the remaining part of the membrane.  
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Figure 42: Integrated XRD pattern for GO powder immersed in NaHCO3 aqua’s 
solutions with different concentrations (a), XRD images recorded from HGO samples 
in aqua’s solutions: b-c - HGO powders in NaAc 1 M and 0.5 M solutions, d - HGnO 
membrane in NaAc 0.5 M solution, e - HGnO membrane in 0.1 M LiF solution. 
Reprinted from Nanoscale, 7(37), Klechikov A., Yu J., Thomas D., Sharifi T., Talyzin 
AV., "Structure of graphene oxide membranes in solvents and solutions", pp. 15374-
84, Copyright (2015), with permission from RSC. 

 
Almost immediate delamination was observed for GO powder and GnO 

membrane immersed in saturated LiF solution (Figure 42d,e). Immersion 
of HGO powder in sodium acetate (NaAc) showed that powder sample is 
completely delaminated in 0.2 M solution (Figure 42b,c). In contrast, GnO 
membranes did not dissolved in NaAc solutions with the same and lower 
concentrations (Figure 42d). Both LiF and NaAc provide basic pH 
solutions, but swelling of GnO membranes in these solutions is remarkably 
different. Once again our experiments demonstrate that swelling properties 
of GnO membranes cannot be described or predicted using data on swelling 
GO powder. 

Our experiments demonstrated limitations of HGnO membranes for 
nanofiltration applications. The membranes are not suitable for 
nanofiltration of at least some basic salts and solutions due to strong 
dependence of interlayer distance on concentration and complete 
delamination at certain concentration range. Each salt with its exact 
concentration in solution needs individual study for the effect on GnO 
membrane structure.  

 
4.1.6.3. HGnO membranes in alkylamines and 

methanol solutions of alkylammonium salts 
 
Some of the earlier studies reported that molecules and hydrated ions 

with size exceeding ~9 Å cannot permeate through the membranes due to 
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“ultraprecise” cut off related purely to their size in relation to ~13 Å 
interlayer distance of GO in pure water.132 However, it is well known that 
organic molecules can be easily intercalated into HGO powder structure with 
expansion of GOs interlayer distance to tens of Ångströms.180-182 However, 
this effect was never studied on the membranes to our knowledge. Of course, 
significant swelling of membranes with large expansion of “permeation 
channels” is expected to affect their permeation properties. Therefore, we 
tested several large molecules both in a form of solvents and solutions for 
their intercalation into HGnO membranes. 
 

 
Figure 43: XRD patterns from powder samples and HGnO membranes immersed in 
Octylamine (a) and solution of Hexadecylamine in methanol (b). Inset on the figure 
a show XRD images collected from HGnO membrane (on the left) and powder (on 
the right). Reprinted from Nanoscale, 7(37), Klechikov A., Yu J., Thomas D., Sharifi 
T., Talyzin AV., "Structure of graphene oxide membranes in solvents and solutions", 
pp. 15374-84, Copyright (2015), with permission from RSC. 

 
Similarly to earlier published experiments with GO powders124, liquid 

amines easily intercalate GnO membranes with expansion of interlayer 
distance up to tens of Ångströms. For example, GnO membrane immersed in 
hexylamine and octylamine showed the lattice expansion very similar to that 
found for both powders (Figure 43a). We also tested solutions of 
hexadecylamine and octadecylamine (solids at ambient conditions) in 
methanol (50 mg/ml). Hexadecylamine is intercalated into both membrane 
and powder with significant lattice expansion of up to 31 Å (Figure 43b). 
Immersion of both powder and membrane samples into 
octadecylamine/methanol solution also showed expansion of interlayer 
spacing up to 34.5 Å.  
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Figure 44: a - XRD patterns from HDTMA functionalized HGO powder and XRD 
image (inset) from HDTMA reacted membrane, b - air-dried HGnO membrane. 
Reprinted from Nanoscale, 7(37), Klechikov A., Yu J., Thomas D., Sharifi T., Talyzin 
AV., "Structure of graphene oxide membranes in solvents and solutions", pp. 15374-
84, Copyright (2015), with permission from RSC. 

 
Summarizing this section, we demonstrated that the layered structure of 

HGnO membranes can be intercalated even by rather large molecules both 
in form of pure solvents and solutions. Our experiments prove that earlier 
claim of “ultraprecise” filtration by GnO membranes based purely on the size 
of ions/molecules is not valid. Graphene oxide chemistry is rather diverse 
and complex. Therefore, intercalation of many organic molecules into GnO 
membrane structure can be anticipated to modify interlayer distance and 
size of permeation channels.  
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4.2. Hydrogen storage using GO-related materials  
4.2.1. Hydrogen sorption properties of rGnO and a-

rGnO 
4.2.1.1. Thermal exfoliation/reduction of BGO and 

HGO 
 

Exfoliation and reduction of GO is the most common method to produce 
graphene in bulk amounts. Rapid heating of GO results in explosion and 
formation of mostly few layered graphene flakes with small fraction of 
defected single layered graphene.168  

One of the main goals of this thesis work was to study hydrogen storage 
properties of graphene which are related to surface area. The SSA of 
thermally exfoliated GO is typically reported in the range of ~300 - 400 
m2/g and complete removal of all oxygen seem to require annealing at very 
high temperatures. The purpose of experiments described below was to 
study the parameters of heat treatment which affect SSA of rGnO. The 
nature of GO precursor (BGO and HGO), temperature of exfoliation, heating 
rate, gas environment and reactor volume are the parameters which were 
verified in this study in order to increase SSA of rGnO as close as possible to 
the theoretically possible value reported for graphene.  

First parameter verified in this study is the relation between GO 
synthesis method and thermal exfoliation temperature. Figure 44 shows 
TGA traces recorded for BGOo1, BGOo2 and HGO samples. Step-like weight 
loss observed at low temperature interval (<150 °C) is typically assigned to 
evaporation of the water. Rather steep weight loss at ~200 - 300 °C is due to 
explosive exfoliation and release of oxygen containing gases. Finally, slow 
weight loss at higher temperature (>300 °C) corresponds to further de-
oxygenation of the sample.  

 

 
Figure 45: TGA traces recorded with 5 °C/min heating rate under nitrogen for 
HGO, BGOo1 and BGOo2 samples. Weight loss and derivative of weight loss are 
shown on the left (a) and right (b) respectively.  

 

71 
 



 

The TGA traces (see Figure 45) show that water desorption from HGO 
is almost 3 times higher compared to BGO (<150 °C). This effect should be 
assigned to higher amount of water adsorbed by HGO from air humidity. 
Exfoliation temperature of HGO (215 °C, Figure 45b) is about 60 degrees 
higher compared to BGO, in good agreement with earlier published 
data.183,184 The weight losses observed at the exfoliation step are similar for 
HGO and BGO (25 - 27%). 

Surprisingly, the exfoliation temperatures observed for BGOo1 and 
BGOo2 samples appeared to be very similar (280.2 and 284.2 °C 
respectively) despite their rather different oxidation degrees (C/O ratios 3.4 
and 2.7 respectively). The weight loss due to exfoliation observed for BGOo1 
is only slightly smaller compared to BGOo2 (26% and 28%, respectively). 
Absence of strict correlation between oxidation degree of BGO and weight 
loss in exfoliation step could be explained taking into account that CO and 
CO2 gases releases during exfoliation, but not oxygen. Higher oxidation of 
BGO suggestively results in more defected structure and higher relative 
number of carbon atoms removed from the lattice by thermal exfoliation.  

Exfoliation of HGO sample (Figure 45b) occurs in broader temperature 
interval compared to BGO. It can be considered as indication of less 
homogeneous oxidation compared to the BGO; in agreement with XRD data 
discussed above.  

Higher exfoliation temperature of BGO (by about 50 - 70 °C) correlates 
with higher SSA of rGnO produced by explosive exfoliation 

The correlation between SSA of rGnO and other parameter of heat 
treatment demonstrated that: 

• Higher SSA is observed for the samples exfoliated on air at maximal 
heating rate (directly inserted into hot furnace). 

• The optimal temperature of furnace is about 70 degrees higher 
compared to the exfoliation point found by TGA. Further increase of 
temperature results in lower SSA values. 

• Exfoliation performed under inert gas does not result in increase of 
SSA. 

• Maximal volume of reactor is essential for achieving the highest 
SSA. The reactor must be sufficiently large relative to the size of 
sample so that the explosion occurs without volumetric limitations.  
 

Despite all our efforts, the SSA values obtained for rGnO using thermal 
exfoliation do not exceed ~800 m2/g. It can be concluded that rGnO cannot 
be produced by this method in a form of only single-layered sheets. 
Additional activation is required to produce carbon materials with SSA over 
1000 m2/g using rGnO as a precursor (see next section). 
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4.2.1.2. Preparation of high surface area graphene 
samples 

 
Hydrogen sorption properties of graphene related materials were 

reported prior to my work only for thermally exfoliated GO with limited SSA 
values (typically ~300 - 400 m2/g). Unlike most of the earlier studies which 
were performed most often using single sample, we verified hydrogen 
sorption properties for many samples of graphene related materials with 
rather broad range of SSA values (~200 - 3300 m2/g). The final goal of this 
work was to establish correlation between SSA and hydrogen uptake values 
at various temperatures.  

Our experiments described above revealed that thermal exfoliation of 
GO is unlikely to be improved to produce rGnO with SSA values comparable 
to theoretical one for layered graphene (2630 m2/g).153  

However, graphene related materials with much higher SSA values have 
been reported in literature already at the moment when my work started. 
Post-synthesis chemical treatment of rGnO using KOH activation method 
was demonstrated to result in preparation of highly porous materials with 
SSA values up to 3000 m2/g.60,61 However, hydrogen sorption properties of 
these materials were not reported. Therefore, we synthesized set of samples using 
KOH activation method and studied several parameters which are of importance 
for achieving the highest SSA values.  

Our experiments revealed that the procedure proposed in the ref183 do not 
give reproducible results, most likely because it cannot provide exact KOH/rGnO 
loading ratio. Exact control of the loading ratio, tuning of temperature/heating 
rate, optimal washing and drying procedures are required to produce materials 
with the best surface area. It is advisable also to use rGnO precursors with higher 
SSA. However, our results demonstrated that there is no direct correlation 
between SSA of precursor rGnO and SSA of activated product. 

For example, using rGnO obtained by chemical reduction resulted in 
dramatically lower SSA of activated materials. Surprisingly, the SSA of activated 
materials also appeared to be systematically lower for rGnO obtained using 
thermal exfoliation of BGO (~1900 m2/g) as compared to rGnO prepared using 
HGO precursor (~3400 m2/g). It is likely that KOH activation process is affected 
not only by the C/O ratio and SSA of precursor, but also strongly depends on 
defects of rGnO. For example, it is known that thermal exfoliation results in more 
defected graphene compared to chemical reduction.181 Large number of defects 
seems to be an advantage for efficient activation of rGnO using KOH treatment 
since it is likely to facilitate etching of graphene sheets and to provide additional 
porosity. 

At the first stage of our work a-rGnO samples with SSA up to 2300 m2/g 
were synthesized and analyzed for hydrogen sorption.168 Using finely tuned 
activation procedure and post-activation hydrogen annealing treatment we were 
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able to produce materials with SSA of up to 3400 m2/g.147 Some variation of SSA 
values from sample to sample was anyway observed, but the established 
procedure allows reproducible synthesis of materials with SSA which exceeds 
theoretical SSA of ideal graphene. Using the optimized procedure we produced at 
least 15 samples with SSA over 3000 m2/g. Note that the SSA values obtained 
experimentally correspond to analysis of nitrogen isotherms by BET method 
which has certain limitations. BET SSA, can’t be considered as “true” surface 
area and directly compared to theoretical values. However, BET method 
provides reliable tool for estimation of relative values of SSA.  

Maximal SSA of synthesized samples produced by KOH activation (a-rGnO) 
achieved in our experiments was about 3300 m2/g (see Figure 46) which is on 
the level of the best activated carbons.38-40 The a-rGnO shows also unusually high 
pore volume (~2.2 cm3/g) compared to other carbon materials.  For example, 
pore volumes below 1.4 cm3/g are typically reported for other types of carbon 
samples with comparable SSA (~3000 m2/g).185 Another example of high SSA 
material, zeolite-templated carbons, with the SSA of ~3300 m2/g also shows 
lower total pore volume of ∼1.7 cm3/g.28  

 

 
Figure 46: a - N2 adsorption/desorption isotherm for the a-rGnO sample (SSA = 3300 
m2/g), cumulative pore volume (b) and pore size distribution (c) for several a-rGnO 
samples simulated using the QSDFT slit pore model. Reprinted from Chemical 
Communications, Vol.51(83), Klechikov A., Mercier G., Sharifi T., Baburin IA., Seifert G., 
Talyzin AV., "Hydrogen storage in high surface area graphene scaffolds", pp. 15280-3, 
Copyright (2015), with permission from RSC. 

 
Some of the synthesized a-rGnO samples were studied using SEM. Images 

recorded from samples with the highest SSA showed 3D skeleton-like porous 
structure on micrometer scale and large number of pores with the size of few 
tens nm observed under higher magnification (see Figure 47a,b). Smaller 
pores could not be observed due to limitations of SEM resolution. Some images 
also showed structures consisting of densely packed layers, possibly preserved 
from rGnO precursor (see Figure 47c,d).  

Analysis of pore size distribution data obtained using nitrogen sorption 
experiments demonstrated that a-rGnO is essentially microporous material 
compared to its precursor rGnO. The pore size distribution (Figure 46c) shows 
two maxima which correspond to ~0.7 and 1.2 - 1.7 nm pore width for rGnO 
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samples. These pores are created as a result of KOH treatment and absent in the 
rGnO precursor.  

 

 
Figure 47: SEM images of a typical a-rGnO sample. Images a and b show porous 
structure with pores on micrometer and few nm scales. Images c and d show fragment of 
broken grain which exhibit layered structure. Reprinted from Chemical Communications, 
Vol.51(83), Klechikov A., Mercier G., Sharifi T., Baburin IA., Seifert G., Talyzin AV., 
"Hydrogen storage in high surface area graphene scaffolds", pp. 15280-3, Copyright 
(2015), with permission from RSC. 

 
It is often assumed the maximal SSA of graphene related materials is 

limited to the value for single-layered graphene.52 It is also known that BET 
SSA in the range 3000 - 3500 m2/g can be achieved for some activated 
carbons.38,39 One can argue that high SSA of KOH-activated samples 
estimated using BET method is not related to real surface area of the sample. 
To address this question, our collaborators analyzed several theoretical 
models of multilayered perforated graphene structures to evaluate their 
surface areas.186 

Several models consisting of different types of perforation with holes of 
different sizes (∼6 - 30 Å) are shown as I-IV on Figure 48b. 
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Figure 48: a - schematic representation of the a-rGnO structure with highly 
defected graphene sheets, b - structural models of perforated graphene with large 
SSA. Reprinted from International Journal of Hydrogen Energy, Vol.40(20), Baburin 
IA., Klechikov A., Mercier G., Talyzin A., Seifert G., "Hydrogen adsorption by 
perforated graphene", pp. 6594-9, Copyright (2015), with permission from Elsevier. 

 
Type I and II structures with irregularly shaped holes can possibly be 

prepared experimentally by perforation of graphene sheets. Synthesis of type 
III structure is theoretically possible by polymerization and 
polycondensation reactions.187 Type IV structure consisting of 
interconnected coronene building blocks (known as superbenzene) might 

also be possibly achieved experimentally by coronene polymerization.188,189 
However, it is not clear how the single layered perforated graphene sheets 
can be prevented against aggregation into close packed structures with 
relatively low surface area. Some pillaring molecules would be required to 
keep the graphene layers apart from each other. 

The perforated graphene layers need to be separated and fixed at the 
distance sufficient for penetration of molecular hydrogen in order to create 
3D porous structure. One of the recently suggested ways to create 3D 
structures with nm size slit pores is to use some molecular pillars.78 This 
concept will be discussed further in the section 4.2.3. Hydrogen 
adsorption by Pillared GO (PGO). 

Summarizing this section, we synthesized set of samples with various 
SSA in the range of 200 - 3300 m2/g. Hydrogen sorption properties of those 
samples as a function of SSA and temperature were studied and reliable 
trends established (see 4.2.1.3. Hydrogen sorption as a function of 
SSA and temperature). 
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4.2.1.3. Hydrogen sorption as a function of SSA and 
temperature 
 

My study of hydrogen sorption by graphene related materials started 
with measurements of various rGnO samples obtained via thermal 
exfoliation of GO or acquired from several commercial companies. High 
surface area a-rGnO samples (see section 4.2.1.2. Preparation of high 
surface area graphene samples) synthesized and measured in our lab 
later allowed us to reveal hydrogen sorption vs. SSA trend (see Figure 50). 
Hydrogen sorption as a function of the temperature was measured for 
several samples with high SSA. Several parameters, such as variation of 
degassing temperature and addition of the sample annealing in H2, were 
tested for improvement of hydrogen sorption.  

Measurements of hydrogen sorption on rGnO and a-rGnO samples were 
performed using gravimetric and volumetric methods which allowed to 
cross-check the measured values. Examples of hydrogen adsorption 
isotherms measured on the graphene samples using gravimetric setup at 
293 K and volumetric setup at 77 K are shown on Figure 49. The shape of 
excess adsorption isotherm depends on the temperature. The H2 uptake 
adsorption increases almost linearly in the pressure interval up to 120 bar at 
ambient temperature. Maximum excess adsorption measured at 77 K is 
achieved around 40 bar (this was discussed in the section 1.2.2. 
Physisorption). 
 

 
Figure 49: a - Hydrogen sorption isotherms recorded for several rGnO and a-rGnO 
samples using gravimetric method, b - Hydrogen sorption isotherms measured on 
rGnO and a-rGnO samples at 77 K using volumetric method. Red colored isotherm 
shows reference sample of activated carbon with SSA of 1830 m2/g. Reprinted from 
Microporous and Mesoporous Materials, Vol.210, Klechikov AG., Mercier G., Merino 
P., Blanco S., Merino C., Talyzin AV., "Hydrogen storage in bulk graphene related 
materials", pp. 46-51, Copyright (2015), with permission from Elsevier. 
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Our experiments showed precise correlation of hydrogen sorption with 
BET SSA at both ambient and cryogenic temperatures (77 K) (Figure 50) 
for all measured carbon samples including rGnO, a-rGnO and reference 
samples of activated and mesoporous carbons. This correlation will be 
named “standard” in further discussion. According to the gravimetric data 
(Figure 50a), graphene samples demonstrate not linear correlation 
between H2 uptake (120 bar and room temperature) vs. SSA with maximal 
measured adsorption of ~0.9 wt% for the sample with SSA of 
3230 m2/g. The trend obtained using gravimetric method for ambient 
temperature is in agreement with the literature data reported earlier for 
other carbon materials.35,190-192 The data obtained at 77 K using volumetric 
method (Figure 50b) revealed near linear trend of H2 uptake vs. SSA for 
indicated surface areas interval (200 - 3300 m2/g). The highest H2 uptakes 
of ~7.5 wt% at 77 K (saturation at ~40 bar) and ~1.1 wt% at 296 K (at 120 
bar) were recorded for the sample with SSA of 3230 m2/g. Measurements of 
H2 uptakes for the reference samples of mesoporous and activated carbons 
allowed us to confirm reliability of the measured values. 

 

 
Figure 50: Maximal hydrogen sorption measured at indicated temperatures under the 
pressure up to 120 bar. Uptake vs. SSA trends were evaluated using gravimetric (a) and 
volumetric (b) methods for various types of the samples, including rGnO13, a-rGnO, 
mesoporous and activated carbons. Trend shown on the figure b also include data 
obtained for the samples additionally annealed under H2. Reprinted from Chemical 
Communications, Vol.51(83), Klechikov A., Mercier G., Sharifi T., Baburin IA., Seifert G., 
Talyzin AV., "Hydrogen storage in high surface area graphene scaffolds", pp. 15280-3, 
Copyright (2015), with permission from RSC. 

 
Several parameters which could affect hydrogen storage capacity of 

materials were verified:  
- Increasing the degassing temperature from 150 to 300 0C has not 

resulted in increase of H2 sorption.  
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- Annealing of a-rGnO in hydrogen (under the pressure of 50 bar) at 350 
- 450 °C for 12 hours provided increase of hydrogen adsorption by ∼10% 
compared to non-annealed sample (see Figure 50b).  

Analysis of nitrogen isotherms recorded for this sample before and after the 
uptake measurements and after H2 annealing showed no increase of SSA. 
According to XPS data the hydrogen annealing resulted in efficient removal of 
residual oxygen always present in rGnO and a-rGnO samples. The C/O ratios of 
6.3 for rGnO, 24 for a-rGnO and 35 for a-rGnO annealed under H2 were 
obtained using analysis of XPS data.  

The maximal hydrogen sorption reported in our study for high SSA 
graphene related material (7.48 wt%) at 77 K147 is comparable to the hydrogen 
storage capacity reported for best physisorbing materials.19,20 However, the 
hydrogen storage capacity of graphene related materials remain to be 
insufficient at near ambient temperatures (4.5 wt% at -40 - 100 °C according to 
e.g. DOE targets). Therefore, it was interesting to verify the temperature 
dependence of hydrogen sorption by the sample with high SSA at different 
temperatures between ambient and cryogenic (77 K), see Figure 51a. 
Hydrogen uptakes for several samples with the highest SSA were verified also 
using immersion reactor at 120 bar H2 pressure for two temperature points 
which are of specific practical interest: 273 K (ice bath) and 193 K (temperature 
of solid CO2). Hydrogen sorption near the target value (3.8 - 4.2 wt%) was 
achieved already at a solid CO2 temperature for the a-rGnO sample (see Figure 
51b). Note that this value corresponds to the sorption at 120 bar but saturation 
of H2 uptake is not achieved at this pressure.  

 

 
Figure 51: a - Dependence of a maximal hydrogen uptakes (at 65 bar) from the 
temperature for two a-rGnO samples. The inset shows recorded at different 
temperatures isotherms for the sample with SSA of 2800 m2/g; b - hydrogen 
sorption isotherms for the sample with SSA of 3230 m2/g. Reprinted from Chemical 
Communications, Vol.51(83), Klechikov A., Mercier G., Sharifi T., Baburin IA., Seifert 
G., Talyzin AV., "Hydrogen storage in high surface area graphene scaffolds", pp. 
15280-3, Copyright (2015), with permission from RSC. 

79 
 



 

 
The isosteric heat of adsorption of a hydrogen calculated for the sample 

with the maximal storage capacity (Figure 51b) showed the value of ∼6.2 - 
6.4 kJ/mol. This value is in good agreement with the data reported earlier 
for high surface area carbon materials (e.g. 6.5 kJ/mol for the sample with a 
SSA of 3591 m2/g (ref. 33) and 5.9 kJ/mol for rGnO58) (see section 1.2.2.2. 
Carbon nanostructures). 

Summarizing this section, hydrogen storage parameters of “graphene” 
samples were studied in broad range of SSA (200 - 3300 m2/g). Hydrogen 
sorption is found to correlate to SSA exhibiting standard trend very similar 
to other carbon materials. Therefore, we believe that previous reports of 
exceptionally high hydrogen adsorption by graphene materials (mostly 
rGnO) were erroneous. The data summarized in Figure 50 show hydrogen 
uptake of ~0.3 wt% and 2.3 wt% per 1000 m2/g at 296 K and 77 K 
respectively which is in good agreement with the “Chahine rule”.33,36  

Despite the absence of exceptionally high hydrogen sorption, graphene 
materials remain to be among the best materials for physisorption of 
hydrogen, especially at low temperatures.  

 
4.2.2. Hydrogen adsorption by rGnO and a-rGnO 

decorated with Pd or Pt nanoparticles 
 
According to many literature reports hydrogen sorption by graphene can 

be significantly improved (by 3 - 5 times according to some reports) by 
addition of Pd or Pt nanoparticles (see section 1.2.2.3. Graphene related 
carbon materials). Therefore, we prepared some graphene materials 
decorated by nanoparticles.  

We tested the effect of several parameters on hydrogen sorption by 
decorated graphene samples: effect of treatment used during sample 
preparation (microwave or thermal), different rGnO precursors, and 
variation of Pd load and size of nanoparticles (see Table 3). Two different 
precursors were used for preparation of the Pd decorated samples.  
 
Table 3: List of studied Pd and Pt decorated samples. Details of the decoration are 
described in the section 3.1.4. Decoration of rGnO and a-rGnO samples with 
Pd and Pt nanoparticles.150 

№ Decoration 

method and 

conditions 

Precursor SSA (m2/g) / Relative 

pressure (P/P0) 

Max (and 

reversible) uptake 

at 293 K and 120 

bar (wt%) 

Max uptake 

at 77 K and 

45 bar 

(wt%) 

Metal 

load 

(wt%) Before 

decoration 

After 

decoration  

1 tt/673 K/ 

60 min 

rGnO 339/ 

0.1-0.3 

350/ 

0.08-0.1 

- - 8 
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2 tt/773 K/ 

30 min 

rGnO 339/ 

0.1-0.3 

320/ 

0.08-0.1 

0.55 (0.31) 1.29 9 

3 tt/723 K/ 

30 min 

rGnO 339/ 

0.1-0.3 

325/ 

0.08-0.1 

  7 

4 tt/773 K/ 

60 min 

rGnO 339/ 

0.1-0.3 

435/ 

0.07-0.09 

0.46 (0.23) 1.07 9 

5 tt/773 K/ 

40 min 

a-rGnO 2448/ 

0.1-0.3 

1441/ 

0.18-0.3 

- - 7 

6 tt/773 K/ 

20min 

a-rGnO 1245/ 

0.1-0.3 

466/ 

0.18-0.3 

- - 14 

7 mwt1 a-rGnO /Pt  2139/ 

0.18-0.3 

0.6 (0.59) - 4 

8 mwt1 a-rGnO  1745/ 

0.18-0.3 

0.53 - 4 

9 mwt2 AC 1870/ 

0.1-0.3 

1480/ 

0.08-0.14 

0.6 (0.58) - 10 

10 mwt2 rGnO 339/ 

0.1-0.3 

319/ 

0.09-0.12 

0.24 (0.15) 0.82 9 

11 mwt2 rGnO 

(graphenea) 

463/ 

0.1-0.3 

403/ 

0.17-0.3 

0.17 (0.14) - 13 

 
The size and loading of nanoparticles in Pd decorated rGnO samples 

varied in the range from 3 to 100 nm and from 4 to 14% respectively. Rather 
homogeneous distribution of nanoparticles over the rGnO samples surface 
was observed by SEM (see Figures 52, 53).  

 

 
Figure 52: a - Hydrogen sorption measurements were performed using volumetric 
method in 2 sets of 2 isotherms each; second isotherm in each cycle was recorded 
shortly after first (■ and ◻ for the first set, ▲ and Δ for the second). The sample (No 
11 in Table 3) was degassed at 423 K for 10 hours prior to the first set. After two 

81 
 



 

isotherms are recorded the sample was annealed at 623 K under 50 bar of 
hydrogen in situ and then the second set of two isotherms was recorded. b and 
c - SEM images recorded from the same sample. Reprinted from Microporous and 
Mesoporous Materials, Vol.250, Klechikov A., Sun JH., Hu GZ., Zheng MB., Wagberg 
T., Talyzin AV., "Graphene decorated with metal nanoparticles: Hydrogen sorption 
and related artefacts", pp. 27-34, Copyright (2017), with permission from Elsevier. 

 
Hydrogen sorption measured on chemically exfoliated GO (sample 11 in 

Table 3) decorated with Pd nanoparticles (see Figure 52) followed the 
trend showed earlier for graphene samples (see Figure 50). Annealing of 
decorated sample at high temperature in hydrogen allows to decrease 
oxygen content remained in the rGnO and to remove possible oxygen or 
carbon contaminants from Pd nanoparticles. However, hydrogen sorption 
did not increase after annealing; see sample 11 in Table 3 and Figure 52. 

Therefore, our experiments have not confirmed reports of exceptionally 
high increase of hydrogen sorption due to addition of Pd nanoparticles to 
graphene related materials.  

Additional set of experiments was performed in order to verify if the air 
etching of graphene support around metal nanoparticles could be used to 
increase SSA of the material due to formation of holes. Indeed, SEM images 
confirmed formation of holes around Pd nanoparticles after on air annealing 
(see Figure 53).  

 

 
Figure 53: SEM images of Pd decorated rGnO (sample 2, Table 2). Reprinted from 
Microporous and Mesoporous Materials, Vol.250, Klechikov A., Sun JH., Hu GZ., 
Zheng MB., Wagberg T., Talyzin AV., "Graphene decorated with metal nanoparticles: 
Hydrogen sorption and related artefacts", pp. 27-34, Copyright (2017), with 
permission from Elsevier. 
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However the surface area of air etched samples of Pd decorated rGnO 
resulted only in relatively small increase of SSA by 10 - 30%, while the air 
etching was detrimental for the samples of a-rGnO with high SSA values. 
This result could be explained taking into account the nature of a-rGnO and 
rGnO samples. Perforation of rGnO flakes via air etching results in 
formation of 5 - 10 nm holes, while a-rGnO samples already have pores of 1 - 
2 nm size and etching this structure by relatively large nanoparticles is likely 
to damage the 3D structure of the sample. 

 The air etched samples were also tested for H2 sorption. These 
experiments showed slightly different results and some artefacts related to 
irreversible hydrogen sorption.  

The H2 uptake measured using volumetric method showed unusually 
high hydrogen sorption on the first isotherm and sharp step in the 
H2 sorption at low pressures (Figure 54). 

 

 
Figure 54: Hydrogen sorption isotherms recorded using volumetric method from 
Pd decorated rGnO sample (No 4 in Table 3) in 2 sets of 2 isotherms each; second 
isotherm in each cycle was recorded shortly after first (■ and ◻ for the first set, ▲ 
and Δ for the second). The sample was degassed at 423 K for 10 hours prior to the 
first set. After two isotherms are recorded the sample was annealed at 623 K under 
50 bar of hydrogen in situ and then the second set of two isotherms was recorded. 
Isotherm recorded for precursor rGnO sample is shown as a reference (◊). Reprinted 
from Microporous and Mesoporous Materials, Vol.250, Klechikov A., Sun JH., Hu 
GZ., Zheng MB., Wagberg T., Talyzin AV., "Graphene decorated with metal 
nanoparticles: Hydrogen sorption and related artefacts", pp. 27-34, Copyright (2017), 
with permission from Elsevier. 

 
However, the higher uptake was recorded only for the first isotherms 

while the second isotherms showed the shape and H2 uptake value close to 
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the one expected for SSA of studied sample. Increased sorption measured in 
the first isotherm using volumetric method could be mistakenly interpreted 
as an evidence of “spillover” effect. Note that volumetric method uses change 
of pressure to calculate uptakes, therefore every measured isotherm starts 
from zero. In contrast, analysis of sample weight difference used in 
gravimetric method allows to study reversibility of sorption over several 
sorption/desorption cycles in more explicit way. Analysis of several 
isotherms measured using gravimetric method revealed that the increase of 
sorption in air etched Pd decorated samples is not related to physisorption. 
Irreversible increase of sample weight was observed after exposure of these 
samples to hydrogen. The weight increase then should be assigned to 
chemisorption of hydrogen e.g. due to formation of covalent C-H bonds or 
reaction with oxygen. This interpretation of the data is confirmed by the 
decrease of the total sample weight observed after degassing and vacuum 
treatment of sample. This weight loss can be assigned to evaporation of 
volatile products (e.g. hydrocarbons or water) formed in the sample as a 
result of chemical reactions with hydrogen at high pressure conditions. If 
only the reversible H2 sorption part is taken into account, the H2 uptake by 
decorated samples correlates very well with reference sample of rGnO. By 
definition, only the amount of hydrogen reversibly sorbed/desorbed can be 
assigned to hydrogen storage, thus the first isotherm with the highest uptake 
should be considered as a measurement artifact.  

 

 
Figure 55: Excess H2 uptakes measured for Pd decorated and air annealed rGnO 
samples using gravimetric method (same sample as in Figure 54). The sample was 
degassed at 423 K before the first measurement ( ). After the measurement, 
hydrogen pressure was decreased to 1 bar and kept for 25 minutes; then pressure was 
increased again to 120 bar (•). Note that the final sample weight decreases after 
hydrogen release by 0.2% compared to initial weight of degassed sample. Reprinted 
from Microporous and Mesoporous Materials, Vol.250, Klechikov A., Sun JH., Hu 
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GZ., Zheng MB., Wagberg T., Talyzin AV., "Graphene decorated with metal 
nanoparticles: Hydrogen sorption and related artefacts", pp. 27-34, Copyright (2017), 
with permission from Elsevier. 

 
The chemisorption effect can also be partly explained by formation of 

palladium hydride. However, due to low Pd loading (4 - 14% of weight), this 
effect is relatively low (∼0.05 wt% of hydrogen storage capacity). 

Summarizing this section, the a-rGnO samples decorated by Pd or Pt 
nanoparticles did not showed increased hydrogen sorption compared to 
nanoparticles-free samples with similar SSA.  
 

4.2.3. Hydrogen adsorption by Pillared GO (PGO) 
 
As it was mentioned above, three dimetional materials composed of 

graphene layers separated by 0.7 - 1 nm have been predicted theoretically to 
show strong enhancement of gravimetric hydrogen storage capacity.76,77 The 
samples with nanoporous structure should be also optimal for the best 
volumetric hydrogen storage capacity. This section describes our attempts to 
synthesize materials with layered structure and precise slit pore size 
provided by insertion of pillaring molecules between graphene or GnO 
sheets.  

First of all, we need to distinguish pillared materials from intercalated. 
We define here the term “pillared” only for the materials which has 
interconnected pore network accessible for penetration and sorption of 
gases. The “pillared” structure is distinguished here from intercalated 
(expanded) GO structure which can be not porous if the density of pillars is 
high or continuous layer of molecules is formed. Therefore negligible SSA 
will be measured by nitrogen sorption on intercalated materials. In contrast, 
pillared materials are expected to exhibit some significant pore volume and 
SSA (Figure 15).  

The aim of our study on PGO was to prepare samples with the highest 
possible SSA and to evaluate their hydrogen storage parameters.  

 
4.2.3.1. Synthesis of PGO samples  
4.2.3.1.1. GO pillared by benzene-1,4-diboronic acid 

(GOF) 
 
Following the report of Burress et al78 PGO with relatively high SSA were 

prepared using solvothermal reaction with benzene-1,4-diboronic acid 
(DBA). This material was reported to show hydrogen uptake145 (at 1 bar H2 
pressure) about twice higher compared to the value expected from reported 
SSA of ~470 m2/g according the standard trend.  
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We reproduced the synthesis of GO/DBA material following the 
reported procedure78 (see 3.1.3. Pillaring of GO using solvothermal 
reactions) and optimized several parameters of solvothermal reaction in 
order to increase SSA. Among other parameters, we tested different 
precursor GO materials, variation of the initial proportion between GO and 
DBA, variation of the reaction temperature and duration, optimized 
degassing temperature.  

Optimization of solvothermal reaction conditions allowed us to increase 
SSA of pillared GO/DBA materials up to 1030 m2/g which is the highest 
value ever reported for any graphene based pillared structures.  

 

 
Figure 56: XRD patterns recorded from several GO/DBA samples with different 
reaction temperature. Reprinted from The Journal of Physical Chemistry C, 
Vol.119(49), Mercier G., Klechikov A., Hedenström M., Johnels D., Baburin IA., 
Seifert G., Mysyk R., Talyzin AV., "Porous graphene oxide/diboronic acid materials: 
structure and hydrogen sorption", pp. 27179-91, Copyright (2015), with permission 
from ACS Publications. 

 
Detailed characterization of our GO/DBA samples confirmed main 

observations reported earlier by Burress et al.78 The GO/DBA materials 
exhibit expanded interlayer distance (d(001)=~10 - 11Å, Figure 56), narrow 
pore size distribution revealed by analysis of nitrogen sorption isotherms 
(Figure 58), few % of boron detected by XPS which originate from DBA-
based pillaring units. Very close agreement is also observed between FTIR 
spectra and TGA data found in our experiments and reported by Burress et 
al.78,148 Nevertheless, the idealized “GOF” structure model proposed in these 
earlier studies is not confirmed in our study. This model assumes that DBA 
molecules are covalently attached to graphene and interconnects 
neighboring graphene sheets. However, TGA and FTIR data do not confirm 
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complete reduction of GO into graphene as a result of solvothermal reaction. 
Some partial deoxygenation was indeed observed but the material remained 
to be hydrophilic and must be considered as pillared GO rather than pillared 
graphene. Moreover, GO/DBA samples were found to swell in water and 
alcohols.  

 

 
Figure 57: XRD patterns recorded from GO/DBA samples in pristine air exposed 
state, in excess of liquid methanol, and in excess of water. Reprinted from The 
Journal of Physical Chemistry C, Vol.119(49), Mercier G., Klechikov A., Hedenström 
M., Johnels D., Baburin IA., Seifert G., Mysyk R., Talyzin AV., "Porous graphene 
oxide/diboronic acid materials: structure and hydrogen sorption", pp. 27179-91, 
Copyright (2015), with permission from ACS Publications. 

 
GO/DBA samples immersed in liquid solvent showed swelling with 

lattice expansion from 10.54 to up to ~15.3 Å in water and up to 14.33 Å in 
methanol (Figure 57). Strong swelling is not compatible with the structural 
model proposed by Burress et al78 and allows to rule out interconnection of 
GO sheets by covalently bounded pillars. However, we argue that porous 
pillared structure do not require interlinking pillars and can be created using 
molecules attached only to one side of the GO interlayer. In fact, relatively 
high SSA values were reported in literature not only for GO pillared with 
diboronic acid, but also for GO reacted with monoboronic acid.79  

The structural models proposed in our study for GO pillared with DBA-
based linkers attached only to one side of interlayer are in good agreement 
with experimentally observed d(001) values, pore size and SSA found by 
nitrogen sorption, TGA, XPS and FTIR data. Note that the most of surface 
area originates from subnanometer size pores according to analysis of 
nitrogen sorption isotherms. Therefore, the GO/DBA can be considered as a 
model material to verify theoretically predicted enhancement of hydrogen 
storage in 0.7 - 1 nm slit pores. It should be noted that absolute values of 
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excess H2 uptake reported in the earlier studies by Burress et al79 are rather 
modest. Exceptionally high hydrogen uptake was reported only relative to 
the modest value of SSA and mostly for the sorption at 1 bar H2 pressure 
(Figure 58b). Therefore, to validate the exception from the standard H2 
uptake vs. SSA trend we need to rule out not only overestimation of 
hydrogen sorption but also underestimation of SSA value.  
 

 
Figure 58: a - Pore size distribution simulated for the typical GO/DBA sample using 
the QSDFT slit pore model (inset shows nitrogen isotherm). GO/DBA samples shows 
prevalence of nanopores of smaller than 1 nm width. Reprinted from The Journal of 
Physical Chemistry C, Vol.119(49), Mercier G., Klechikov A., Hedenström M., Johnels 
D., Baburin IA., Seifert G., Mysyk R., Talyzin AV., "Porous graphene oxide/diboronic 
acid materials: structure and hydrogen sorption", pp. 27179-91, Copyright (2015), 
with permission from ACS Publications. b - Plot of H2 uptake vs. BET SSA reported 
by Burress et at. Reprinted from Journal of Materials Chemistry,Vol.21, Srinivas G., 
Burress JW., Ford J., Yildirim T., “Porous graphene oxide frameworks: Synthesis and 
gas sorption properties.”, pp. 11323-9, Copyright (2011), with permission from John 
Wiley and Sons. 

 
It is important to note that relative pressure intervals (P/P0) which are 

used for SSA determination are different for microporous and mesoporous 
materials. Standard P/P0 interval used for SSA determination of e.g. rGnO 
or other high surface area mesoporous carbon materials is 0.1 - 0.3. If the 
same P/Po range is used for microporous materials, it will provided lower 
value of SSA. For example, analysis of nitrogen isotherms recorded using our 
GO/DBA samples showed systematically higher SSA values (by 10 − 30%) 
calculated using P/P0 range (<0.1) determined using recommended 
procedure.159 Unfortunately, the study by Burress et al78 provided no details 
on P/P0 interval used for evaluation of SSA. Hydrogen uptakes measured for 
GO/DBA samples are shown in Figure 61 in relation to SSA values (see 
section 4.2.3.2. Hydrogen sorption by Pillared GO materials). 
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4.2.3.1.2. GO pillared by tetra(p-aminophenyl)methane 
(GO/TKAm) 

 
The TKAm molecule is known as a building block used for the synthesis 

of Covalent Organic Frameworks materials (COF).193,194 The main advantage 
of using TKAm as a pillaring molecule for PGO is its 3D shape. Theoretical 
modeling performed by our collaborators revealed that TKAm molecules in 
almost every orientation expand GO structure significantly (see Figure 
59).149 The maximal theoretical SSA of GO/TKAm pillared material was 
estimated at 2000 and 2230 m2/g if TKAm molecules are located in 15 or 7 Å 
far from each other (GO:TKAm weight ratios should be 1:0.11 and 1:0.22 
respectively). 

 

 
Figure 59: A model of the pillared GO/TKAm structure showing different possible 
orientations of TKAm molecule. Carbon atoms are gray, nitrogens are blue and 
oxygens are red. Dotted line shows hydrogen bonds. Reprinted from Carbon, Vol.120, 
Sun JH., Morales-Lara F., Klechikov A., Talyzin AV., Baburin IA., 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. 

 
Assuming the thickness of GO layer as 7 Å, the structure shown on 

Figure 59 provide pores of 8 Å widths. 
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Figure 60: GO/TKAm lattice expansion after solvothermal reaction performed in 
methanol: a - XRD patterns recorded after reaction at 90 °C for 24 hours, b and c - 
interlayer distance and SSA of GO/TKAm samples. Reprinted from Carbon, Vol.120, 
Sun JH., Morales-Lara F., Klechikov A., Talyzin AV., Baburin IA., 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. 

 
Simple immersion of HGO in methanol solution of TKAm at ambient 

temperature was found to result in intercalation of molecules and formation 
of expanded structure. However, pillared porous materials could not be 
synthesized using this simple procedure. Washing with pure methanol 
resulted in complete removal of TKAm from GO structure and absence of 
porous structure. 

 Solvothermal reaction of TKAm with HGO in methanol at conditions 
similar to GO/DBA experiments described above was used to produce 
GO/TKAm pillared materials. Reaction temperature and initial GO:TKAm 
loading was optimized to produce materials with the highest SSA (see 
Figure 60). It is found that initial GO:TKAm ratio between 0.3 and 0.5 with 
the synthesis temperature of 110 °C provide samples with the highest SSA 
(up to ~660 m2/g).  

Note that BGO could not be intercalated by TKAm, most likely due to 
insufficiently strong increase of interlayer spacing in methanol, d(001) ~ 9.8 
Å compared to required ~15 Å for pillared structure. Swelling of HGO in 
methanol solution was found to result in increase of d(001) up to ~15.8 Å 
thus providing sufficiently large layer separation for penetration of TKAm 
molecules. Therefore, we suggest that swelling of GO is important part of 
synthesis procedure.  

Summarizing our experiments, the synthesis of pillared GO presented 
here involves three steps: 

1) Swelling (expansion) of GO structure in methanol solution of 
pillaring molecules. 

2) Insertion and attachment of pillaring molecules into GO interlayers 
at elevated temperature conditions.  

3) Removing solvent by evaporation while the pillaring molecules keep 
the GO lattice in expanded state thus creating porous structure. 
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This procedure provides porous samples with TKAm molecules 

covalently attached to GO sheets. The pillared GO/TKAm samples were 
found to swell reversibly in water and ethanol preserving their porous 
structure after evaporation of solvent. Vacuum dried sample with d(001) = 
13.0 Å immersed in excess of water and ethanol showed relatively small 
lattice expansion up to 15.7 and 16.2 Å respectively. The increase of 
interlayer distance does not exceed significantly the value of ~14 Å for the 
simulated GO/TKAm structures with GnO layers interconnected by TKAm 
molecules. Therefore, we tested swelling using larger 1-octanol molecules 
and in this case the maximal swelling up to d(001) =17.3 Å was observed. 
The increase by 4 Å is unlikely to originate from pore filling of the pillared 
GO/TKAm structure or some change in orientation of TKAm molecules. 
Therefore, one-sided attachment of TKAm in GO interlayer is more likely 
describe structural model for GO/TKAm pillaring. 

Evidence of microporous structure in GO/TKAm samples was shown in 
our report149 using pore size distribution plots obtained by analysis of 
nitrogen sorption isotherms. Surface areas of studied GO/TKAm samples 
were shown to originate mostly from nanopores with the size below 2 nm. 
Therefore, GO/TKAm material can also be considered as a model material 
for studies of hydrogen sorption in slit pores of nm size.  

Hydrogen sorption by GO/TKAm samples with the highest SSA will be 
discussed in next section. 

 
4.2.3.2. Hydrogen sorption by Pillared GO materials. 

 
Results of hydrogen sorption measurements performed at 293 and 77 K 

for GO/DBA and GO/TKAm materials are summarized in Figure 61. 
Experimental results for both types of PGO samples showed hydrogen 
uptake vs. SSA correlation following the “standard” trend established in our 
studies for other graphene related materials, both at 77 and 293 K. Some 
larger scatter of experimental points is likely to be explained by uncertainty 
in SSA values. The samples of GO/DBA with the highest surface areas were 
found to be partly unstable. The SSA was found to decrease from pristine ~ 
900 - 1000 m2/g down to ~400 - 500 m2/g when measured after sorption 
experiments. This decrease is likely to be caused by partial collapse of the 
samples porous structure as a result of compaction of the sample during 
loading into the experimental cell or effects of H2 pressure. 

The experimental results shown in Figure 61 are in good agreement 
with theoretical modeling data provided in our study thanks to collaboration 
with DTU.149 Theoretical modeling of hydrogen sorption for pillared GO 
structures showed no deviation from “standard” uptake vs. SSA trend.149  
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Figure 61: Hydrogen uptakes plotted vs. SSA measured at ambient temperature (a) 
and at 77K (b)  (reference rGnO samples168 shown by ■), GO/DBA samples shown by 
▲ and ▼(for volumetric and gravimetric measurements), GO/TKAm samples shown 
by . Reprinted from Carbon, Vol.120, Sun JH., Morales-Lara F., Klechikov A., 
Talyzin AV., Baburin IA., 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. 

 
Summarizing this section, PGO materials prepared in our experiments 

demonstrate the same wt% vs. SSA correlation as other graphene related 
materials and very similar to the Chahine rule well known to be valid for 
most of nanostructured carbon materials. Theoretical modeling shows that 
SSA of pillared materials cannot be increased above ~2500 m2/g considering 
realistic density of pillaring molecules over the surface of GO or graphene. 
Using established correlation of H2 uptake with SSA values we can estimate 
sorption by idealized GO/TKAm material with reasonably high theoretical 
SSA of 2230 m2/g to be around ~0.7 wt% at 120 bar and ambient 
temperature. However, material with physisorption of hydrogen on that level 
will be hardly competitive with other materials with higher SSA.  
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5. Conclusion 
 
My thesis includes two parts. First part is fundamental study of graphite 

oxides: relation of their structure to synthesis methods, swelling properties 
and temperature dependent structural transitions. Second part of this thesis 
is aimed on application of graphene related materials for hydrogen storage. 
Using the fundamental knowledge of GO materials, we prepared porous 
materials with high surface areas. GOs were synthesized using two different 
methods (Brodie and Hummers). Detailed characterization of BGO and 
HGO confirmed that these are two different materials with rather distinct 
swelling properties and thermal exfoliation conditions.  

Significant difference between HGO and BGO was revealed during 
experiments with swelling/intercalation of GOs in several liquid polar 
solvents. BGO showed enormous lattice expansion due to intercalation of 1-
octanol. Complex characterization of BGO/1-octanol system was performed 
using in situ XRD under variations of temperature and pressure, vacuum 
annealing conditions and DSC. These experiments provided evidence for 
multilayered intercalation of 1-octanol molecules in parallel to GO planes 
orientation  

Effect of reversible temperature-induced delamination was observed for 
HGO in acetonitrile. In contrast, BGO immersed in liquid acetonitrile shows 
reversible phase transition between one- and two- layered solvate phases at 
temperatures below ambient and absence of delamination. We confirmed 
that GO membranes are distinctly different materials compared to precursor 
GO powders with respect to intercalation/swelling properties. Surprisingly 
strong variation of swelling properties was found for several solvents and 
solutions. Swelling of GO powders and GnO membranes was found to be 
significantly different for some solvents and rather similar (but with slower 
kinetics) for others. Our experiments demonstrated important limitations in 
application of GnO membranes for nanofiltration. Several parameters were 
found to affect the size of permeation “channels” provided by interlayers of 
GnO membrane structure: e.g. nature of solvent, pH of solutions, 
concentration of solutes and temperature. GnO membranes can also be 
intercalated by rather large organic molecules which demonstrate that 
earlier reported “ultra-precise” filtration based purely on size of ions and 
molecules cannot be considered as a general rule. The membranes are not 
stable in basic solutions of certain concentrations and this limits their 
applications mostly to acidic solutions. Hydrogen sorption of materials 
based on GO was carefully examined in the second part of my thesis. 
Hydrogen storage properties were verified for e.g. rGnO, a-rGnO, rGnO/a-
rGnO decorated with Pd or Pt nanoparticles and pillared GO. Hydrogen 
sorption was evaluated for these materials using many samples with broad 
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range of SSA values and for different temperatures in the interval between 
77 and 298 K. It is found that H2 uptake by graphene related materials 
correlates with BET surface area following the same trend as other 
physisorbing carbon materials. The summary of all hydrogen storage 
experiments is presented in Figure 62 which includes the reference 
samples of activated carbon and mesoporous carbon. The H2 uptakes 
measured at 77 K and at room temperature are found to follow rather precise 
correlation with SSA. Therefore, we can name the trends as “standard” for 
physisorption by carbon materials. 

 

 
Figure 62: Hydrogen uptake vs. BET SSA for all types of samples studied in our 

group using volumetric method. 
 

Materials with ultra-high SSA of ~5000 m2/g are not impossible as 
demonstrated by theoretical modelling presented in this thesis. However, 
extrapolation of the trends provided in Figure 62 shows that further 
increase of SSA over so far experimentally achieved ~3300 m2/g will not 
provide sufficiently large capacity for hydrogen storage at ambient 
temperature. The effect of Pd and Pt nanoparticles addition and sorption in 
nanopores of pillared GO have not provided exceptions for standard trend.  

Improvement of hydrogen storage capacities beyond the standard 
physisorption trends is required for practical applications of graphene 
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related materials at near room temperature. This can possibly be achieved by 
using chemical modification of graphene related materials or decoration 
with certain metal atoms. “Graphene scaffolds” prepared using KOH 
activation of rGnO are demonstrated to be some of the best materials 
available for hydrogen storage at liquid nitrogen temperature. Some clear 
advantages of graphene related materials compared to e.g. MOFs with 
similarly high surface area are high stability on air and relatively simple 
preparation methods.  
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6. Summary of the included papers 
and my contribution into those 
papers 

 
Paper 1: Hydrogen storage in bulk graphene related 
materials. 
Klechikov A., Mercier G., Merino P., Blanco S., Merino C., Talyzin AV., 

Microporous and Mesoporous Materials, 2015, 210, 46-51. 
My contribution: Synthesis of rGnO and part of a-rGnO samples, 

measurements of hydrogen sorption, measurements of SSA and pore size 
distribution, analysis of the data, preparation of figures, contribution to the 
manuscript writing. 

 
In this study we synthesized set of graphene related materials (rGnO and 

a-rGnO) samples with wide range of surface areas and evaluated their 
hydrogen sorption properties using gravimetric and volumetric methods at 
293 and 77 K. Two different types of GO were used to prepare rGnO samples 
via thermal exfoliation; rGnO samples with SSA up to 850 m2/g were 
obtained. Post-exfoliation activation treatment was used to obtain high SSA 
(up to 2300 m2/g) samples (a-rGnO). Therefore, we were able to measure 
hydrogen storage of graphene materials in a broad range of surface areas 
and to establish H2 uptake vs. SSA trend. We estimated maximum hydrogen 
uptake by graphene samples as 1 wt% at 120 bar and ambient temperature. 
Linear increase of hydrogen adsorption (77 K) vs. SSA with maximal 
hydrogen uptake of ~5 Wt% for 2300 m2/g sample was observed. We 
concluded that graphene samples obtained using exfoliation of GO, with or 
without further activation, follow the same hydrogen uptake vs. SSA trend as 
other nanostructured carbons. However, graphene remains among the best 
materials for physisorption of hydrogen, especially at low temperatures. 
 

Paper 2: Hydrogen adsorption by perforated graphene. 
Baburin IA., Klechikov A., Mercier G., Talyzin A., Seifert G., 

International Journal of Hydrogen Energy, 2015, 40(20), 6594-9. 
My contribution: Measurements of hydrogen sorption, analysis of the 

data. 
 
In this article theoretical models of graphene-based 3D assemblies 

composed by perforated graphene sheets were presented. It is demonstrated 
that introducing defects and holes allows to achieve SSA values exceeding 
the limit of ideal defect-free graphene (2630 m2/g). Hydrogen storage was 
theoretically studied for these model materials using classical Grand 
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canonical Monte Carlo simulations. Maximal H2 uptake of 6.5 wt% at 77 K 
was predicted for the samples with SSA up to 5100 m2/g. High SSA (~2900 
m2/g) a-rGnO sample was used to verify hydrogen storage results simulated 
for the theoretical models. Despite some difference in pore size distributions 
between a-rGnO sample and idealized model (with SSA ~3600 m2/g), we 
revealed hydrogen sorption measured on a-rGnO sample is in good 
agreement with simulated value. Therefore, maximal theoretical sorption by 
high SSA perforated graphene is limited by values of ~6.5 wt% at 77K. 
 

Paper 3: Hydrogen storage in high surface area 
graphene scaffolds. 
Klechikov A., Mercier G., Sharifi T., Baburin IA., Seifert G., Talyzin 

AV, Chemical Communications, 2015, 51, 15280-3. 
My contribution: Synthesis of rGnO and part of a-rGnO samples, 

measurements of hydrogen sorption, measurements of SSA and pore size 
distribution for part of the samples, SEM measurements, analysis of the 
data, preparation of figures, contribution to the manuscript writing. 

 
In this paper we reported optimized KOH activation procedure which 

allowed us to prepare graphene samples with ultra high SSA up to 3400 
m2/g and pore volumes up to 2.2 cm3/g. Optimization of KOH/C load, 
temperature of annealing and some other parameters allowed us to establish 
reproducible procedure and to prepare ~15 samples with SSA over 3000 
m2/g. Some samples were subjected to additional treatment using high 
temperature annealing under 50 bar of hydrogen. Hydrogen sorption vs. 
SSA trend reported in our earlier study was expanded using the samples 
from 2200 up to 3300 m2/g. Maximal hydrogen sorption (7.5 wt% at 77 K) 
was measured on hydrogen annealed sample with SSA of 3230 m2/g. 
Hydrogen sorption measurements at various temperatures between 77 and 
296 K were also performed on several samples. The uptake (4 wt%) near US 
DOE target value was observed on the sample with the highest SSA already 
at 193 K (120 bar), a temperature of solid CO2, which is commonly used in 
industrial refrigerators. 

 
Paper 4: Graphene decorated with metal nanoparticles: 
Hydrogen sorption and related artifacts. 
Klechikov A., Sun J., Hu G., Zheng M., Wågberg T., Talyzin 

AV., Microporous and Mesoporous Materials, 2017, 250, 27-34. 
My contribution: Synthesis of rGnO and part of a-rGnO samples, 

decoration of samples with Pd nanoparticles, measurements of hydrogen 
sorption, measurements of SSA and pore size distribution, SEM 
measurements, analysis of the data, preparation of figures, contribution to 
the manuscript writing. 
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In this paper we studied hydrogen sorption by graphene samples 

decorated with Pd and Pt nanoparticles. Effect of carbon support etching 
around nanoparticles was observed using SEM after the samples was 
annealed under high temperature in air or hydrogen. Some rGnO samples 
showed increase of SSA after annealing in air. Unlike rGnO, a-rGnO samples 
showed dramatic decrease of SSA after the same treatment, most likely due 
to breakup of their microporous structure. Decorated rGnO and a-rGnO 
samples did not showed increased reversible hydrogen sorption compared to 
nanoparticles-free samples. We observed the effect of irreversible 
chemisorption of hydrogen on several decorated rGnO samples. This 
increase can be mistakenly assigned to spillover if the measurements are 
limited to only the first isotherm measured after the samples synthesis. 

 
Paper 5: Brodie vs. Hummers graphite oxides for 
preparation of multi-layered materials. 
Talyzin AV., Mercier G., Klechikov A., Hedenström M., Johnels 

D., Wei D., Cotton D., Opitz A., Moons E., Carbon, 2017, 115, 430-40. 
My contribution: Synchrotron measurements, participation in analysis 

of the data, participation in preparation of figures. 
 
In this paper we studied GOs prepared using Brodie (BGO) and 

Hammers (HGO) methods in order to investigate the difference between 
some of their properties. We analyzed BGO and HGO samples using variety 
of characterization methods, e.g. TGA, XRD, XPS, NMR and FTIR. Analysis 
of characterization data allowed to suggest that BGO has more homogeneous 
distribution of functional groups across the GO flakes surface, compared to 
HGO. Inhomogeneous distribution of functional groups over HGO flake 
surfaces suggestively results in formation of nanometer-sized graphene 
areas with nonuniform solvation and hydration of HGO samples. Lower 
amount of hydroxyl and higher amounts of carbonyl and carboxyl groups in 
HGO indicates more defected structure with holes, poor ordering and 
stronger deviation of GO flakes from planar shape relative to BGO. The 
higher mechanical strength and lower humidity dependents were observed 
on BGnO multi-layered membranes/papers, thus providing an example of a 
membrane property superior to that of HGnO. 

 
Paper 6: Delamination of graphite oxide in a liquid upon 
cooling. 
Talyzin AV., Klechikov A., Korobov M., Rebrikova AT., Avramenko 

NV., Gholami MF.,  Severin N., Rabe JP., Nanoscale, 2015, 7 (29), 12625-30. 
My contribution: Experiments at MAX lab synchrotron, participation in 

analysis of the data, participation in preparation of figures. 
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In this study we demonstrated complete delamination of HGO 

immersed in acetonitrile induced by decrease of temperature below 260 K. 
This effect was found to be reversible with the re-ordering of HGO when the 
sample is heated above 260 K or cooled down below freezing point of 
acetonitrile (200 K). The formation of a gel-like phase is the example of 
extreme temperature depended swelling. This effect is likely to be related to 
inhomogeneous solvation of graphene oxide sheets in HGO. In contrast to 
HGO, BGO immersed in acetonitrile showed phase transition between two 
solvate phases (one and two-layered structure) and absence of temperature 
induced delamination. Observed effect is promising for preparation of 
pillared 3D structures using simple cooling-heating cycles. 

 
Paper 7: Multilayered intercalation of 1-octanol into 
Brodie graphite oxide. 
Klechikov A., Sun J Baburin IA., Seifert G., Rebrikova AT., Avramenko 

NV., Korobov MV., Talyzin AV., Nanoscale, 2017, 9, 6929-36. 
My contribution: XRD measurements, participation in Synchrotron 

measurements, analysis of the data, preparation of figures, contribution to 
the manuscript writing. 

 
In this study we demonstrated that 1-octanol is intercalated into BGO 

interlayer space in the parallel to GO layers orientation. BGO is intercalated 
by 1-octanol in four monolayers state (A-solvate) already at ambient 
temperature and pressure. Decrease of the temperature to 265 K leads to 
intercalation of additional solvent monolayer and transition of BGO/1-
octanol to five layer state (L-solvate). This transition was demonstrated 
using XRD and DSC methods and is fully reversible upon variation of 
temperature. Same transition was observed upon increase of pressure 
around 0.6 GPa. Heating of the BGO/1-octanol sample under vacuum allows 
to remove the solvent layer by layer. Several sets of (00ℓ) peaks were 
recorded from BGO/1-octanol sample using XRD in the process of in situ 
vacuum heating. These peaks correspond to distinctly different three-, two-, 
and one-layered solvate phases. Removal of each solvent monolayer 
corresponds to the change of interlayer distance by ~4.5 Å. This experiment 
provides the evidence of horizontal orientation of solvent molecules between 
GO layers in A-solvate. Our experiments with thermally induced 
intercalation and vacuum heating allowed us to rule out the explanation for 
lattice expansion where change in the alcohol molecules orientation between 
GO planes was stated as the reason for lattice expansion during A- to L-
solvate transition.  
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Paper 8: Structure of graphene oxide membranes in 
solvents and solutions. 
Klechikov A., Yu J., Thomas D., Sharifi T., Talyzin AV., Nanoscale, 

2015, 7, 15374-84. 
My contribution: Participation in Synchrotron measurements, analysis 

of the data, preparation of figures, contribution to the manuscript writing. 
 
In this paper we studied solvation/intercalation of GnO membranes 

deposited from aqueous dispersions using XRD. Swelling of GO powders and 
GnO membranes immersed in various solvents and solutions was evaluated 
and compared. All measured solvents were categorized into two types with 
respect to the difference in their intercalation into GO powders and GnO 
membranes. Type I solvents are inserted into GnO membrane in amount 
which corresponds to only one monolayer, while GO powders are 
intercalated with 2 - 3 layers at the same conditions. Type II solvents are 
intercalated into GnO membrane and GO powder with similar increase of 
interlayer distance. Type I solvents include dioxolane, acetonitrile, acetone, 
and chloroform, Type II - DMF and DMSO. These results are of importance 
to predict permeation properties of GnO membranes. Faster permeation 
through GnO membranes can be expected by Type II solvents compared to 
Type I. Stability and swelling of GnO membranes were also studied in 
several types of solutions. GnO membranes were found to be unstable and 
slowly dissolving in some basic solutions with certain concentrations 
(NaOH, NaHCO3, LiF). The membranes in aqueous solutions of acidic and 
neutral salts were found to be stable even after many hours. We observed the 
possibility to increase the GnO membranes interlayer distance up to ~35 Å 
using solutions of some larger organic molecules, alkylamines and 
alkylammonium cations. Our experiments demonstrate some limitations for 
application of GnO membranes for nano-filtration proposed in several 
earlier studies. However modification of GnO membranes interlayer 
distance could be used for tuning of the membranes permeation properties.  

 
Paper 9: Porous Graphene Oxide/Diboronic Acid 
Materials: Structure and Hydrogen Sorption. 
Mercier G., Klechikov A., Hedenström M., Johnels D., Baburin IA., 

Seifert G., Mysyk R., Talyzin AV., The Journal of Physical Chemistry C, 2015, 
119(49), 27179-91. 

My contribution: Participation in Synchrotron measurements, hydrogen 
sorption measurements, participation in preparation of figures. 

 
In this study we reproduced and optimized earlier reported solvothermal 

reaction of GO with benzene-1,4-diboronic acid (DBA) to obtain graphene 
oxide framework (GOF) material. We verified the structure, performed the 
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study of solvation and hydrogen sorption of obtained GO/DBA samples. As a 
result of synthesis optimization, the SSA of GO/DBA materials was 
increased up to up to 1000 m2/g. Structural characterization of GO/DBA 
using XPS, XRD, TGA, FTIR and nitrogen sorption analysis was used to 
confirm that obtained structure is similar to reported before. However, 
synthesized samples were not confirmed to have the same structure as 
idealized GOF model where GO layers linked by DBA molecular pillars. This 
is demonstrated by additional tests on solvation of GO/DBA samples which 
revealed reversible swelling in polar solvents, not compatible with the 
model. Therefore, we consider alternative possible model of GO/DBA 
structure which is better describe samples obtained experimentally. In this 
alternative model DBA pillars are attached to only one GO layer instead of 
two. Hydrogen storage measured on synthesized GO/DBA samples at 293 
and 77 K revealed similar to other nanocarbons trend in relation to SSA.  

 
Paper 10: Porous graphite oxide pillared with tetrapod-
shaped molecules. 
Sun J., Morales-Lara F., Klechikov A., Talyzin AV., Baburin IA., Seifert 

G., Cardano F., Baldrighi M., Frasconi M., Giordani S., Carbon, 2017, 120, 
145-56. 

My contribution: Hydrogen sorption measurements, participation in 
preparation of figures. 

 
In this study we reported new pillared GO (PGO) material prepared 

using solvothermal reaction of HGO with methanol solution of Tetrakis(4-
aminophenyl)methane (TKAm). Main advantage of this PGO is that 3D 
shape of TKAm molecules intercalated into GO lead to significant layer 
separation (to 13 - 14 Å) regardless of TKAm molecule orientation. This is 
demonstrated using several models showing different orientation of TKAm 
molecule between GO layers. Idealized GO/TKAm structure with realistic 
concentration of pillaring molecules in GO interlayers was simulated using 
theoretical modeling and showed maximal SSA of 2300 m2/g. However, 
synthesized samples of expanded GO/TKAm with sub-nanometer pores 
showed maximal SSA of 660 m2/g. This value is not record high, but, among 
the highest for all synthesized PGO materials. Hydrogen storage of 
GO/TKAm samples was found to not exceed the values measured on other 
carbon materials with similar SSA, both at 77 and 295 K. The highest 
uptakes measured on GO/TKAm samples were 1.66 wt% and 0.25 wt% at 77 
and 295 K respectively. Theoretical simulations performed in this study 
revealed that even idealized PGO materials with very high SSA (up to 3700 
m2/g) will not provide improvement of hydrogen storage beyond standard 
trends.  
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