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Abstract

In comparison with the high-pressure adsorption at room temperature, hydrogen adsorption
at cryogenic temperatures can be significantly improved at low pressures, which has great
potential for prospective mobile applications. In this study, a differential pressure based
manometry system was designed and constructed for fast analysing hydrogen adsorption
uptakes of sorbents up to a maximum of 10 wt% at 77 K and up to 11 bar. The safety design
of the system in compliance with European ATEX directives (Zone 2) for explosive
atmospheres was discussed in detail, together with additional pneumatic systems for remote
control of the experiments. A thorough error analysis of related experimental tests was also

performed.

Common carbon sorbents, including several Norit branded activated carbons and graphene
nanoplatelets (GNPs) with various surface areas, were characterised for their pore structures.
The structural differences among GPNs of different surface areas were also studied. The
hydrogen adsorption isotherms of these sorbents, examined in the newly-built manometry
system, were further analysed and discussed with reference to the assessed microstructural
properties. The carbonisation processes of plasma carbons from the microwave splitting of
methane, and biochars from the pyrolysis of Miscanthus, were intensively studied primarily
based on Raman spectroscopy, in conjunction with other characterisation techniques such as
XRD, FTIR and XPS, for exploring the formation of graphitic structures and crystallinity under

various conditions.

Two selected types of carbons, the activated carbon AC Norit GSX with a specific surface
areas of 875 m?/g and the graphene nanoplates with a specific surface area of 700 m?/g, were
decorated with palladium nanoparticles in different compositions. The growth and
distribution of doped palladium particles in the carbon substrates were studied, and their
effects on porous properties and microstructures of the sorbents were also reviewed.
Hydrogen adsorption tests of the decorated carbons were further conducted and discussed,
to explore the potential effects of Pd contents on the adsorption kinetics and hydrogen

absolute uptakes.
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1 Introduction

1 Introduction

There are two primary tasks of the research presented in this thesis. The first task is to
present a detailed design for implementing differential manometry to measure hydrogen
cryosorption at 77 K and pressures up to 10 bar. The second task is to evaluate some carbon
based porous sorbents for their porous properties and to measure their hydrogen adsorption

capacities at 77 K using the constructed measuring system.

By contrast with the popular Sievert’s type volumetric system based on single or multiple
static pressure transducers, differential manometry — which directly measures the induced
differential pressure by gas adsorption — offers better accuracy and a faster response to small
gas uptakes during hydrogen adsorption thanks to the application of a differential pressure
transducer with small pressure range. Although several designs of differential manometry
have been reported for measuring hydrogen adsorption at room temperature and high
pressures of hundreds of bars, the differential manometry for measuring hydrogen
adsorption at cryogenic temperatures, such as 77 K, has not been reported. In this thesis, the
design of a differential manometry system for hydrogen adsorption tests at 77 K is presented.
In addition to the basic construction of a volumetric system, several precautions for handling
potential safety risks of compressed hydrogen gas have also been presented, such as the
construction of a pneumatic control system, automated measuring processes and a

reinforced hydrogen cell with high flowrate extraction.

The sorbents studied include both amorphous carbons, such as activated carbons AC Norit
GSX and AC Norit ROW, and porous carbons with high crystallinity, such as graphene
nanoplatelets (GNPs), GNPs-500 and GNPs-700. These carbon sorbents were studied
systematically for their pore sizes, pore areas and pore volumes on both the micropores and
the mesopores, depending on the nitrogen adsorption isotherms at 77 K. A study of two
carbons, plasma carbons from the microwave splitting of methane and biochars from the
pyrolysis of Miscanthus, was conducted to investigate the structural evolution of carbon
contents during manufacturing. The evolution of structural properties in graphene
nanoplatelets was also studied in relation to the increase in surface areas. Several theoretical
methods, including the BET method, the Harkins-Jura t-method, and the a;-method, which

have been discussed in section 2.3, and characterisation techniques, including TEM, SEM, XRD
1



1 Introduction

and Raman spectroscopy, were implemented to analyse the micro-structures of the sorbents.
Hydrogen cryosorption at 77 K and pressures up to 11 bar were measured on these carbon
sorbents in comparison with microporous zeolites 13X and NaY. The decoration of Pd on two
carbons, AC Norit GSX and GNPs-700, and its influence on hydrogen cryosorption behaviour

was also studied.

In this thesis, section 2 reviews the background of previous hydrogen storage research,
including an overview of the hydrogen economy, the common sorbents for hydrogen
adsorption, the relevant theories for studying adsorption behaviours and the general
apparatus designs for measuring adsorption uptakes. Section 3 illustrates the hypotheses
raised in this study, and section 4 describes the origins and manufacturing processes of the
materials investigated. The characterisation techniques, including equipment details and
measurement parameters, are reported in section 5. Section 6 covers every aspect of the
design and construction in building the differential manometry system. The porous properties
of sorbents, structural evolution of plasma carbon, biochars and graphene nanoplatelets, and
the hydrogen cryosorption uptakes of these porous sorbents, are discussed in detail in section
7. Finally, section 8 presents the conclusions of this study in addressing the hypotheses in

section 3.



2 Background

2 Background

2.1 Therise of the hydrogen economy

After Thomas Newcomen developed a practical steam engine in 1712, the great
improvements in engine efficiency introduced by James Watt provided the ability to convert
fuels into mechanical energy [1], which led the world into a remarkable industrial era and
introduced coal as the main fuel. As a result of the invention of the oil refinery in the late 19th
century and its prosperity in the early 20th century, oil began to play a vital role due to its
high-energy density and convenience to transport, gradually achieving its position as the most
important energy medium for transport and portable generators in the world after the 1950s.
Because of restrictions in oil supply, there were several energy crises in the past several
decades, as well as the realisation that there are limited reserves of oil, which has driven
researchers to seek energy alternatives. The competition for strategic reserves of oil among
nations introduced political tensions, and the excessive burning of fossil fuels has caused
serious environment pollution all over the world. For example, excessive emissions of

greenhouse gases, including CO,, NO,, etc., have led to global warming.

As a result, the Paris Agreement was reached around the world to reduce carbon emissions
with the objective of limiting further deterioration of the environment. The atomic ratio of
carbon to hydrogen in a fuel determines the amount of carbon released per mole of the fuel
during combustion. As a result, the concept of “decarbonisation” has risen to evaluate the
decrease of the carbon content in the fuel supply [2]. Wood, consisting of 80% cellulose
((CeH1005),) and 20% lignin ((C10H1304)n), was first used as the primary energy source in human
history, claiming a carbon-to-hydrogen ratio of about ten after subtracting the component of
(H20)n [3]. Among fossil fuels, coal has the highest carbon contents at one or two times that
of hydrogen. Qil is a little better, consisting of one carbon atom for each two hydrogen atoms,
while natural gas, which is of growing importance in industry, contains one carbon atom for
each four hydrogen atoms. Nevertheless, the amount of greenhouse gases keeps increasing
all the time, which means that the decarbonisation effects of fuels on emission reduction are
not yet sufficient to compensate for the increase in emissions due to growing energy

consumption, resulting in the acceleration of global warming. Non-carbon fuels would be the
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ideal answer to this serious environmental question, making hydrogen a very promising

solution.

Hydrogen is widely favoured as an energy carrier for next generation energy systems due to
its zero emissions and the large reserve of chemical energy, 142 MJ/kg, over three times that
of hydrocarbon fuels [4]. Hydrogen is the most abundant element in the universe, making up
75 mass percent of the universe and 90 percent of its molecules [3]. Hydrogen is also the ideal
fuel for many fuel cell systems, which could achieve high efficiency. Its wide distribution in
materials, notably organic matter, hydrocarbons and obviously water, provides the possibility
of it being produced from both renewable methods, such as the photolysis of water, and

highly efficient chemical mass-production techniques, such as the reforming of natural gas.

However, there are obstacles to hinder the prosperity of the hydrogen economy. It is
currently difficult to achieve mass production of hydrogen without any carbon footprint in its
lifecycle. Notwithstanding that renewable methods, such as photolysis and wind powered
reactions, still retain problems of low efficiency and high cost, some highly efficient
techniques to produce hydrogen, such as the reforming of water using a nuclear-powered
reactor, have proved feasible on a laboratory scale [5]. In comparison with the progress in
hydrogen production, the remaining question of hydrogen research is the controversial
storage techniques, for which there seems to be a lack of substantial development. Hydrogen
gas is usually considered as a dangerous chemical due to the high risk of explosion when it is
mixed with oxygen. High-pressure hydrogen tanks are currently the most common method
to store and carry hydrogen, and they have proven to be safe enough for long distance
transport and the distribution of hydrogen into stationary hydrogen stations [6]. Toyota
introduced the world’s first commercially sold hydrogen fuel cell car, Toyota Mirai, with a
carbon fibre reinforced tank built in to store 700-bar pressurised hydrogen gas in 2014 [7].
Hyundai and Honda have also introduced their fuel cell cars with the similar technologies in
recent years [8], [9]. Despite of these successes in research and commercial applications, the
high pressure itself is difficult to be controlled, which requires costly pressure control units
and expensive reinforced coatings on the storage tanks. Additionally, the safety concerns of

the real hazards to passengers, from the potential release of intensively pressurised hydrogen
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during collision, have also encouraged researchers to study alternative low-pressure

techniques to store hydrogen in automobiles.

With the objective of reducing the risk of storing hydrogen at high pressure, either reducing
the storage pressure of hydrogen gas or transferring the hydrogen into its liquid state could
sufficiently meet the target, while both have their own restrictions in terms of feasibility and
cost. In the next section, most of the common materials used for hydrogen adsorption and
absorption, such as metal hydrides, metal-organic frameworks (MOFs), carbon nanoforms
and other porous materials, will be reviewed in terms of their gravimetric uptake of hydrogen

(wt%), applied pressure (p) and operating temperature (7).

2.2 Hydrogen storage techniques
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X
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Figure 2.2.1 Techniques and targets of hydrogen sorption [10].

As indicated in x-axis and y-axis of Figure 2.2.1, the energy density of a storage system can
be explained by both the volumetric uptakes and the gravimetric uptakes. According to the
2015 update of hydrogen storage section in “multi-year research, development, and
demonstration plan”, issued by Department of Energy (DOE), USA, the systematic target of

hydrogen storage for light-duty fuel cell vehicles by 2020 is 5.5 wt% by mass or 40 kg/m> by
5
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volume [6]. It is noted that the targets are for the complete storage and delivery system,

including tank, material, valves, insulation, cooling and other components [6].

Since the equipment specifications (e.g. weight, material, volume, etc.) required to handle
H, and sorbents depend mainly on the conditions, such as the pressure and temperature, of
each storage system, researchers generally evaluate the wt% of hydrogen sorbed in respect
of either the mass of sorbent or the total mass of sorbent and hydrogen contained. In this
study, the former expression was adopted for consistency. It is noted that the hydrogen
uptakes in respect of sorbent mass are generally the excess hydrogen uptake, because both
the micro-balance methods and the pressure-rated methods only measure the hydrogen
uptake adsorbed onto the pore surfaces of sorbents by either the weight changes or the
pressure variance during the sorption, which is irrelevant to the surrounding gaseous
hydrogen molecules. The total hydrogen uptake is often used to evaluate the capacity of a
storage system, when both the excess uptakes and the compressed hydrogen gas should be
considered. All sorption results reported in this study are excess hydrogen uptakes, which

aims to illustrate the performance of sorbent itself.

By comparison with the gravimetric storage (wt%), the volumetric storage (kg/m’) is
difficulty to define a consistent and applicable expression for all studied sorbents, since the
volume of porous sorbents is impossible to acquire an accurate measurement, especially for
amorphous sorbents, like activated carbons. Some researchers used the apparent density to
calculate the volumetric storage capacity, which was based on the method similar to ISO60
standard [11]. However, the measured results of lightweight porous materials via this method
cannot be reliable, as whether the power or particles is packed loosely or tightly, as well as
the handling in the test, can significantly influence the results. The other method applies the
crystallographic volume that is theoretically calculated from the crystallographic structure of
materials like metal-organic frameworks (MOFs), as described in reference [12], which is not
applicable for amorphous materials or sorbents that is hard to identify their crystallographic

structures.

Neither the volume of sample chamber nor the volume of sorbents excluding the pores that
is measured through gas intrusion method can represent the right generic volumes of the

porous sorbents. But it is possible to estimate the rough range of volumetric uptakes of
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samples tested in this thesis. The sample vial used in this study is 2 ml in volume. The
maximum hydrogen uptake measured for carbon samples is about 0.02 g, and the maximum
uptake for tested zeolites is about 0.025 g. The estimated volumetric hydrogen uptakes (in
respect of the container volume) are roughly 10 kg/m? for carbons and 12.5 kg/m? for zeolites,
which is far from the systematic storage target of 40 kg/m®. As the volumetric filling ratio of
sorbent powders in the vial varies in each loading, the volumetric uptake estimated in respect
of the vial volume cannot be used for evaluating the storage capacity of each sorbent. Instead,
the gravimetric uptakes in wt% is more consistent and comparable to represent the H, uptake
for each sorbent, no matter whether it is crystalline or amorphous. Thus, the gravimetric
uptakes (in wt%) are widely applied in this thesis to represent the H, storage capacity of

different sorbents.

Many new alloys, ceramics and composites have been reported for hydrogen sorption, such
as metal hydrides, carbon structures, metal-organic frameworks (MOFs) and zeolites [10],
[13]-[15]. Both the weight and the volume of storage systems for hydrogen storage need to
approach the energy density of gasoline systems in automobiles prior to its wide applications.
However, the energy densities of reported hydrogen storage methods still have a certain
distance from the gasoline as described in Figure 2.2.1. In this section, most of the popular

methods will be mentioned and analysed for advantages and disadvantages.

Three major evaluation parameters — pressure (p), temperature (T) and hydrogen weight
percentage (wt%) — are considered in this analysis while commercial concerns are not
imperative because most of the storage methods are still being studied in the laboratory. The
U.S. Department of Energy (DOE) has reduced the previous target of 9.0 wt% hydrogen uptake
to 5.5 wt% by 2020 because of the limited progress on recent hydrogen storage research for
mobile applications [6]. For the crystalline sorbents, such as MOFs, the volumetric uptakes
are also reviewed to compare with the DOE target of 40 kg/m?>. According to the calculation
stated in reference [4], an automobile combustion engine with same efficiency requires 8 kg
hydrogen, in comparison with 24 kg of petrol, to cover the same 400 km distance. BMW
produced a limited amount of “hydrogen 7” model cars, which have a bivalent combustion
engine built-in to use both gasoline and hydrogen as the fuel, from 2005 to 2007 [16]. The

hydrogen fuel is stored in its liquid state at 20 K temperature, which was claimed by BMW to
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offer 75% more volumetric energy density than a 700-bar compressed tank [17]. However,
the liquid hydrogen started to boil after 17 hours of non-use, and was emptied completely in
10 - 12 days during the road test [17]. For a fuel cell system assumed to have the doubled
efficiency of combustion engine, only 4 kg hydrogen is necessary to achieve the same distance,
which means that about 10 wt% systematic hydrogen storage capacity can reach a similar
energy density per unit mass with the petrol system if the storage equipment is assumed to
take 30 — 40% of the total systematic weight. It is worth noting that the storage target set by
DOE is regarded as systematic storage which means the weight of storage equipment is taken
into considerations, although some carbon sorbents have proved to have gravimetric uptakes
over 7 wt% in respect of the sorbents weight that cannot represent the storage systematic

weight.
2.2.1 Metal hydrides

As early as 1974, the group of Wiswall [18] developed the metal-hydrogen reaction of FeTi
and H,, displaying remarkable hydrogen storage ability. Molecular hydrogen can be
dissociated into two individual hydrogen atoms at the surface of the metal alloys; the metal
alloys and hydrogen atoms are combined together to form metal hydrides, which could

liberate H atoms reversibly in a thermodynamic process, as shown in Figure 2.2.2 [4].

H, gas Metal hydride Electrolyte
Mdetalb i Q)
adsorbe Q
hyrodgené) 8 d o o QP
00 50 0 N
Q® o 8 a °
S?Iiﬁ solution (6 009 %%
a-phase o 6 b © 8
O
‘o't NH % ¢ !
% ogo D00 eD & O° %%
Hydride phase @t *OSOROORORO=OO=ON0 ...
Fotese g0 QOB BBOBBOBED o 0§
00000000000 0 o

Figure 2.2.2 A schematic diagram of the sorption mechanism in metal hydrides [3].

In contrast with pressurised gas tanks, metal hydrides could store hydrogen reversibly in

lower pressure conditions, e.g. temperatures of 77 K to 373 K and pressures of 1 - 10 bar. It is
8
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reported that one of the popular metal alloys, LaNis, has the ability to store 1.37 wt% H, at 2
bar and 298 K, and for the A;B type of metal hydrides, the operating conditions for 3.59 wt%
of H, uptake are 1 bar at 555 K [19].

As shown in the overview of the materials discussed in Figure 2.2.3 [4], where the horizontal
axis represents the system weight percentage of stored hydrogen in the whole weight of the
storage system, the hydrocarbon fuels generally have a system hydrogen weight percentage
of over 15 % (marked as green rectangles in Figure 2.2.3), as does the liquid hydrogen method
(blue), while metal hydrides (red) hold less than 5 system wt%. The metal alloys labelled in
orange can store a weight percentage larger than the DOE target of 5.5 system wt%, but they
usually have very poor performances in reversibly releasing hydrogen because of the
hysteresis of their sorption and desorption of hydrogen, which is not compatible with the
target for applications despite they achieve high gravimetric uptakes in overall adsorption [4].
Although these materials can store large quantities of hydrogen in proper pressure and

temperature conditions, they are still far from commercial applications.
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Figure 2.2.3 Stored hydrogen in volumetric uptake versus mass percentage. Comparison among
metal hydride, carbon nanotubes, petrol and other hydrocarbons [4].
Except for the metal hydrides discussed that exhibits high hydrogen uptakes, another metal,
palladium, can also exhibit a certain amount of hydrogen adsorption and absorption at room

temperature reversibly. With the consideration of its high cost, palladium is rarely used as a
9
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sole sorbent for hydrogen storage. Instead, palladium is commonly used as a catalyst for many
industrial applications. As the palladium is studied as an additive to carbon sorbents in this

study, the hydrogen absorption and spillover of palladium are reviewed here.
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Figure 2.2.4 Pressure-temperature phase diagram for the H:Pd system [20].

Similar to many other metal hydrides, the sorption of palladium consists of the a-phase
absorption and B-phase absorption. In a hydrogen-palladium system, hydrogen readily
dissociates on the surface of palladium, and the hydrogen atoms diffuse into sublayers to
form the palladium hydride [20]. The absorption of hydrogen in palladium does not change
the lattice structure of pallidum metal, which is different with other metal hydride [20], [21].
The a-phase is a solution phase, in which the lattice constants are close to palladium metal
with a hydrogen:palladium ratio (H:Pd or H/Pd) less than 0.03 at room temperature, while the
lattice constants increase linearly with pressure to introduce the B-phase absorption with the
H/Pd of approximate 0.6 at room temperature [20]. The a-phase and B-phase is found to
coexist at certain pressures and in temperatures under around 300 °C [20]-[23]. The reduction
of temperature and increase of pressure normally promotes the formation of B-phase

palladium hydride [22], [23], which is also indicated in Figure 2.2.4. Above a critical point, as

10
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described in Figure 2.2.4, the coexistence (dash line) of a- and B-phase no longer occurs. The

palladium hydride will be either in a-phase or B-phase, depending on the actual condition.
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Figure 2.2.5 Hydrogen spillover in a supported catalyst system: (a) adsorption of hydrogen on a
supported metal particle; (b) the low-capacity receptor; (c) primary spillover of atomic hydrogen
to the support; (d) secondary spillover to the receptor enhanced by a physical bridge; (e) primary
and secondary spillover enhancement by improved contacts and bridges [24].

Despite the continued work and research on the hydrogen spillover effect after its first
introduction in 1960s [25], [26], the detailed mechanism are still not well understood [24].
Spillover was defined as the transport of adsorbed species from one site to another site that
would not typically adsorb the species at normal conditions [27]. A brief description of
hydrogen spillover process is shown in Figure 2.2.5. The hydrogen molecules are dissociated
on the metal site, then diffuse to the support, which is called the primary spillover, as
described in Figure 2.2.5 (c). The hydrogen atoms further diffuse through the “bridges”, as
described in Figure 2.2.5 (d), to the receptor, which is named as the secondary spillover. In

this process, the “bridges” is crucial to reduce the barrier for hydrogen atoms to diffuse from

11



2 Background

the support to the receptor, which were theorised to be created by pre-treament techniques
or carbonisation of a precursor [24], [28]. The spillover effect is of particular interests for the
graphite-like receptor, since the inter-planar spacing of graphitic layers restricts the access of
molecular hydrogen [24]. Palladium has proven to be an excellent candidate to spillover
hydrogen molecules [24]. The spillover effect introduced by palladium particles in palladium-
AX21 mixtures has been verified experimentally to be able to increase the hydrogen capacity
of AX21 receptor, a type of activated carbon, at room temperature [24]. Platinum, in the same
group of palladium, was also found to have the similar hydrogen spillover effects [25], [26],

[28].
2.2.2 Metal-organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) are defined as a type of crystalline solid formed by the
connection of metal ionic groups or clusters with molecular bridges [29]. MOFs draw
significant attention because of their outstanding properties, such as high porosity, re-
designable structure and straightforward modification for targeted properties. One model for
the mechanism [29] (as shown in Figure 2.2.6) is that polymeric clusters act as bridges
extending from metal crystalline centres, inducing the formation of voids surrounded by the
frameworks. As the diameter of the hole is controllable, a large range of gas molecules with
low molecular weight could be collected by this method, making MOFs a potential candidate

for gas adsorption.

The kinetics of hydrogen sorption by microporous materials is generally very rapid, and
cryogenic temperatures, such as 77 K, are normally required to achieve significant capacities
at low pressures [30]. In terms of the sorption results shown in Table 2.2.7, the tests were
conducted at relative low pressures (20 — 70 bar) and relatively low temperature (77 K), both
of which are achievable. The high porosity achieved in MOFs sometimes results in large pores,
which leads to a low volumetric storage, because the hydrogen gas is simply compressed
within the empty pores [31]. For instance, in Table 2.2.7, MOF-210 and MOF-177, which had
higher gravimetric excess uptake than NU135, exhibited worse volumetric densities. Although
the excess volumetric density of MOF-210 is below the DOE target of 40 kg/m?, the total
volumetric density with the compressed hydrogen gas in pores considered is 44 kg/m?> [32],
which exhibits a great potential to fulfil the volumetric target with appropriate storage system
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designs. As described in Table 2.2.7, it is obvious that high porous MOFs with high surface

areas can achieve promising hydrogen uptakes in both gravimetric and volumetric densities.

However, most of the high-performance MOFs reported are still in laboratory scale, and their

mass production remains problematic.

Figure 2.2.6 Examples of MOFs: a) MOF-177, b) IRMOF-8, c) MIL-53 and d)

Zn2-(bdc)2(dabco) (dabco = 1,4-diazabicyclo[2.2.2]octane) [29].Yellow balls represent the

voids inside.

Table 2.2.7 Gravimetric hydrogen uptakes of MOFs at 77K, 1 atm.

Excess H,

Excess H,

Apparent Pore

Material (gr:\‘::;t:ric (vol:srt::teric, Surfacze Area Voll;me Conditions

Wt%) kg/m?) (m“/g) (em’/g)
NU-135 [33], [34] 5.1 49 2600 1.02 77 K, 55 bar
UiO-66 [35] 3.35 - 1358 - 77 K, 18 bar
NJU-Bail2-ac [36] 5.53 - 3038 1.135 77 K, 20 bar
NU-100 [37] 9.95 - 6143 2.82 77 K, 70 bar
MOF-210 [32] 8.6 21.5 6240 3.60 77 K, 60 bar
MOF-5 [12] 5.1 - 3100 - 77 K, 40 bar
UMCM-1 [38] 6.88 - 5200 - 77 K, 46 bar
MOF-177 [39] 7.6 32 4750 1.69 77 K, 66 bar
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2.2.3 Conventional compressive tanks

High-pressure hydrogen tanks are designed to store hydrogen gas in pressure resistant
tanks from 300 bar to 700 bar, and it is the most widely used technique nowadays. Hua et al.
[40] made a technical assessment of compressive hydrogen storage systems, of which the
results indicated that the gravimetric capacity of usable hydrogen in 350 bar tanks could reach
5.5 wt%. Considering the efficiency of the system and the chemical energy of the fuels, a
combustion engine burns about 24 kg of petrol to cover a range of 400 km, while hydrogen
fuel cell cars could use only 4 kg hydrogen to drive a similar distance. To store 4 kg of hydrogen
at a pressure of 350 bar, around 150 litres of volume needs to be reserved, while a family-use
car has a typical fuel capacity of approximately 80 litres: the extra space of 70 litres needed

to install a 350-bar tank is clearly impractical.

Carbon Fibre Reinforced Plastic (CFRP) tanks have been introduced with the outstanding
pressure resistance of nearly 700 bar. Nevertheless, this new type of tank needs a special and
expensive reinforced coating to prevent corrosion, and it is also environment sensitive.
Experimental tests indicated that the fatigue strength of CFRP reinforced tanks was
influenced by temperature [41]. In spite of these disadvantages, the CERP tanks have proven
to be feasible in commercial automobiles by car manufactures, such as Toyota [7], Hyundai
[8] and Honda [9]. For instance, in Toyota Mirai, two triple-layer CEFR tanks with a total
volume of 122.4 L are placed inside the vehicle to achieve a normal operating pressure of 700
bar, which results in a systematic storage density of 5.7 weight% and storing approximate 5
kg hydrogen in total [7]. However, high pressure itself increases the risk of explosion
especially during crashes, and extra pressure control devices are needed to deal with the huge
pressure difference between the high storage pressure and the low application pressure [4],
which needs a lot of effects to reduce public concerns and reduce the cost to further increase

its popularity.

2.2.4 Zeolites and Activated Carbons

Thanks to the microporous structure of zeolites, the surface areas of zeolite samples are
generally large, varying from 400 m*/g™ to 1000 mz/g depending on the types [15], [42]. The
hydrogen sorption on zeolites is generally examined at 77 K, since the cryogenic adsorption

can achieve large quantities of hydrogen uptakes of 1 — 2 wt% at relatively low pressures of
14
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several MPa [15], [42]-[45]. Although different metal ions are contained in various types of
zeolite structures, the hydrogen uptakes of different zeolites are dominated by the ideal
adsorbent-adsorbate adsorption. Notwithstanding the fact that pores of faujasite framework
zeolites, such as X type and Y type zeolites, are similar to each other, zeolite X was revealed
to have a greater hydrogen uptake than zeolite Y, with similar surface areas, which was
believed to correlate with enhanced binding effects of more cations sites in the X type zeolite
[45]. As surface areas on zeolites are rarely over 1000 m*/g, the maximum hydrogen uptakes

are limited to the quantity around 2 wt%.

Activated carbons are normally prepared from carbonaceous materials, such as wood and
coal, through an activation process of exposing them to oxidizing atmospheres, for instance,
oxygen or steam at high temperatures [46]. In comparison with zeolites, activated carbons
have been reported to have much larger surface areas, for instance, over 3000 mz/g for AC-
K5, giving a hydrogen uptake about 7 wt% at 77 K and 20 bar pressure [46], and carbon B for
4.5 wt% at 77 K and 10 bar pressure [47]. For commercial products of activated carbon, the
surface areas are normally below 1500 mz/g, about half of the reported highest surface areas
for activated carbons. Although the 7 wt% excess uptake has great potential to meet the DOE
systematic target of 5.5 wt%, there are still challenges remaining to produce activated
carbons with higher surface areas than 3000 m?/g in mass-production and cost-effective

methods.
2.2.5 Carbon materials: nanoforms, graphane and graphene

When grain sizes are decreased to nanoscale, or even atomic scale, the Van der Waals force
dominates surface forces instead of gravity. Owing to intermolecular forces, the most stable

position for an attached molecule is about one molecular radius away from the surface.
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Figure 2.2.8 Hydrogen excess gravimetric uptake versus the specific surface area of the
carbon structures at 77 K and 1 bar. Based on the data reported by Nijkamp et al. in 2001
[48].

In 2004, Novoselov et al. first found and produced a stable graphene sheet [49], proving the
existence of single sheet molecules in ambient conditions. Unlike other nanoscale materials,
graphene has an enormous surface free energy because of its high area/volume ratio, and
better attraction performance due to its free valence electron and n-rt stacking force (sp” C-C
bonding) compared with normal graphite, which could be beneficial for increasing hydrogen
uptake. As shown in Figure 2.2.8, Nijkamp and his colleagues ran many tests to discover the
relation between hydrogen gravimetric percentage and surface area of popular carbon
structures, such as activated carbon, carbon nanotubes and graphene [48]. Graphene sheet
has been reported to have a specific surface area of 2630 m%/g [50], [51]. With the
relationship presented by Figure 2.2.8, the gravimetric uptake of hydrogen in graphene sheet

is expected to be about 5 wt% at 77 K at 1 bar pressure in theory.
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Figure 2.2.9 Structure of graphane in the chair conformation (carbon atoms are shown in

grey, and hydrogen atoms in white) [52].

In 2007, a new concept of two-dimensional hydrocarbon was introduced with the name of
graphane that consists of one layer of carbon backbone, like graphene, but saturated with
hydrogen atoms [52], as shown in Figure 2.2.9. There are two favourable conformations of
this new compound: the chair-like structure with hydrogen atoms alternating on both sides
as shown in Figure 2.2.9, and the boat-like structure with the hydrogen atoms alternating in
pairs [52]. These materials develop an sp> hybridisation and, it is claimed, form the most
stable hydrocarbon compound, with 1:1 C:H ratio theoretically [52]. Although graphane has
proven to perform a good reversible storage performance with hydrogenation by an atomic
hydrogen treatment and de-hydrogenation by annealing at 450 °C in argon atmosphere [53],
presenting a maximum hydrogen composition of 7.7 wt% in theory with considering that each
carbon atom is bonded to a hydrogen atom in average [52], an efficient method to produce
graphane is still unclear, which means this interesting material is far from practical

applications at this moment.

Experiments have been further conducted to study curved graphene sheets and single-
walled or multi-walled carbon nanotubes [54]. Because the curvature creates an overlap of
molecule space, influenced by gyration and other factors of molecular movement, many
researchers assumed that the weight percentage of hydrogen storage might have the
potential to rise. Although it was claimed that the hydrogen storage capacity of single-wall

carbon nanotubes could reach 4.2 wt% at room temperature under a modestly high pressure
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(about 100 bar) [55], which was often considered to be unrealistically high recently [56], one
thing seems to be clear: the perfect graphite nanostructure, whether in the form of carbon
nanotubes or graphene sheets, could not provide competitive results compared with the DOE

target experimentally.

The group of Pradhan [57] tried to modify the structures and create defects, reporting that
perfect SWNTs stored only 0.52 wt% with 270 mz/g specific surface area (SSA) at 77 K and 1
atm, while the hydrogen uptake after a sulphurisation and oxidation process dramatically
increased to 6.4 wt% without much difference in SSA. Although it is realised that the structural
features of carbon forms might have the potential to influence the hydrogen uptake, there is

still a lack of systematic study.
2.2.6 Summary

For the purpose of storing hydrogen in mobile applications, the conventional high-pressure
tanks are the most popular method in recent commercial applications among all reviewed
techniques, but the high pressure itself can be a risk and is expensive to handle. Metal
hydrides can reversibly store around 1 — 2 wt % of hydrogen at room temperature and low
pressure conditions. 5 wt% uptake can be reached for some types of metal hydrides, but the
reversibility is questionable. MOFs can have large surface areas, over 4000 m?/g, and high
porosity, which is favourable for hydrogen adsorption. The saturated uptakes of MOFs per
unit surface area have matched the activated carbons, but the high cost of MOFs production
restricts its prosperity. Zeolites are another type of porous sorbents that are favourable for
gas adsorption, but the surface areas of zeolites cannot compete with high surface area
carbons, which further restricts the overall hydrogen uptakes of zeolites. The high degree of
ordering in the structures of zeolites is valuable for analysing the adsorption mechanism on
microporous structures. The activated carbons can have surface areas over 3000 m?/g and
achieve uptakes over 7 wt% at 77 K and moderate pressures of 20 bar, but most of reported
high performance carbons are in lab scale, which can take some time to boost their
commercial production and application. Some new types of carbon nanoforms, such as
carbon nanotubes, graphene and graphane, exhibit exciting potential for large quantities of

hydrogen uptake in theory, but the experimental results failed to match with predictions.
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The physical adsorbent-adsorbate adsorption is the dominant effect of hydrogen adsorption
on carbon materials, zeolites and other inactive structures in general. Higher surface areas
normally result in a larger amount of hydrogen uptakes. For achieving over 1 wt% of uptake,
cryogenic temperatures are inevitable for both activated carbons and zeolites at low
pressures. It is understood that the limitation of surface area sizes on some sorbents restricts
the maximum hydrogen uptake. Modified porous structures, such as modified carbon
nanotubes with extra structural defects and chemical radicals [57], experimentally prove to
have a significant improvement of overall uptakes. Although it is still unclear, whether the
improvement is related to structural effects or chemical effects, it provides a possibility of
improving the saturated adsorption by introducing additional modifications on carbon

materials.

2.3 Adsorption theories

2.3.1 Physisorption and chemisorption

Adsorption is a surface based phenomenon in which atoms, ions, molecules of a gas, liquid
or solid can adhere to the surface. In this report, gas-solid adsorption was studied primarily.
Notwithstanding that some parts of the theoretical analysis can also be applied for other
types of adsorption mechanism, the explanations and discussions in this report were worked
out and verified only on the basis of gas-solid adsorption. There are two kinds of adsorption
involved in gas-solid adsorption: the physisorption and the chemisorption. Physisorption is
similar to the condensation of vapours and those behaviours explained by gas laws, which
only exhibits pure physical adsorption, while chemisorption interactions are responsible for

the formation of chemical bonds.

Physisorption is usually related to the porous properties of materials, such as specific
surface areas (SSA) and pore volumes of solid sorbents, but has very low specificity to material
compositions. The chemisorbed molecules are generally linked to the surface with chemical
reactions, which includes distinctive reactions for different chemical compositions of sorbents.
With physical sorption, desorption behaviour can be achieved by modifying the temperature
or pressure conditions, and the adsorbed molecules return to their original forms reversibly,
whereas chemisorbed materials desorb with chemical dissociation. The thermodynamics of

the physical and chemical sorption are opposite to each other. Physisorption tends to reach
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a lower energy level with an exothermic process and can be promoted with low temperatures,
while chemisorption requires additional energy, and so high temperature conditions are
normally needed. In this study, carbon-based sorbents are the primary materials analysed, in
which the adsorption is dominated by physisorption. The apparatus designed in this project
focused only on adsorption behaviours and overall hydrogen uptakes, while desorption
behaviours are not the priority of this study. Although chemisorption is less involved at 77 K
in comparison with the physisorption, the catalytic effects of doping materials that are

typically related to chemical mechanisms were also involved in this project.
2.3.2 Van der Waals equation of state and compressibility factor

Generally, at cryogenic temperatures and high pressures, a compressibility factor Z is used

to modify the ideal gas law in order to account for real gas behaviours:

pv
7 =" (2.1)
RT

where p is the pressure, v is the specific volume, R is the gas constant and T is the
temperature. To clarify the values of the compressibility Z, the Van der Waals equation of

state is applied.

_RT a 55

The constant b is intended to account for the finite volume occupied by the molecules, and

the term _a—z accounts for the forces of attraction between molecules. It is noted that the ideal
v

gas law applies when the both constants a and b are equal to zero.

At the critical point, the following relations can be written:

_ RT, a
Pc = EC _ b ECZ (23)
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Solve the three equations (2.3), (2.4) and (2.5), and the following relations are obtained.
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27 R2T.?
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To acquire the v of the gas, the equation 2.2 needs to be reformed into a polynomial in v.

vV+-v—-——=0 (2.8)

Since the constants a and b have been acquired with equations (2.6) and (2.7), the equation
(2.8) could be solved in computer programming for a defined set of pressure and temperature,
and only one solution is real, which is the determined specific volume v. The compressibility
Z can be then solved in equation (2.1) with the determined specific v. There are several
other values defined prior to the computation. The critical temperature of hydrogen T is
33.19 K, and the critical pressure of hydrogen P, is 12.98 bar [58]. According to Newton’s
publication in 1935 [59], for the special gases of hydrogen, helium and neon, both the critical
temperature and critical pressure required a correction to obtain accurate values of the
compressibility when the Van der Waals equation of state was applied, (T, = (33.19 +
8) K, P. = (12.98 + 8) bar in calculation). For the hydrogen cryosorption experiments in this

study, the compressibility calculation was performed programmatically.

The calculated curves for compressibility versus pressure at 77 K and 298 K are displayed in
Figure 2.3.1. As shown in Figure 2.3.1 (a), the compressibility factors in different
temperatures exhibit differential behaviours with the increasing pressures. For the curve at
298 K, the compressibility has a linear growth with pressure for the full range up to 300 bar,
while the compressibility at 77 K decreases at low pressures up to 70 bar, where the
compressibility reaches a minimum, then increasing afterwards. For low pressures at 298 K
(below 15 bar), the variance caused by pressure shifts is very small, as shown in Figure 2.3.1
(b). During the experiments in this study, the gas at room temperature has two states in terms
of compressibility (see Figure 6.6.1 in section 6.6): the gas with loading pressure at step 2,
and the gas after connection to the sorbent chamber in step 3, which has a pressure drop of
maximum 3 bar (at the maximum pressure condition of the experiments). According to Figure
2.3.1 (b), the compressibility difference of 3 bar pressure is negligible. Thus, both of states

21



would be assigned the same compressibility value of Z; based on the pressure condition in
step 3 (see Figure 6.6.1 in section 6.6). For the region kept in 77 K liquid nitrogen bath, the
compressibility has a significant difference of nearly 3 % at a pressure of 11 bar in comparison
with zero pressure. A second compressibility value, Z,, was therefore assigned to the gas
under liquid nitrogen bath via the mathematical relation discussed. The compressibility

factors Z; and Z, are applied in the derivation of the mathematical relations for uptake
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measurements in section 6.7.
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Figure 2.3.1 The compressibility of hydrogen for 77 K and 298 K at pressures: (a) 0 — 300
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2.3.3 Types of adsorption isotherms
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Figure 2.3.2 Six types of physisorption isotherms below atmosphere pressures according

to International Union of Pure and Applied Chemistry (IUPAC) classifications [60].

In terms of IUPAC classifications [60], the majority of physisorption isotherms can be
identified as one of the six types described in Figure 2.3.2 for pressures below atmospheric
pressure. The reversible type | isotherms are generally given by microporous solids with a
relatively small external surface but large micropore surface areas, e.g. activated carbon, in
which the uptake is governed by the accessible micropores to the probe gas molecules [60],
[61]. The reversible Type Il isotherm is normally achieved by non-porous or macroporous
materials, in which unconstrained monolayer-multilayer adsorption occurs. Point B, as
described in Figure 2.3.2, is regarded as the start of the linear progression section, which
indicates the completion of monolayer packing of gas molecules on the surface. The reversible
type Il is concave to the relative pressure smoothly over the entire pressure range, which is
not commonly observed, and it is believed to be caused by strong adsorbate-adsorbate
interactions. The hysteretic type IV isotherm is related to the capillary condensation in
mesopores, and its initial part follows the type Il isotherm with monolayer-multilayer

adsorption. Type V happens only rarely: it is similar to type Il but with weaker adsorbate-
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adsorbate interactions and a significant amount of mesopores. Type VI, in which the step
sharpness relies on the systems and temperatures, describes stepwise multilayer adsorption
on a uniform non-porous surface. The heights of steps are related to the monolayer capacity
of each adsorption layer. Although the classification is clear for most situations, it was also
noticed that some systems have a combination of more than one system [61]. The isotherms
classified above are normally obtained via the BET measurements of sorbents. For a larger
pressure range above atmosphere, the isotherms in Figure 2.3.2 are normally impossible to
acquire due to the lack of values in the low pressure range. In terms of the isotherm over the
large pressure range, the isotherms are generally similar to the shape described for type |

isotherms.

2.3.4 Gas/Solid interface and Gibbs representation
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Figure 2.3.3 The layer model and the Gibbs representation of surface excess amount

(concentration C = Z—Z of the adsorbed gas, the distance is from the solid surface) [61].
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Adsorbate layer curve

Uptake

Surface excess
amount

Gas phase curve

»

Pressure

Figure 2.3.4 lllustration of adsorbate layer (layer model in Figure 2.3.3), gas phase and

surface excess amount in gas uptake — pressure isotherms at positive pressures [61].

For the general layer model [61], the adsorbed gas phase has a certain distance t away from
the solid surface, assuming that the adsorbed gas had no penetration inside the solid, as
shown in Figure 2.3.3. As described in Zone lll, the gas phase with sufficient distance away
from the surface is presumed to have a uniform concentration. The amount of gas in the
adsorbed layer labelled in the layer model in Figure 2.3.3 is sometimes measured, especially
when the measured volumes of sorbents include the pore volumes. However, there is always
a portion of the gas in the adsorbed layer existing in the same concentration as the gas phase,
of which the amount increases with pressure, as confirmed in Figure 2.3.4. Furthermore, the
exact volume of this part of gas is difficult to determine, which results in difficulties in
identifying the exact amount of gas adsorbed except the gas phase in the adsorbed layer,

especially for porous sorbents with irregular surfaces.

A concept of “surface excess amount”, referring to the amount of gas adsorbed which
subtracts the portion at the gas phase concentration, was introduced in the Gibbs
representation in Figure 2.3.3 [61]. The surface excess amount is the portion of gas uptake
that is irrelevant to the variances of pressure conditions, which is simpler to define and more
related to the properties of sorbents. During the hydrogen cryosorption experiments in this
thesis, a helium intrusion density measurement was performed for each sorbent, that

determines the real sorbent volumes by subtracting pressure-sensitive pore volumes.
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Because the volume during the helium intrusion test was measured with the pressure
adjustments upon a certain amount of gas flow, it has avoided the influence of the pore
volumes that vary with different pressure conditions. Therefore, the gas uptakes measured in
our system were the surface excess amount as defined in the Gibbs representation. It should
be aware that the helium can be adsorbed to the sample in the helium density measurement.
According to the research in reference [62], the density of an activated carbon with surface
area of 1030 m?/g is 2 cm®/g measured at 400 °C in comparison with 2.3 cm?/g measured at
0 °C, of which the difference is due to the adsorption of helium [62]. In our experiment, a
typical sample weight is 1 gram, which means the potential volume difference can be about
0.065 cm’. Upon the testing condition of 10 bar pressure at 77 K, the hydrogen uptake
difference caused by 0.065 cm? is 0.0002 gram, i.e. 0.02 wt% in respect of 1 gram sorbents,
about 1 % error introduced to 2 — 3 wt% hydrogen uptakes as measured in our study on the
activated carbons with similar size of surface areas, which is not significant. The amount of
helium adsorbed in density measurement is also related to the surface area of samples [62],

of which the systematic analysis has not been clearly defined yet.

2.3.5 Brunauer-Emmett-Teller (BET) method for surface area assessments

Type ll
isotherms

Quantity adsorbed

Point B R

Point B

»
=

P/PO

Figure 2.3.5 The point B locations in type Il adsorption isotherms.
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Adsorption isotherms with probe molecules, such as nitrogen gas at 77 K, are generally
utilised for determining the specific surface areas (SSA) of porous solids and fine powders [61],
[63], [64]. It is well recognised that the SSA is a vital material property for studying gas
physisorption, and the research related to hydrogen adsorption is no exception [4], [65]. In
the 1930s, Brunauer, Emmett and Teller (BET) first introduced that the point B (see Figure
2.3.5) from which the linear increase region started indicated the completion of monolayer
packing, based on their previous empirical studies [66]—[70], which was further applied to
calculate the surface area of solids, widely known as the BET theory [61]. The BET method has
been exceptionally popular for evaluating the SSA of porous materials during the past eighty

years.

There are two stages involved in the BET method: the derivation of the monolayer capacity,
n,,, and the specific surface area, aggr. The BET equation is expressed with the following

linear form:

p/bo 1 C-1
W= p/o) mmC + e P/P0) 29)

where n is the amount of gas adsorbed in moles per gram, n,, is the specific monolayer
capacity of adsorbate, C is the BET parameter, p is the pressure of the adsorptive in

equilibrium with the adsorbate and p, is the saturation vapour pressure of the adsorptive

P/Po

[61], [63], [70]. Equation 2.9 can be further plotted linearly with —p/p0) on the y-axis and
- 0

p/po on the x-axis within the standard relative pressure range around 0.05 - 0.3 for
mesoporous and non-porous materials as shown in Figure 2.3.6. Then n, and C can be
expressed in terms of the slope S and the intercept I, and a positive intercept I is required

for the effective implementation of BET method.

_ 1 (2.10)
TS '
S
c=1+7 (2.11)

The specific surface area per mass of the adsorbents, aggr, is calculated from the monolayer

amount using the average area occupied by each molecule, a,.

27



2 Background

AT = NmAmNa (2.12)

where N, is the Avogadro constant equal to 6.022 x 10> mol™, and a, = 0.162 nm? is

recommended for nitrogen at 77 K [63].

(P/po)/In(1-P/Py)]

S

(slope of the
linear fitting)

\/

P/Po

Figure 2.3.6 An example of a typical BET linear plot.

It is noted that the BET theory has its own limitations in spite of its great success and wide
applications. Therefore, the implementation of the BET method is essentially an empirical
process which requires additional validation of the results. As mentioned above, the BET
linear plot is usually situated at p/p, = 0.05 — 0.3 with n,, located at ~ 0.1, which is
regarded as the standard BET range. The BET method is not applicable if a straight-line fit is
not obtained or if the intercept is negative. The BET parameter C should fit in the range of
100 — 200 in most mesoporous materials and non-porous materials. For C > 200, it may
indicate the presence of micropores or the strong localised adsorption [61], [63], and type |
isotherms are normally clear evidence for micropore filling. For C < 100, there is appreciable
overlap of monolayer and multilayer adsorption due to relatively weak adsorbent-adsorbate
interactions, which results in an indistinct B point in the isotherm [61]. The value of C can

indicate the force of adsorbent-adsorbate interactions qualitatively [63]. The BET area
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derived from a nitrogen isotherm of type Il or type IV at 77 K can be considered as an effective

result, while the BET method is strictly not applicable to type Il and type V isotherms.

As the micropore filling happens during monolayer adsorption, the implementation of BET
methods on type | isotherms of microporous materials requires extra verification to identify
the approximate region for BET linear plots [63], [71]. A simple verification is recommended
to locate the linear region as demonstrated in Figure 2.3.7 (b), according to reference [71].
The trend of the BET plot (Figure 2.3.7 (a)) certainly deviates from initial linearity at a relative
pressure of 0.1 for the AC Norit ROW that has been confirmed with the existence of a large
composition of micropores (see section 7.1). The corresponding deviation point can be
recognised at the maximum point in Figure 2.3.7 (b). By contrast, the GNPs-500 that has fewer
micropores diverges at a higher relative pressure of 0.2. The verification of the linear range
of relative pressures is crucial for conducting effective BET methods, which prevents the
occurrence of negative C values. The measured BET surface area of microporous materials is
considered as the equivalent BET surface area instead of the true values, because of

micropore filling effects during monolayer adsorption.
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Figure 2.3.7 (a) BET plots and (b) the verification plots of AC Norit ROW and GNPs-500

(characterisation of these samples has been discussed in section 7.1).
2.3.6 Kelvin equation and mesopore analysis

The mesopore generally refers to pore sizes in the approximate range of 2 —50 nm [72], of

which the existence is indicated by the existence of type IV isotherms in Figure 2.3.2. It has
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been reported that some type IV isotherms showed physisorption hysteresis of their
adsorption-desorption loops [60], [61], [73]-[76], which was also found with some of the
samples discussed in this study. The hysteresis effects are caused by capillary condensation
that creates local vapour condensation in non-uniform mesopores below the saturated
pressure of liquid [60], [61]. To describe the mechanical equilibrium condition of interfaces,
the Young-Laplace equation was introduced in equation 2.13:

2y

1 _ 8 — L
p—p " (2.13)

where pl, p& are the pressures in liquid phase and gas phase respectively, 1, is the mean
radius of the curvature and y is the surface tension of the liquid. At the equilibrium state with
a constant temperature, the relation can be further derived as:

2y

dp! — dp = d (r—) (2.14)
m

Another expression of the equilibrium states at a constant temperature can be written as:

vidp! = v8dp8 (2.15)
where v! is the molar volume of the liquid and v8 is the molar volume of the vapour phase.
By assuming that v! can be neglected in comparison with the v& and combining the equations
(2.13), (2.14) and (2.15) with the ideal gas equation, the following expression can be obtained:

2 RT dp®
A

= 2.16
) = T e (2.16)

where R is the gas constant and T is the temperature. The above relation can be integrated
from the flat interface (1/7, = 0, p& = p° the saturated pressure of liquid) to the real state

condition (1/1,, p8) with v! kept constant.

1/rm 1y _(PRT1
fo 2yd <E)_Lo e (2.17)
g 2yv!
nz—o =3 VRT (2.18)
m
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The integrated equation 2.18 is named as the Kelvin equation as it was first proposed by
Lord Kelvin [61]. For p& < p°, the negative value of concave curvature radius (1, = —|r,| ) is
presented as described in equation (2.18). In terms of Kelvin equation, the relative pressure
of p&/p% is required be high enough for the occurrence of capillary condensation on large
pores with a large |r,|. For a flat gas-liquid interface with an infinite |r;,|, p® is equal to the
saturated vapour pressure of p°. When the p8/p° increases during the adsorption process,
the pores with small radii are filled firstly because of the vapour condensation in the low-

pressure range.

There are two popular simplified theories based on capillary condensation for hysteresis
explanations. The Kraemer and McBain “bottle-neck” model, also known as the “ink-bottle”
model, assumes that larger mesopores are constrained with smaller neck tunnels [61], [74].
During desorption, the condensed neck tunnels of large pores are required to evaporate at a
lower p/p° range before the constrained large pores are available to desorb, resulting in the
hysteresis loop. The other theory describes a cylindrical pore with both ends open [61]. As
illustrated in Figure 2.3.8, the condensation on cylindrical pores occurs at high relative
pressures due to the flat surfaces on which the gas molecules attach from monolayer to
multilayer, then filling the whole pores corresponding to the increase of relative pressure
during adsorption. When the relative pressure decreases gradually during desorption, the
release of condensation starts at a much lower relative pressure because of the small
diameters of the cylinder ends, which results in the hysteresis loop in the adsorption
isotherms. It is noted that complex hysteresis effects are amongst outstanding problems in

the field of adsorption study and each theory has its limitations.
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Adsorption

Increasing P/Pg
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Figure 2.3.8 lllustrations of the formation and release of vapour condensation in cylinder-

like or slit-like pores.

There are four major types of hysteresis loops classified by the IUPAC [60] as shown in Figure
2.3.9 with the labels H1, H2, H3 and H4. H1 exhibits nearly a vertical and parallel-sided
desorption hysteresis loop over a narrow range of p/p°, while the H4 loop cycles horizontally
between the adsorption and desorption isotherms for a wide range of p/p°. Both are
considered as extreme cases, with types H2 and H3 being regarded as combinations of these
two extreme situations. The pressures at which hysteresis loops abruptly close on desorption
are sometimes dependent on the nature of adsorptive [61]. For example, it occurs at a value

of p/p° ~0.42 for hydrogen at its boiling point [61].
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H1 H2

H3 H4

Quantity Adsorbed

Relative pressure
Figure 2.3.9 Types of adsorption hysteresis referring to IUPAC classifications [60].

The type H1 loop is generally observed for porous materials with a uniform distribution of
pore sizes as it covers a small range of relative pressures. By contrast, the pore size
distribution of materials with type H2 behaviours can be complex and difficult to identify. This
behaviour was sometimes attributed to interconnected pore networks with necks and wide
pores, such as the “ink-bottle” structure [60]. Type H3 loops, which have no limitation of the
hysteresis loop at high p/p?, is observed with the existence of plate-like particles which result
in slit-shaped pores. Type H4 is often related to narrow slit-shaped pores in conjunction with
type | isotherms of microporous materials, as obtained with some types of activated carbons

[60], [61].

In terms of equation 2.18, the mean radius of curvature r;,, can be obtained at a certain
point of p/p°. However, molecular simulations have suggested that the Kelvin equation was

invalid to evaluate the 7;, if the fluid-wall interactions are involved, in which the acquired pore
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sizes are likely to be underestimated [61], [77]—-[79]. For the analysis of pore size distribution
of mesopores, the method of Barrett, Joyner and Halenda (BJH) can be expected to provide
better assessments of 7;,, by contrast with Kelvin equation [61], [80], [81]. The BJH analysis is
widely conducted simultaneously with the BET measurements in commercial equipment,

such as the “Micromeritics” branded system that was used in this research.
2.3.7 Analysis methods for microporosity

Micropore (of sizes < 2 nm) filling normally occurs in the very low p/p° range, caused by
enhanced adsorbent-adsorbate interactions [61]. The long horizontal plateau of type |
isotherms indicates adsorption on micropores. The amount absorbed at the plateau
represents the ultramicropore (of sizes < 0.7 nm) capacity for a well-defined type | isotherm
as shown in Figure 2.3.10 (a). For a more realistic condition, the size distribution of the
micropores is not perfectly uniform due to the existence of wide micropores (or
supermicropores with the sizes in 0.7 — 2 nm range, which is reflected in Figure 2.3.10 (b). In
the cases with micropore existed, the analysis of micropore properties should be attempted

with the empirical methods discussed below.

(a) (b)

Quantity adsorbed

> P/P

Figure 2.3.10 The typical adsorption isotherms: (a) narrow micropores (or
ultramicropores of pore sizes < 0.7 nm) and (b) wide micropores (or supermicropores of

pore sizes 0.7 — 2 nm) [61].

According to the BET equation 2.9, the total amount of gas adsorbed n and the monolayer
capacity n,, can be obtained during BET measurements. The thickness of the multilayer

packing can be calculated with:
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n
t =0.354— (2.19)
nm

which was firstly used by Lippens and de Boer (1964) to plot a “t-curve” [82]. The value of
0.354 is roughly the kinetic diameter of liquid nitrogen molecules. As the Lippens and de Boer
method is simplified, without considering the micropore filling effects, the equation for
deriving the thickness was further developed by Harkins and Jura (1944) with the following

mathematical relation (HJ-equation) [83].

(2.20)

Al = ( 13.99 )1/2
0.034 —log,,(P/Py)

Upon the application of Harkins and Jura (HJ) t-method, it was assumed that multilayer

coverage on mesopore walls behaves in the same manner as that of the open surfaces [61],

and the micropores are filled prior to the multilayer adsorption. The following linear

dependence is present at a certain relative pressure range.

N = Npicro T K" Aext * € (2.21)
where t follows the HJ-equation 2.20, n is the total amount of gas adsorbed, nicro is the
amount of gas adsorbed in micropores, a.y; is the external surface area of mesopores,
macropores and open surfaces, k is a constant given by the expression k =
1/(4.3532 - tyon0) for adsorbed amounts in cm®/g under STP conditions, and t,op, is 0.354
nm for the monolayer thickness of a nitrogen adsorbed layer [84], [85]. To apply HJ t-plot
methods, the adsorbed quantity is plotted against the HJ-thickness. Then the external surface
area can be obtained from the slope of a linear fit, and the micropore surface area ajcro €an
be obtained by subtraction of external surface areas a.y; from the overall BET surface areas.
The intercept of the linear plot illustrates the micropore volume, but in the gaseous STP units.
Since the nitrogen adsorption at 77 K is assumed to be the liquid phase, the transformation

of STP conditions into the real liquid phase volume can be achieved with the following relation.

v _ Mmicro * pnitrogen,STP (2 22)
micro — .
pnitrogen,liq

where the density of nitrogen in the STP condition, pyjtrogen,sTp/ 1S 1.251x10° g/cm?, and the
density of liquid nitrogen ppitrogen,lig 1S 0-807 g/cm’.
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The t-plot methods are introduced based on the existing nitrogen isotherms with the
thickness range of 0.35 nm to 0.5 nm. Thus, the t-plot methods sometimes are not able to
provide reliable results if the nitrogen isotherms cannot provide sufficient linearity in that

range.

By analogy to the t-method, instead of reducing n by n,,,, a lot of researchers suggested to
reduce n by an uptake n.¢f o.4) at a pre-selected p/p, (usually = 0.4) based on reference data
[61], [73], [86]—-[88]. For instance, Carrott et al. selected the sooty silica adsorption data as
the standard [87], [88]. The a; (fulfilling a similar role as t in the t-method) can be defined as:

Nref

a. =

= 2.23
* Nref (0.4) ( )

where n.¢¢ is the reference data of gas adsorbed and n¢¢ g 4) is the amount of gas uptake in
the reference data at p/py, = 0.4. Then the surface area of the test sample, a5 can be

written as:

Qtest _ ntest/nref(OA)

(2.24)
Qref nref/nref(0.4)

Aref MNgest

QAtest = (2.25)

nref(0.4) s
where n.g is the adsorbed amount for the tested sorbent. The as-plot can be drawn with
Ntest ON the y-axis and ag on the x-axis. The surface area a5 can be calculated from the

slope using equation 2.25.

As shown in Figure 2.3.11, for ideal monolayer and multiplayer adsorption on mesopores
and large pores, the slope should be constant at low range (type Il (a)). Type Il (b) indicates
the existence of strong adsorbent-adsorbate interactions in the monolayer adsorption, while
Type Il (c) demonstrates relatively weak adsorbent-adsorbate interactions. The initial linear
part of type IV corresponds to monolayer-multilayer adsorption on the mesopore walls,
followed by an upwards turn due to capillary condensation [88]. If the linear section can
extrapolated back to the origin, there is unlikely to be micropore filling in the type IV isotherm

[61].
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The appearance of linear regions in ag-plots as shown in Figure 2.3.12 indicates the
occurrence of multilayer adsorption. The intercept of the linear fit represents the specific
micropore capacity nyicro- Then the specific micropore volume vy,;co €can be expressed in

equation 2.26.

M
Vmicro = ;nmicro (2.26)

where M and p are the molar mass and the average density of the adsorbate, for instance,

the related values of liquid nitrogen for isotherms tested at 77 K.
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Figure 2.3.11 Examples of adsorption isotherms and related a-plots [61].
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ultramicropore ultramicropore + larger pores

Quantity adsorbed n

micro
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Figure 2.3.12 An example of using the ag-method to measure micropore capacity [61].

2.3.8 Isosteric heat of adsorption

Isosteric heat of adsorption is the molar enthalpy variance of adsorbate transforming from
gaseous phase to the adsorbed phase, which is used to describe the thermal property of a
storage system [89]. There are two well established methods to measure the isosteric heat of
adsorption: the first method is named as the “adsorption calorimetry” which directly
measures the heat with the coupled calorimetric-volumetric system; the second method is
called the “sorption isosteric method” which indirectly calculates the isosteric heat from a
series of adsorption isotherms at various temperatures, using Calusius-Clapeyron
thermodynamic relations [89]. The latter method is comparably much more popular than the
other one due to its simplicity in implementation [89]-[92].

The value of isosteric heat at a given temperature is found to be related to the coverage of
adsorption that is defined as the ratio between the adsorbed amount in comparison with the
maximum uptake [89], [93], which means the isosteric heat reaches the maximum at zero
coverage, and it then gradually decreases with the increase of adsorption coverage. Pore sizes
and unsaturated metal centres which exist in MOFs are reported to have significant influences
on the isosteric heat [94], which makes the isosteric heat a significant term for analysing the
performance of both MOFs and porous carbons in adsorption. Higher isosteric heat is

generally favourable for better hydrogen uptakes at a certain temperature and pressure
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condition. In terms of the results in reference [93], the higher adsorption heat was confirmed
toresultin alarger H, wt% uptake per unit SSA for carbide-derived carbons at 77 Kand 1 atm.
The isosteric heat values for MOFs were reported to be in 3 — 7 KJ/mol [89], [94], and some
zeolites were reported to have the isoteric heat around 5 — 6 KJ/mol [95]. The isosteric heat

of activated carbons is expected to be 5— 6.5 KJ/mol [93].
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2.4 General designs for adsorption measurements

2.4.1 Simple adsorption volumetry

The expression “gas adsorption volumetry” generally refers to the type of apparatus to
measure gas adsorption based on the volumetric uptake, which was firstly applied to
investigate adsorption isotherms between vacuum and atmospheric pressure [61]. A mercury
burette system (as shown in Figure 2.4.1) was originally used by Brunauer et al. in 1930s to
study their well-known multi-layer adsorption theory, also referred to as the Brunauer-
Emmett-Teller (BET) theory [66], [67], [70]. With the development of laboratory electronics,
the mercury burettes were gradually replaced by pressure transducers. Thereafter, the
volume of gas sorption was then measured by monitoring the pressure variations instead of
volume change directly [61]. Although many early published isotherms stuck to the
expression of hydrogen uptakes in adsorbed volume of STP conditions even though the
adsorption uptakes were actually measured by manometers, the gravimetric expressions of

adsorbed gas quantities, such as weight percent “wt%”, became increasingly popular.

o

@ Figure 2.4.1 A typical design of an
Mercury Mercury adsorption volumetric system at
manometer burette

lower pressures than one
atmosphere, based  on the
equipment used in reference [66].

e3e
@ Sorbent
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Following the remarkable efforts from Brunauer et al. to advance the BET theory [70],
scientists started to study adsorption behaviour on a great variety of sorbents over a
broadened range of pressures. Since the glass based system was not suitable for high-
pressure tests, stainless-steel tubing and containers were gradually introduced to replace
glassware for constructing sorption measuring systems for more universal applications. A
type of volumetric measuring system is described in Figure 2.4.2, in which an additional
intermediate reservoir was introduced to store the gas before ejection to the sorbent. The
volume of the reservoir was significantly larger than that of the sorbent chamber, which could
reduce the pressure drop when the sorbents chamber was connected in the experiment.
Sometimes, there were two static pressure transducers, fitted on both the reservoir side and
the sorbent side. These two transducers were separated with a controlled leak valve so that
the adsorption equilibrium pressure during experiment could be adjusted via controlling the
flow rate through the valve [61]. This type of volumetric manometry is the most widely used
equipment for high pressure adsorption tests nowadays, and is known as Sievert’s type

apparatus [61], [96], [97].

Gas inletl T Vacuum

B34

. Pressure
Reservoir ( Transducerl

ControlledValve
D Figure 2.4.2 A typical design of
, Sievert’s type volumetric systems
Venting and ( Pressure 1
vacuum Transducer2 [61].

Valve — I:(

]

Sorbent
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Despite the popularity of the Sievert’s type design, there are several disadvantages to
consider. The volume of the reservoir and the sorbent chamber can be identified
straightforwardly before they are fitted to the system. However, the dead volume of the
tubing sections is difficult to measure, which results in uncertainties of measurements.
Additionally, the measurement accuracy is governed by the accuracy of the pressure
transducers applied. For high pressure tests, the measured pressure variation caused by gas
sorption is relatively small in comparison with the static pressure of gas loading prior to the
test. However, the measurement uncertainties are related to the static pressure range of the
transducer, which can result in obvious uncertainties of measured minor uptakes that are
calculated from small pressure variations. For instance, in order to measure a gas uptake,
which induces a 1 bar pressure variance at 200 bar absolute pressure, 200 bar static pressure
transducers are required. By assuming that the accuracy of transducer is 0.1% of full scale,

the error is 0.2 bar, which is significant in comparison with the 1 bar pressure difference.

2.4.2 Differential gas adsorption manometry

=)= 0 —0- -

Figure 2.4.3 A differential
manometry designed for tests
below one atmosphere [98].

Reference Sorbent

To overcome the drawbacks in a Sievert’s type apparatus, the method of using two

identically designed systems, in which one system was filled with sorbents while the other
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held a certain amount of glass beads to eliminate the volume difference between two systems,
has drawn a lot of attention from researchers [99]. Haul and Dimbgen introduced a simple
differential adsorption manometry method in 1960 for nitrogen adsorption under
atmospheric pressure, as shown in Figure 2.4.3 [98]. After the system was filled with nitrogen
at a certain pressure, all valves were closed, and both the sorbent chamber and reference
chamber were immersed in a liquid bath to achieve a targeted temperature. The recorded
pressure variations induced by nitrogen adsorption in sorbents were utilised to calculate the
adsorbed quantity. Because of the lack of a vacuum pumping prior to test, the adsorption
results did not fall within the BET range of pressures below atmosphere for analysing the sizes

of surface areas [99].

With further development of the differential manometry design, more sophisticated
differential systems were introduced with the ability to conduct the experiment at various
pressures [61], [100]-[104]. As shown in Figure 2.4.4, two differential pressure transducers
are separated with a control valve with adjustable flows, providing the possibility of
continuously modifying the testing pressures. Additionally, the degassing of sorbents could
be conducted with the built-in vacuum ports, which is essential to improve the measurement
accuracy. Thanks to the stainless steel construction of the system, the measurement can be
conducted in a wide pressure range from vacuum to several hundred bars. Because the
amount of gas sorption is indicated mainly by the pressure difference between the reference
part and the sample part, the selection of the differential transducer can merely consider the
maximum pressure difference between two identical systems in adsorption instead of the
significantly larger absolute pressures, therefore contributing to high measurement
accuracies for small gas uptakes. Since it is more difficult to construct both the sorbent system
and the reference system with identical volumes and more pressure transducers are required
than Sievert’s type apparatus, differential manometry is not so popular as the simple Sievert’s
type apparatus. It is also worth noting that it is difficult to maintain negligible flow rate
differences between two sides using control valves for continuous adjustment of pressures if
the induced differential pressure by sorption is small, which is usually the case for hydrogen

adsorption.
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2.4.3 Gravimetric methods

a. From vacuum to atmospheric pressure

The sorption balance was used in laboratories as early as in 1926, when McBain and Bakr
reported a detailed description of a sorption balance design that targeted gases sorption
below atmospheric pressure [105]. As shown in Figure 2.4.5, the spring was made from a fine
silica fibre, hanging a sorbent container at its bottom end. A glass tube shielded the spring
and the container from the heating zone. When the sorption experiment reached equilibrium,
the weight of obtained gas could be measured by determining the extended length of the
silica spring. As with the volumetric apparatus in the 1930s in Figure 2.4.1, this type of balance
could only measure uptake at pressures below 1 atm. Although the loading and calibration of
the silica springs costed a lot of time and efforts, the spring balances were an excellent option

to study sorption mechanisms with slow equilibriums, such as the hysteresis phenomena.
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In recent years, spring balances have been replaced with electronic microbalances [61],
[106], for the purpose of avoiding condensation on springs that could contribute to a larger
result of the measurement than the real value [107]. With the development of electronics,
the gravimetric apparatus was the first available technique that generated an automated
recording of adsorption-desorption isotherms [61]. Rouquerol and Davy further developed
the design by introducing high-stability leak valves, which allowed the adsorption-desorption
isotherms of quasi-equilibrium sorption to be measured at a continuously increasing pressure
[108]. The gravimetric method is especially productive for studying condensable gases since
the condensation on chamber walls that usually happens in volumetric systems does not

affect the measured adsorbed amount in gravimetric apparatus with a microbalance [61].
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b. Above atmospheric pressures
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Figure 2.4.6 Schematic diagram of a gravimetric system with magnetic force suspension [109].

The techniques reviewed for pressures below atmospheric pressure were based on the
application of vacuum microbalances with quartz tubes. For high pressure experiments,
stainless-steel vessels are highly recommended instead of glasses for constructing the
apparatus. A lot of scientists have made great efforts to modify the vacuum microbalance to
be capable for high pressure applications [61]. More recently, magnetic suspension balances
have matched the performance of standard analytical microbalances [109]. Instead of
installing the microbalance inside the sorption chamber, the balance was situated outside the
pressurised chamber, connected to the sorbent container via magnetic suspension, which is
well suited for high-pressure tests. In high-pressure gravimeters under constant flows, the
evaluation of buoyancy effects is critical to acquire accurate results [61], which can be
achieved with the introducing samples with known volumes and determining their weight

losses in high pressures.
2.4.4 Summary

Volumetric and gravimetric designs are the most popular methods for characterising gas
adsorption. The Sievert’s type volumetric design is more commonly adopted in laboratories
due to its low-cost and versatility but involving multiple pressure transducers and

temperature sensors to obtain gas uptakes in a less direct way, which leads to complicated
46



2 Background

combinations of uncertainties from different variables; while the gravimetric method has
significant advantages in measuring uptakes more accurately from direct measurements of
weight variations caused by gas adsorption, but it requires precise microbalances that costs

far more than pressure transducers.

With the consideration of constructing testing equipment for hydrogen adsorption at 77 K,
the volumetric method has substantial benefits in comparison to gravimetric methods. Firstly,
the stainless-steel vessels and fittings can stand both high pressures and cryogenic
temperatures with metal-metal sealing, while it is difficult to implement a microbalance for
high pressure adsorption due to significant buoyancy effects. Secondly, the pressure
transducers and mass flow controllers for a volumetric system that are specifically rated
under European ATEX directives are more convenient to find, compared with the rated
microbalances for gravimetric systems. Furthermore, the volumetric systems that consist of
transducers and flowmeters are more resistant to harsh conditions, for instance, vibrations
during transport, than gravimetric systems with precise microbalances: this factor is

potentially significant for mobile applications.

Since hydrogen adsorption uptakes are generally in small quantities, as little as 0.1 wt% or
less at room temperatures and hardly more than 2 — 3 wt% at 77 K, the sensitivity for small
uptakes is crucial for constructing the system. Therefore, the concept of differential
manometry was adopted for building the hydrogen adsorption testing system involved in this
study. Although there have been many attempts to implement differential manometry on
hydrogen adsorption at high temperatures and pressures, there was a lack of experience in
using differential manometry to study hydrogen cryosorption at cryogenic temperatures,
such as 77 K. Differential manometry to examine hydrogen uptakes at 77 K and up to 11 bar

pressure are discussed in detail in section 6 upon our experiences during the construction.
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Hypotheses in this study

In this study, the following hypotheses were postulated:

VI.

VII.

A reliable and practical hydrogen adsorption measurement system can be
constructed affordably based on differential manometry in order to rapidly
characterise the adsorption abilities of sorbents at 77 K.

Differential manometry for adsorption measurement can reduce “dead volume
effects” and deliver more precise measurements on small adsorption uptakes than
Sievert’s type apparatus.

Medium vacuum degassing, which is easier and cheaper to implement in
comparison with high-vacuum pumping, should be sufficient to provide accurate
results for mesoporous sorbents for fast tests in 1 — 2 hours at 77 K.

The combination of BET method, Harkins-Jura t-method, a;-method and BJH
method can effectively and systematically evaluate both microporous and
mesoporous properties of mesopore-dominant porous carbons.

It should be possible to apply the “amorphisation trajectory” primarily based on
Raman spectroscopy for rapid assessment of the degree of graphitisation for
amorphous carbons and nanocrystalline carbons that might be potential sorbents
for hydrogen adsorption, such as pyrolysed biomass and the carbons produced
from the microwave plasma splitting of methane.

High surface area graphene nanoplatelets (GNPs) containing slit-like pores and
ordered graphitic flakes are better candidates as carbon substrates for producing
a metal-decorated carbon composite for gas adsorption, in comparison with
activated carbon AC Norit GSX with amorphous structures and pores.

The decoration of palladium on porous carbons might be able to accelerate the
sorption kinetics and enhance the overall maximum uptakes for hydrogen

cryosorption.
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4.1 Carbon production by the microwave plasma splitting of

methane

Gas outlet ‘

«—— | L2 region |

+«—— | L1 region

=—— Plasma

Wavegunde
MW power
and gas flow

Radldlor/ levels used:
C1 (low) and

T\IUOLUI Mtroun | C5 (high)
" Methane
DlSCh’ll'LL
igniter

Figure 4.1.1 Schematic of the microwave plasma reactor (C1 with 1.5 kW power; C5 with

5 kW power) showing the sample collection L1 and L2 [110], [111].

The microwave plasma splitting of methane was originally developed by GasPlas for
hydrogen production, and it was gradually realised to have potential for the synthesis of
carbon nanoforms. The plasma carbons are by-products of the microwave splitting of
methane to produce pure hydrogen. An atmospheric microwave reactor is described
schematically in Figure 4.1.1. In the active glow of the plasma source, the high-energy
electrons activated split the methane molecules into mobile ionic and neutral radicals [112].
These active species compactly spread in the glow and collide with each other. Some of the
carbonaceous products stick to the inner wall of the quartz tube around the glow region (L1
region, Figure 4.1.1), while others were located at the tube walls at a cool-down region
downstream (L2 region, Figure 4.1.1). The carbon products were in the form of small particles

but were observed to agglomerate together to form large particles [112].
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Table 4.1.2 The classification of plasma carbons [110].

Sample name Plasma reactor power Gas flow L/min Location
CiL1 1.5 kW 3 Active glow (L1)
CiL2 1.5 kW 3 Downstream (L2)
C5L1 5 kW 21 Active glow (L1)
C5L2 5 kw 21 Downstream (L2)

According to the power inputs of the plasma reactors and the residence time of the active
species for constructing the carbon by-products (reflected in collection regions of carbons on
tube walls as illustrated in Figure 4.1.1), four groups of carbons were identified in terms of
different plasma powers and collection locations of samples, as described in Table 4.1.2.
Based on previous research [112], the gas flow rate was discovered to have a negligible
influence on the structural formation of carbon by-products. As shown in Table 4.1.2, the low
power plasma input (1.5 kW) was marked as C1 so that the carbon collected from L1 region
with the 1.5 kW input was labelled as C1L1, and the carbon situated in L2 region with the
same power was C1L2. Analogously, the plasma carbon C5L1 was collected from L1 region
with the input power of 5 kW, while C5L2 was collected from the L2 region with the same

power input as C5L1.

In addition to the carbon products, there were traces of polycyclic aromatic hydrocarbons
(PAH) observed, which can be recognised by their strong smells. These additional components
were removed by cleaning with a mixture of solvents, e.g. hexane, chloroform, acetone and

ethanol. Then the purified samples were dried prior to any further adsorption examinations.
4.2 Pyrolysis of Miscanthus

Miscanthus is a genus of perennial grasses, native to some regions such as Africa and Asia,
but growing in many other places including the UK and Ireland. Because of its broad
distribution and economical acquisition, Miscanthus was selected the start material of
biochar production for this project. The collection of raw materials and the pyrolysis of

Miscanthus were conducted by Dr Kwapinski in University of Limerick. The collected plants
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were firstly dehydrated and shredded into small pieces of 5 —10 mm length prior to further
heat treatments. During the pyrolysis process, the compressed Miscanthus materials were
carbonised for 20 minutes at the temperatures from 200 °C to 1000 °Cin a protective nitrogen
flow. A rate of 25 °C/min for increasing the heating temperature was set for optimised bio-
char yield. The carbonised samples were thereafter cooled down within a similar protective

nitrogen environment to prevent the sample from contacting with moistures in the air.

4.3 The Pd-decoration of carbons
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Figure 4.3.1 The procedure for palladium (Pd) decoration on carbon materials.

Palladium on carbon is widely adopted as a versatile catalyst for industrial applications, for
instance, dehydrogenation, petroleum cracking, etc. [113], [114]. For hydrogen storage,
palladium itself is an excellent sorbent to absorb hydrogen due to the formation of hydride,
as previously discussed in section 2.2.1. Moreover, the introduction of hydrogen spillover
effect by palladium has been proven to improve the overall uptakes of carbon-based
substrates, which is of particular interests to graphite-like materials [24]. Palladium decorated
activated carbons can be purchased from many chemical suppliers, such as Sigma-Aldrich and

Fisher Scientific. As the unique supply of some carbons studied in this thesis, a method of Pd
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decoration was applied by the author as described in Figure 4.3.1, which was first published
in the work of Campesi et al. [115]. With the aim of acquiring a targeted amount of decorated
Pd and meeting our laboratory restrictions, the amount of solvents and carbons applied, as
well as the flow rate of the reduction gas during heat treatment, were adjusted but the

procedures followed the original work.

For accurately controlling the compositions of carbons and Pd** in the Pd** carbon mixtures,
the total volume of the prepared Pd** solution with a certain amount of PdCl, dissolved was
measured with a measuring cylinder. By assuming that the loss of carbons and solutions
during the transfer between vessels is negligible, a target weight percentage of decorated
Palladium could be obtained, if both Pd and carbons were assumed to be fully integrated with
each other. The real composition of palladium in the carbons was discovered to be less than
the expected percentage, which is discussed in the results section 7.5, based on thermal

gravimetric analysis (TGA).

Two carbons, the activated carbon AC Norit GSX and graphene nanoplatelets with surface
areas of 700 m”/g (GNPs-700), were selected for the palladium decorations. The AC Norit GSX
is a type of activated carbons with surface areas with over 800 mz/g, while the GNPs-700 has
a surface area over 700 m*/g. The high surface areas of these materials are critically important
for large uptakes of gas adsorption including hydrogen cryosorption. AC Norit GSX has a highly
amorphous and porous microstructure, whereas the structures of GNPs-700 are more
graphitic and better identified, in spite of the similar surface areas in between two carbons.
The study of Pd decoration in these carbons is looking for their potential catalytic effects on
adsorption kinetics and the formation of palladium hydride during hydrogen absorption in

cryogenic temperatures.

Each of the carbons was doped with 20 wt% and 40 wt% of Pd in the total weight of the
doped samples, resulting in four products: “20 % Pd — AC Norit GSX”, “40 % Pd-AC Norit GSX”,
“20 % Pd-GNPs700” and “40 % Pd-GNPs700”. These four labels for Pd decorated carbons are
utilised throughout this thesis for consistency, although the real compositions of Pd in the
produced composites are estimated to be less than the assumed Pd deposition in the
preparation procedure. Furthermore, the raw materials and the doped materials were

analysed with XRD for determining the crystallite sizes of the Pd contents and SEM/EDS for
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discovering the Pd particle distributions. BET measurements were also undertaken for
evaluating the changes in surface areas and the pore properties in the presence of Pd particles
compared to the raw carbons. The exact compositions of produced carbons were
characterised with TGA, and both raw carbons and Pd decorated samples were tested for

hydrogen cryosorption in the constructed system at 77 K and gauge pressures up to 10 bar.

4.4 Commercial sorbents

4.4.1 Graphene Nanoplatelets

The graphene nanoplatelets (GNPs) studied in this programme were supplied by DZP
Technologies1 with diverse surface areas, 20 mz/g (GNPs-20), 500 mz/g (GNPs-500) and 700
m?/g (GNPs-700). According to the characterisation and analysis in section 7.4, the GNPs are
able to provide high surface areas, which is crucial for gas adsorption without downgrading
the ordering of graphitic structures. The high surface areas GNPs have mostly slit-shape
mesoporous structures in which the pore volume is homogeneously distributed in the pore
diameter range of 2 —50 nm. The porous structures of high surface areas GNPs are attributed
to the aggregation of small crystallites. The GNPs-700 was also decorated with palladium

particles to form the Pd carbons as studied in section 7.5.
4.4.2 Activated carbons

Two branded activated carbons, AC Norit GSX and AC Norit ROW, were selected both as
porous sorbents for adsorption and as reference materials for comparison with the GNPs. The
microporous and mesoporous properties of AC Norit GSX and AC Norit ROW were
characterised quantitatively with various analytical methods. AC Norit GSX was also used for

palladium decoration for comparison with the GNPs-700.

4.4.3 Zeolites 13X and NaY

Both 13X and NaY are zeolites in the faujasite group, but with different silicon-to-aluminium
ratios (Si/Al ratios). 13X, with a low Si/Al ratio, is a type of molecular sieve for industrial gas
drying, purification and sweetening, while the zeolite NaY, with a high Si/Al ratio, is used as a

catalyst due to its high activity and stability at elevated temperatures. Both zeolites have

' pzp Technologies Ltd, Future Business Centre, Kings Hedges Road, Cambridge, CB4 2HY, UK
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ordered structures and uniform pore diameters around 1 nm. As the pore sizes of the two
zeolites are close to the ultramicropore sizes (< 0.7 nm), the application of analysis methods,
such as BET, requires high vacuum degassing for measuring nitrogen adsorption isotherms
that is beyond the capacity of BET equipment used in this thesis. According to the
specifications from the supplier, zeolite 13X has a specific surface area of around 720 mz/g,
while the zeolite NaY has a much larger surface area of 900 m?/g. These values of surface
areas for the two zeolites are used to compare with the surface areas of carbons that were

measured from nitrogen adsorption isotherms.

4.5 Selection of samples
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Figure 4.5.1 The comparison of selected samples.

There are two basic criteria to select the samples for this study: crystallinity and porosity.
Higher crystallinity generally results in a more definable structure, and higher porosity is
favourable for better gas adsorption. Different with zeolites and MOFs which can achieve a
high porosity without losing a crystalline structure, activated carbons or carbon based
materials except for graphene are normally in amorphous phase if they have a high porosity
and a large surface area. Well defined crystalline sorbents are excellent candidates with no
doubt if people would like to investigate how microstructures affect the adsorption

behaviours of carbon sorbents, which is the one of main purposes of this thesis.
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As shown in Figure 4.5.1, with the definition of both plasma carbons and prolysed carbons
(Miscanthus) into a single category due to their similarity in properties, and with the fact that
Palladium decorated carbons remain the similar porosity and crystallinity as their raw materal,
there are nine types of materials studied in this thesis. Three graphene nanoplatelets (GNPs)
with various surface areas, GNPs-20 (around 20 mz/g), GNPs-500 (around 500 mz/g) and
GNPs-700 (around 700 m*/g), remain a high crystallinity (either crystalline or nanocrystalline)
with the increase of surface area, of which the structure is more definable than activated
carbon with similar surface areas, making GNPs excellent candidates for studying structural
effects of hydrogen adsorption. Activated carbons, AC Norit GSX and AC Norit ROW, which
have high porosity and large surface areas, are the most popular and easy to obtain carbon
sorbents for gas adsorption. Zeolites, 13X and ZaY, are chosen to be the reference sorbents
to verify the functionality of newly-designed system and to be as references to other carbon
materials in adsorption. Pyrolysed carbons from Miscanthus is used to investigate the
carbonisation process of biomass, and plasma carbon is for exploring the structural formation

of carbon by-products in the novel microwave plasma splitting of methane.

For hydrogen adsorption, the sorbents are normally either mesopore-dominated or
micropore-dominated. As shown in Figure 4.5.1, six porous sorbents are well distributed not
only evenly in porosity (three mesopore-dominated sorbents and three micropore-
dominated sorbents), but also averagely in crystallinity (two crystalline sorbents, two
nanocrystalline sorbents and two amorphous sorbents), which makes the chosen samples a

convincing selection for this study.
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5 Experimental: characterisation techniques

5.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) scans of carbon samples were performed using a Philips X'Pert
PW1820 diffractometer with Cu-Ka radiation. A step mode scan was conducted in the range
of 5-90° in general with a step size of 0.1° and a counting time of 2 — 30 seconds per step
depending on the noise level. It is noted that comparable results in each figure presented in
this thesis were obtained with identical XRD settings. A 1/2° divergence and a 0.2 mm
receiving slit were generally adopted. Diffraction data was analysed and fitted in PANalytical

HighScore Plus software.

The quantitative study of sample structures via X-ray diffraction can be performed according

to the Bragg and Scherrer equations. Bragg’s law is described as below:

niA = Zdhkl sin @ (51)
where 0 is the angle of incidence to the lattice plane, n is the order of reflection, A is the

wavelength, and dy, is the lattice plane spacing.

Scherrer’s equation is generally applied to relate the broadening of an hkl peak to the

crystallite size, and it is presented below:

_ K A
" Lcos®

B (5.2)

where (8 is the full width at half maximum (FWHM), L is the crystal size, and K_ is a shape
factor with a value of 0.9 in general. In calculating the crystal size of graphitic structures along
the a-axis from a (10) peak (assuming the growth of the graphitic layer is isotropic), K, is

defined as 1.84 [116], [117].
5.2 Brunauer-Emmett-Teller (BET) assessment

A Micromeritics TriStar 3000 machine was used to measure the nitrogen adsorption
isotherms of sorbents and to apply the BJH method for analysing mesopore size distributions
at 77 K. The machine can conduct the pressure measurements with a resolution of up to 0.05

mmHg and an accuracy of up to 0.5% of full scale, in the range of 0 to 999 mmHg (1.33 bar).
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Since the vacuum pump can only reach the medium vacuum of 20 um Hg (2.67 Pa), the
minimum relative pressure of nitrogen isotherms was about 0.01. Although this vacuum is
not high enough to characterise microporous materials, such as zeolites, it is sufficient to
characterise mesoporous materials, such as the carbon materials studied in this report. As the
applied BET range by the machine is fixed to the relative pressure range of 0.01 — 0.2, which
is appropriate for sorbents containing a certain amount of micropores, the BET analysis of all

studied carbons was further verified with the method discussed in section 2.3.5.
5.3 Raman spectroscopy

For Raman measurements, a Renishaw Ramascope-1000 was used, with a 50 mW 633-nm
HeNe excitation laser, calibrated against a silicon standard. Spectra were normally collected
in the range of 600 — 3500 cm™ Raman shift. Some points on the powder surface gave
extremely high intensities of scattered irradiation due to sample fluorescence, and these
spectra were discarded. The spectra background determination and peak fittings were

conducted using Origin Pro software.

5.4 Scanning electron microscopy (SEM)

FEI Nova NanoSEM, an analytical FEGSEM designed for high-performance imaging, was used
for SEM characterisation. In addition to the secondary electrons (SE) detector for SE imaging,
a Bruker electron backscatter diffraction camera was used for backscattered electron imaging
(BSE), and a silicon Drift Detector energy-dispersive X-ray (EDX) spectrometer was used for

chemical mapping and chemical composition analysis.
5.5 Thermogravimetric analysis (TGA)

A TA Instruments Q500 was used to carry out thermogravimetric analysis (TGA) on Pd
decorated carbons and their raw carbons. About 10 mg samples were tested under an air flow
of 60 ml/min from room temperature to 1000 °C at the ramp rate of 10 °C per minute. The
TGA results will be discussed in section 7.5 for determining the Pd content of decorated

carbons.

5.6 Density measurement
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An AccuPyc 1330 pycnometer with helium gas intrusion was used to measure the density of
sorbents for hydrogen adsorption. The weights of samples were measured with an analytical
balance, and the volumes of samples that were inaccessible to the probing gas molecules
were measured by the pycnometer. Then the density of sorbents can be obtained with

dividing the mass by the volume of the sample.
5.7 Transmission electron microscopy (TEM)

The TEM images of the graphene nanoplatelets (GNPs) studied in this thesis were taken by
our collaborators in the University of Limerick. The facility used for TEM characterisation is
JEOL JEM-2100F, a multipurpose, high resolution electron microscope with a field emission
source. The fast Fourier transform (FFT) analysis of graphitic layer pictures in some carbons

were conducted with Imagel software.

5.8 Other techniques

The characterisation of plasma carbons and biochars using X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) was conducted by our
collaborators in the University of Limerick. The XPS equipment used is Kratos AXIS-165, and
the FTIR equipment applied is Perkin EImer Spectrum 100 with Universal attenuated total

reflection (ATR).
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6 Experimental: the design and development of differential manometry system

Experimental: the design and development of

differential manometry system

6.1 Hydrogen cryosorption conditions

As discussed in section 2.4, there are a range of possible apparatus designs suitable for gas

sorption measurements. It is worth noting that the risk assessments of experiments involving

hydrogen gas are considerably different from those applying only inert gases such as nitrogen

and helium. With the concern of hydrogen safety, some precautions need to be considered

during the construction of system. With the intention of building a cost-effective and practical

system to handle fast and accurate measurements, we cautiously examined every possible

aspect of the experimental design. Among these concerns, there are several key points to be

clarified in detail:

Hydrogen molecules are small and light, which means that the chambers containing
hydrogen under pressures need better sealing than those for dealing with nitrogen
gas. Additionally, the consequences of a hydrogen leak are more severe than inert
gases. It is worth noting that the hydrogen is lighter than air. Thus, it is essential to
have ventilation systems fitted above the adsorption system to prevent local
accumulation of hydrogen.

Electronics are highly recommended to meet industrial European ATEX directives,
which were issued for electronics used in explosive gas environments, although the
ATEX directives are not compulsory for lab environment. Additional safety precautions
are required, such as isolating the parts that have the possibility to leak hydrogen in
emergency circumstances from users.

Hydrogen-air mixtures are highly explosive, so attached devices, for instance, the
vacuum pump and the power supplies that can potentially introduce local hydrogen-
air accumulations or generate electric sparks, require careful consideration in the
experimental design. Experimental procedures need to be optimised to reduce the

risk to a minimum and controllable level.
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To confront these safety concerns, the apparatus was entirely constructed with stainless-
steel tubing and bottles, and all components were attached with metal-metal fittings, for
example, the Swagelok tube fittings and Swagelok VCR fittings, so that the equipment can
achieve leak tightness and withstand cryogenic temperatures. Besides, the equipment was
housed in a concrete cell equipped with extraction fans to provide high flowrate extraction,
which was discussed in detail in the section 6.5.5. In addition, for the safety of users, the
equipment was controlled by a combination of pneumatic valves, which were further
regulated by a set of solenoid valves situated outside the hydrogen cell. The experiment was
run remotely via computer software by managing the states of the solenoid valves, which

prohibited the exposure of users to hydrogen gas during operation.
6.2 Selection of volumetric design

Each type of apparatus design for sorption measurement has its own advantages and
disadvantages. The gravimetric type of equipment has the capability to record both the
adsorption and desorption isotherms in a single test straightforwardly but involving precise
fabrications and costly components, while the volumetric devices are more affordable to
construct, and are better suited to future modification by amending the combinations of
sensors, but require meticulous assessments of volumes and elaborate calculations of

uncertainties among a lot of parameters.

Since the main purpose of this thesis is to study the hydrogen cryosorption at conditions for
mobile applications, the proposed equipment is required to deliver rapid and affordable tests
upon sorbents. For instance, in a refuelling station or an automobile service garage, a
measuring equipment should be able to monitor the degradation of storage capacity in
sorbents caused by hydration and contamination cost-effectively and quickly. The equipment
shall also be small and robust if it needs to be implemented into a vehicle. The specially rated
pressure transducers used in volumetric systems are more common than suitably rated
microbalances in the market. With the consideration of the cost of construction and the
testing environment (e.g. 77 K), the volumetric type design was the better option to

implement.
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Although Sievert’s type apparatus, which contains only one set of reservoir and sorbent
volumes, has been widely used for adsorption, it has a serious accuracy concern for small
uptake measurements, especially for hydrogen adsorption measurements, because of the
accuracy limitations of high-pressure static pressure transducers on small pressure changes
induced by gas uptake. The quantity of hydrogen uptake was reported to be less than 1 wt%
for carbon materials at room temperature and several hundred bar pressures, and less than
7 wt% of uptakes at 77 K and tens of bar pressure [4], [14], [46], [48], [118], which is much
less than the amount of nitrogen adsorbed under the same condition. By contrast with the
application of a static pressure transducer, differential manometry consists of one differential
pressure transducer that is only responsible for monitoring the induced pressure difference
by gas adsorption between the two identically designed systems, and a pair of static pressure
transducers that are implemented to measure the static pressure condition during tests. As
the sorption uptake is mostly decided by the differential pressure transducer with a small
measuring range, differential manometry is far more sensitive for small uptakes of hydrogen

sorption than the Sievert’s type apparatus using high-pressure static pressure transducers.

6.3 Design criteria and parameters

e Sample quantity: 1 gram for carbons, or 2 cm® volume

In most cases, the samples available for testing are in small quantities. Since we
targeted our research mainly on carbon-based materials, the density of most porous
carbons with high specific surface areas (SSA) is around 2 g/cmg. For sufficient

measurements, a 1 gram sample size was the standard quantity for testing.

e The targeted sorption amount: maximum 10 wt% of hydrogen uptake in respect of the

sorbent weight of 1 gram

The US Department of Energy (DOE) set the gravimetric target of 5.5 wt% systematic
hydrogen uptake by 2020 for on-board automobile applications [6]. Since the
published hydrogen adsorption capacity of sorbent generally referred to the weight
percent of adsorbed hydrogen in respect of the weight of sorbent, which ignores the
mass contribution from storage system, the targeted hydrogen excess uptake of

sorbent is expected to be much higher than the systematic target of 5.5 wt%. Since it
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has been reported that some activated carbons with surface areas over 3000 m?/g
were able to store hydrogen more than 7 wt% [46], 10 wt% will be a good compromise
for both evaluating the storage abilities of current sorbents and providing enough

room for future improvements.

The quality of outgassing (vacuum): typically better than 10™ bar, ideally better than

10" bar depending on tested materials, at room temperature

The vacuum degassing quality can be improved conveniently by switching between
the medium-vacuum rotary pump and high-vacuum diffusion pump depending on the

porous structure of samples.

The pressure range: -1 — 10 bar gauge pressures (0 — 11 bar absolute pressure)

The experimental design of this thesis mainly focused on hydrogen sorption abilities
for mobile applications. There are two main methods to use hydrogen as the fuel to
power automobiles: internal combustion engines (IEC) and fuel cells. The application
of cryogenic temperature 77 K in hydrogen storage aims to significantly reduce the
storage pressure condition for achieving a large quantity of uptake, in which the
expensive and complicated pressure reduction (control) system is no longer needed.
For a IEC power system, the supply pressure is similar to that of a natural gas
combustion engine which requires the supply pressure below 11 bar [119]. The
operating pressure of a fuel cell was reported to be about 1 — 3 bar pressure [120],
and the corresponding delivery pressure from the storage system should be 3 -12 bar
in terms of DOE targets for light-duty fuel cell vehicles [6]. Therefore, the 11 bar is a
comprised pressure range for both ICE and fuel cell applications using hydrogen fuels.
It is noted that the system was tested at the pressure of 15 bar, and it can also deliver

slightly higher pressures than 11 bar.

The temperature: liquid nitrogen temperature, 77K

It was widely recognised that hydrogen uptakes at 77K was significantly higher than
that at room temperature even with pressure at hundreds of bars. Besides, thanks to

the development of thermal insulation technique, 77 K is inexpensive to achieve and
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maintain for a long period of time, which has been widely approved in industrial

applications.

The approximate number of points required: 15 points per isotherm

The equipment is built for single measurements instead of a continuous measurement
with the consideration of difficulties in delivering the same flow controls between two
systems. Each isotherm covers 2 - 4 points below atmospheric pressure depending on
the sorbents and over 11 points above atmospheric pressure, which is sufficient to

monitor the variations of uptakes versus small pressure steps.

The conditions of equilibrium: < 0.001 wt% per minute variation

As the measured uptakes is observed to gradually approach the equilibrium maximum
uptake asymptotically, it is impossible to identify an exact time of maximum uptake.
Instead, an equivalent maximum uptake was defined for the sorption measurement
as the stage at which the variation of points during the last minute has an average
value less than 0.001 wt% per minute. The average of the last 20 uptake values was

then taken as the maximum uptake at that pressure.

The volumes of chambers for each system: 300 cm? for the reservoir bottle and tubing

at room temperature; 20 cm’® for sorption chambers submerged in liquid nitrogen

Although the reference system and the testing system are identically designed, small
volume deviations are inevitable during construction. The volume difference between
the two system is considered in the calculation of ultimate adsorption uptake, as
discussed in section 6.6. To minimise the pressure drop when the sample chambers
under vacuum are connected to the reservoir volumes, the reservoir volumes are
much larger than those of the sample chambers. All volumes are calculated to achieve
the full range of a 1 bar differential pressure transducer at 10 wt% uptake fora 1 gram

sample.

Sealing type and materials: metal-metal sealing, stainless steel

In order to meet the safety requirements of hydrogen experiments, metal-metal

sealing was implemented for building the system. Swagelok tube fittings were
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selected for non-amendable joints, and Swagelok VCR fittings were applied for most

replaceable and re-openable sections.

Data Acquisition: 0.5 — 100 times per second

A National Instruments X series USB card (NI USB-6351) was fitted for measuring and
digitising the voltage signals from the sensors. Each recorded point had been averaged
with 100 continuous measurement points. The sampling rate depended on the
purpose of the experiments. For instance, high frequency recording is required for a

kinetics study of the sorption experiment at a certain pressure.
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The schematic diagram and pictures of constructed system
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Figure 6.4.1 A schematic diagram of the constructed volumetric apparatus for hydrogen
cryosorption measurement at a temperature of 77 K and pressures up to 11 bar.

Connections to individual sensors and valves are omitted for clarity.
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Figure 6.4.2 (a) Electronics and pneumatic control system. (b) The part of sorption system

situated inside the hydrogen cell.
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6.5 Key components and designs

6.5.1 Differential pressure transducers

The selected model of differential pressure transducer was from the GE Druck LPM 9000
series with a measurement range up to 1 bar. The rated temperature condition was between
-4 °F to 180 °F (253 — 355 K). The related combined accuracy caused by non-linearity,
hysteresis and repeatability is 0.1% of full scale. The sensor required zero offset adjustment
for each test, which had been taken into consideration in the design of experimental

procedures.

The selected 1 bar range was targeted for 10 wt% uptake on 1 g sorbents. In practice, 0.1 —
0.6 bar of differential pressures were generally reached depending on the amount of loading
and the type of sorbent, which was in good accordance with the original design. The
resolution of the sensor was well suited to logging short bursts of readings, which was also

confirmed with the actual operation.

6.5.2 Mass flow controller and gas supply

Hydrogen
gas line

Figure 6.5.1 The picture of layout of mass flow controller and connected gas lines.

Apart from pressure transducers and temperature sensors, which were implemented with

extra electrical insulation, the mass flow controller was the only device situated inside the
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hazardous atmosphere cell (ATEX zone 2 rated environment). The installed Bronkhorst IN-
FLOW model was rated for a ATEX Zone 2 atmosphere by the manufacturer, and it could

control the flow rate of hydrogen gas at up to 2 normal litres per minutes.

There were two premeditated applications for the fitted flow controller. Firstly, it was used
to adjust the loading pressure in the reservoir volumes at the initial step of sorption
experiments. The other function of the mass flow controller was to conduct the volume
measurement of some chambers in the system, which could be carried out by monitoring the
pressure variations via introducing a constant flow rate to a targeted volume. The built-in
multi-gas interface of the flow controller allowed us to conduct initial tests under helium prior

to the application of hydrogen gas.

6.5.3 Pneumatic system for remote gas control
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Figure 6.5.2 Details of the design and implementation of the pneumatic control system.
V1-V7 are corresponding labels of valves described in Figure 6.4.1. The full name of each

valve is in accordance with the software interface in Figure 6.5.3.
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Figure 6.5.3 The software interface for hydrogen cryosorption measurement.

The pneumatic remote control system was one of the vital design choices for minimising
the hydrogen safety risks to users. By controlling the valves that were built into the system
with compressed air lines, the electrical sources need not be present inside the hydrogen cell.
As shown in Figure 6.4.2 and Figure 6.5.2, the key component of the control system is the NI
data acquisition card that is used for delivering signals to the solenoid valve controller
(“power and control box”) that further regulates the gas lines to power pneumatic valves
located inside the hydrogen cell. There is a set of relay switches built into the power box for
powering on and off the solenoid valves, and current monitors for each solenoid were also
included to provide verification that each solenoid valve had switched correctly. The
pneumatic valves are normally closed if the pressure was absent, which means that the
hydrogen gas can be fully sealed in the chamber if any emergency happens. In addition, for
monitoring the pressure status of the compressed air line feeding the pneumatic values, a
pneumatic pressure switch which can deliver an electrical signal if the air supply pressure
drops below a certain level (5 bar for our system) was installed. Only if all the checks
mentioned above confirm normal conditions can the software controls for regulating the
experimental procedures be operated. Otherwise, alerts would be activated and the system

would require further examination.
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6.5.4 Data acquisition and software
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Figure 6.5.4 The design of power supplies and connections for sensors (temperature
sensors 1 and 2 are built into the testing system, while temperature sensors 3 and 4 are

placed inside the hydrogen cell for monitoring air flow temperatures).

All four temperature sensors are PT100 platinum resistance thermometers, which were
powered with a constant current of around 2 mA in series. The pressure transducers have
built-in voltage regulation and signal conditioning so that they can be supplied with 15V DC
power. The output voltages were measured differentially using the National Instruments X
Series Data Acquisition card, NI6351, as shown in Figure 6.5.4. This instrument can measure
8 differential inputs, multiplexed to a 16-bit analogue-digital converter, at an aggregate

sampling rate of 1 MHz, which is vital for evaluation of the sorption kinetics in burst mode.

Software was developed by Dr Simon Hopkins to record the data, including the control of
sampling rate and a moving average procedure to reduce noise and the measurement
uncertainty. As shown in Figure 6.5.3, the software has a graphical user interface, which can
plot a live chart of voltage outputs versus time in accordance with the experimental progress.
The data were logged, including the raw voltages of all sensors and the results of conversion
to the actual pressures and temperatures. The raw data were recorded in a comma-separated
values (csv) file, thereafter analysed by a self-written Python program to obtain the final

uptake amounts and measurement uncertainties.
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6.5.5 Hydrogen cell and safety considerations
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Figure 6.5.5 Schematic diagram of the hydrogen cell construction.

With the consideration of handling hydrogen gas in an insulated space, a hydrogen cell was
designed and constructed to meet the European ATEX directives (Zone 2). The extraction
system was built to manage the extreme condition of 2 litres liquid hydrogen leakage at its
maximum working power. The air flows into the hydrogen cell via an explosive relief window
with mesh grill, and brings any hazardous gases out of the cell rapidly. The hydrogen cell is
separated by thick concrete walls from the user area. As described in Figure 6.5.5, it is worth
noting that the electric connections and pneumatic pressure lines were sealed with Roxtec
sealing modules when passing through the insulation wall. All power supplies and electronics
which were not rated for ATEX zone 2 were placed in the user area. Thanks to the remote
pneumatic controlling system discussed in section 6.5.3, the entire experimental procedure

can be fully operated without the presence of users in the hydrogen cell.

The user is only allowed to access the hydrogen cell when the experiment is not operating
and the hydrogen gas is properly sealed inside the vessels. Additionally, there were several
alarms installed inside and outside the cell to detect the gas concentrations in addition to the

hydrogen alarm. The oxygen alarm is essential for the safe handling of the liquid nitrogen
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coolant. Finally, the venting port of the measurement system was located at a height close to
the extraction fans, and hydrogen has minimised contact with electronics inside the hydrogen

cell under normal conditions.
6.5.6 Vacuum degassing

It is recommended that an outgassing vacuum better than 10” bar (~ 1 Pa) is necessary to
conduct reliable BET measurements for microporous materials, according to the ISO standard
[63]. The main purpose of high vacuum is to remove the trapped gases in the microporous
structures of sorbents [60], [63], which is no doubt important to identify the accurate pore
volumes and specific surface areas of the materials. For a practical and fast evaluation of the
sorption ability of materials, especially mesoporous carbon materials, the medium vacuum
degassing (better than 10 bar)) is preferred with the following considerations in terms of the

analysis presented in section 7.2.1:

I.  The uptake differences between high and medium degassing are very tiny for
hydrogen cryosorption. The condensation of residual nitrogen shows no significant
local concentration on mesoporous in comparison with large open surfaces.

II.  Thereason for the degassing procedure in the sorption experiment is to create a pure
hydrogen environment by removing unrelated gases, such as nitrogen, and for the
convenience of the mathematical calculations of uptakes. A proper drying process of
removing moisture was sometime more supportive for a better uptake compared with
high vacuum degassing if there are moisture trapped in the sorbents, based on the
experimental experiences in this study.

lll.  In terms of the implementation cost of the equipment, the medium vacuum system,
like a rotary pump, is generally ten times cheaper than high vacuum equipment, for
instance, a diffusion pump. Meanwhile, the time required for reaching high vacuum
can be as long as several hours, while the medium vacuum can be achieved in only
minutes. Additionally, the medium vacuum system is typically lightweight and far

more portable, which makes it more adaptable for targeted mobile applications.

It is worth noting that high vacuum is required for microporous sorbents (pore diameters <
2 nm), like zeolites, because the residual nitrogen can preferably condense in micropores,

further resulting in significant reductions of micropore surface area. Regarding the design
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discussed in this thesis, a rotary vane vacuum pump with a self-built foreline trap was
introduced for medium vacuum degassing, which can achieve a pressure of 0.1 mbar in
several minutes, as measured using a Pirani vacuum gauge (Edwards APG100XN). The high
vacuum of 107 bar (0.01 Pa) for the measured zeolites was achieved by attaching the vacuum

port to a diffusion pump system.

A high temperature vacuum degassing is favourable, since it is not only capable to increase
the energy level of adsorbed gas molecules and promote them to separate from the sorbent
surface, but also able to remove the water vapour prior to the sorption test without the risk
of exposing to the environment. However, the time saved because of elevated temperature
in degassing to reach the required vacuum is very limited, as the medium vacuum degassing
for mesoporous materials discussed in this study has already taken only 15 minutes or so. The
effect is more significant for a high vacuum or ultra-high vacuum degassing. Besides, it is very
difficult to introduce a heating unit inside the hydrogen cell with ATEX zone approved, since
it unavoidably introduces potential sources of electric sparks and a high electric current,
which is normally tried to be prevented for an explosive atmosphere. Therefore, at the
current stage of the designed measuring system used in this study, the degassing procedure

is always conducted at room temperature.
6.5.7 Others

Because hydrogen gas forms an explosive mixture with air at approximate concentrations
between 4 and 75 percent by volume, it is important that any fittings sealing against, or in
contact with, hydrogen are carefully selected and handled. Metal-metal sealing is preferred
in piping and connections of hydrogen gas. Two Swagelok branded types of fitting were used
in this reported system: VCR fittings and Swagelok tube fittings. VCR fittings are more
convenient to re-assemble with the replacement of a gasket, but have much higher costs,
while Swagelok tube fittings are simpler to install due to the ferrule type sealing, but more
difficult to disassemble due to the continuous deformation of the tube ends and ferrule
contacts on the surface by reassembly. For the sorption tests taken in this study, reassembly
is not necessary for most of the components once the system is established. Swagelok tube

fittings were implemented for most connections, but VCR fittings were applied for the joints
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that needed to be reopened during sample exchange and for parts with the potential to be

upgraded in the future.

In order to prevent tested samples from contaminating the system, a Swagelok particulate
filter with the pore size of 40 microns is placed between V2 valves (see Figure 6.4.1) and the
sample chambers in both systems. Furthermore, a 0.5-micron gasket was fitted on the caps
of the sorbent vial. Although the filters could restrict the gas flow rate to the sorbents to some

extent, the influence is negligible for determining the equilibrium uptakes of sorption.
6.6 Experimental procedures for sorption tests

Most of the porous samples contained a certain proportion of moistures when they firstly
arrived in the lab, for instance, around 5% for the activated carbons. It is also known that
some materials, such as zeolites, have great affinity for polar molecules, such as water
vapours from the air, which has a considerable influence on the adsorption uptakes. Thus, the
sorbents tested were dried under a pure argon flow at 400 °C for 5 hours before they were
loaded into cryogenic vials for hydrogen cryosorption measurements. The sample weight was
measured prior to the operation of sorption experiment. The hydrogen gas and the nitrogen
gas used in the experiment are technically graded with high purity (Air Products BIP cylinders)
so that the sorbents can be kept in dry conditions between tests. Meanwhile, the
characterisation methods were operated with the dried samples instead of the original

samples for accuracy and consistency.
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Figure 6.6.1 lllustration of experimental procedures in cryosorption measurements. All

temperature sensors and some parts of the system are omitted for clarity.

In step 1, all chambers were pumped to vacuum as shown in Figure 6.6.1. Once the vacuum
condition reached the targeted vacuum, the reservoir bottles of both subsystems were
gradually pressurised to the set pressure under the control of the mass flow controller (step
2 in Figure 6.6.1). Then the sample chamber valves of both subsystems were opened
simultaneously, and the containers submerged in the liquid nitrogen bath were pressurised
with hydrogen gas (step 3). The software recorded the voltage signals of all sensors in small
time segments during all three steps. The adsorption of hydrogen on the sample results in a
pressure difference, which was measured by the differential pressure sensor.

It is worth noting that there were two offset adjustments in each test. The first offset
adjustment is the zero offset of all pressure transducers before step 1, by connecting the
system to atmosphere through the vacuum port. The other adjustment is the zero offset of
the differential pressure transducer before step 3, as the pressure transducer has a small

offset as the function of static pressure.

The venting procedure requires the system chambers to be flushed to below the lower
flammability limit of 4 % hydrogen composition of residual gas prior to the next experiment.
Although pure nitrogen gas was utilised for flushing the system, there were the possibility of

a hydrogen-air mixture before the next vacuum pumping procedure, such as replacing the
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tested samples. After the pressurised residual hydrogen at the end of each experiment was
vented to the atmospheric pressure level, the system would be pressurised with the nitrogen
gas supply up to 4 bar pressure, then flushed again to atmospheric pressure, which was
named as a nitrogen flushing cycle. Five cycles of nitrogen flushing were required to be
completed prior to the vacuum pumping procedure (Step 1 in Figure 6.6.1) for the next

experiment.
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6.7 Derivation for sorption uptakes
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Prior to detailed mathematical derivations, all volumes described in Figure 6.7.1 are defined

as following (all tubing volumes have been combined within the related chamber volumes):

80

AP: the induced differential pressure in sorption experiment

V.: the reservoir volume in the testing system where the adsorbate is located before
it is released into the sorbent chamber under vacuum during the experiment

Vi: the tubing volume below the sample-inlet valve (V2 valve in Figure 6.7.1) at room
temperature

Vs: the revised sample chamber volume submerged in liquid nitrogen with the sorbent
volume (mass/density) subtracted in the testing system

T.: room temperature as measured by the average of two temperature sensors

T.: the cryogenic temperature — approximate 77 K achieved with liquid nitrogen bath

Vrer—r: @nalogous reservoir volume to I} in the reference system
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e Vier—t: analogous tubing volume to V; in the reference system

o Vier_s: the sample chamber volume in the reference system

e P;: the initial static pressure in the reservoir bottles of both systems at the beginning
of the experiment, which was obtained by averaging the readings from two static
pressure transducers

e R:the gas constant for the real gas law

e Z,:the compressibility factor of hydrogen gas at the measured room temperature

e Z,:the compressibility factor of hydrogen gas at 77 K

The amount of gas n; in the reservoir volume of the testing system in step 2 (as described
in Figure 6.7.1) is given by the following relation.
_ Bl
~ Z4RT,

By analogy with n, the amount of gas n,. in the reservoir volume of the reference system in

N (6.1)

step 2 is expressed by the following equation.

_ Pinef—r

— [ifrefor 2
Z,RT, (62)

Ny

Then the equilibrium states of hydrogen gas in step 3 of Figure 6.7.1 are analysed. Each

system is divided into three volumes in respect of three zones.

A. Testing system:

After the hydrogen gas is released into the sample chamber, the amount of gas left in the

reservoir volume 1 is:

PV (6.3)
Ny = 5o .
" Z.RT.
where P, is the static pressure at the equilibrium state of sorption.
The amount of gas contained in volume V; can be presented as:
PtVt
N, = 6.4

The amount of gas trapped in volume Vj after sorption is:
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_ P
~ Z,RT,

N3 (6.5)

If the adsorbed amount of gas is labelled as n. Then the total amount of gas in the testing

system after sorption should be equal to the initial amount of gas loaded:

Ny =N+ny +Ny + N3 (6.6)

The pressure P, can be derived by combining the equations (6.1), (6.3), (6.4), (6.5) and (6.6).

BV
T RT.Z,
_ r
Po=—— A (6.7)
RT.Z, " RT.Z, ' RT.Z,

B. Reference system:

By analogy to the derivation in the testing system, the amount of gas left in the reservoir

volume V,.¢_, of the reference system is:

PrVref—r
Ny = —— 6.8
where P. is the equilibrium static pressure in the reference system.
The amount of gas in the tubing volume V.¢¢_; is:
PrVref—t
n., = 6.9
r2 ZlRTr ( )
The amount of gas, n.3, contained in the sample chamber of the reference system is:
PrVref—s
Nz = ——— 6.10

The sum of the amounts of gas left in all three volumes, n,, should be equal to the initial
loaded amount of gas in the reference system, since there is no gas sorption occurred with

the sorbent absence.

Ny =MNpq + Ny +Ny3 (6.11)

The pressure P. can be derived with combining equations (6.2), (6.8), (6.9), (6.10) and (6.11).
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p=— Pinef—r
T Vref—s Vref—r Vref—t (6-12)
RT:Z, (RTCZZ trrz, t RTrzl)

The differential pressure between the two systems as measured by the differential pressure

transducer is:

AP =PF. — P, (6.13)
Then the amount of gas adsorbed n can be expressed with the measured parameters by

combining the equations (6.7), (6.12) and (6.13).

Pinef—r
n = (4P —
( RT.Z (Vref—s + Vref—r + Vref—t)
'“1\RT.Z, " RT.Z, RT.Z,
(6.14)
P -V ( Vs Vi Vi )
+ + +
RT.Z ( /T R £ ) RT.Z, RT.Z, RT.Z,
'“1\RT.Z, " RT.Z, ' RT.Z,
Equation (6.14) can be further rewritten as follows:
—AP( % + % + s )+K (6.15)
"=2"\Rrr.z, T RT.Z, T RT.Z, '

where Kis the correction coefficient of the system based on the volumetric difference

between the two systems, which is calculated as shown below:

K= PV;
B Vs |24 Vi
RT.Z S+ B + p
r 1(RTCZZ RT,.Z, RTer) (6.16)
_ Pinef—r < Vs n VI« n Vt )
RT.7Z (Vref—s + Vref—r + Vref—t) RTCZZ RTrzl RTrzl
r“1\RT.Z, T RT,Z, " RT.Z,

According to equation (6.16), the correction coefficient K is related to the volumetric

symmetry between two systems. For an ideal situation, K would be zero if the systems were
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6 Experimental: the design and development of differential manometry system

constructed with identical volumes to each other. But there are always small variations of the
volumes and K is required to be evaluated in the result calculations, especially for small
uptake experiments. It is worth noting that the amount of gas uptake is mainly related to the
differential pressure instead of the static pressure in differential manometry if a good
symmetry of the apparatus is achieved, which results in better sensitivity and accuracy thanks
to the smaller range of the differential pressure transducer in contrast with static pressure

transducers.
6.8 Volume measurement and error analysis

The error of an experiment consists of the uncertainties of random measurements and the
systematic errors caused by the manufacturer of the devices or other features of the
experimental design. There are mathematical rules for evaluating the uncertainties of
measurements, while the systematic errors, which can be related to temperature effects and
offset adjustments of sensors, have no exact method to follow. In this study, the uncertainties
have been discussed in detail. An analysis of the systematic errors was conducted as well

relying on the knowledge of the specifications of the electronics involved.

The volumes of the system were measured by determining the pressure differences at a
constant flow rate. As shown in Figure 6.8.1, the pressure versus time isotherm at a constant
flow rate vyielded near-perfect linear regressions with an R® value (coefficient of
determination, i.e. in this case the square of the correlation coefficient) of almost 1. In
comparison with other measurement uncertainties, the measured slope value is far more
accurate and its uncertainty was neglected in the following calculations. As the flow rate is
rated as the normal flow rate, the measured volume at the normal volume condition (0 °C

and 101.325 kPa) can be written as:

Pof
T

where Py is 1.01325 bar which is a constant value for one atmosphere pressure, f is the set

(6.17)

flow rate from the mass flow controller, of which the uncertainties were provided by the
manufacturer, and S is the measured slope from linear regression, with a negligible

uncertainty.
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Figure 6.8.1 An example for the volume measurements (for measuring the total volume

above both sample inlet valves).

The normal flow rate is with the condition of atmospheric pressure and 0 °C temperature,
while the volume was measured at around room temperature. As a result, the normal volume

equation can be further adjusted to give the real volume expression:

T Pyf

= 6.18
TS (6.18)

where V is the real volume measured, T is the testing temperature and T is 273.15 K.

As each reservoir bottle, as shown in Figure 6.4.1, is isolated with two manually controlled
valves, the exact volume can be obtained by subtracting a volume without the bottle attached
from the volume with the reservoir bottle attached. For measuring the left reservoir bottle
volume, the total volume Vg, of the reservoir volumes in both systems as marked in Figure
6.7.1, was first measured. The following relation was obeyed (assuming the same flow rate

for both tests):

_ Tsum POf

sum —
TO Ssum

(6.19)

The Tsum is the average temperature in the test.
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6 Experimental: the design and development of differential manometry system

For the volume V, ,_1 ot that is obtained by subtracting the left reservoir bottle from the
Veum (see Figure 6.7.1), the related expression was written as:

T —-LB POf
Vao-LBot = ——" (6.20)

TO Sno—LBot

The Ty o-1Bot IS the related temperature condition.

Then the left bottle volume can be derived as:

POf <Tsum . Tno—LBot) (6 21)

I L—-Bot T Sv Sv
0 sum no—LBot

As discussed above, the uncertainties of the slope identifications were negligible, and T is
a constant temperature value. Accordingly, there are three random variables involved, the

temperature conditions Ty, and T,o_Lgot, and the flow rate f.

The combined uncertainty of the measurements can be described with the following

equation:

aVL—Bot5 )2 ( OVL_Bot 2 OV got .\ (6.22)
sum Y — a7 *

SVL—Bot = <T 6Tno—LBot) + < af 6f)
sum

aTno—LBot

The volume of the right reservoir Vy_g,: bottle can be measured by the same method as
the left reservoir bottle. For the left and right reservoir volume including the tubing (V. and
Vier—y) as described in Figure 6.7.1, the volumes can be obtained by connecting the bottle
volumes at a certain pressure (P._got, PR_Bot) t0 the connected tubing volume which was

previously evacuated (at the same temperature condition).

_ Pr_potVL-Bot

6.23
: > (6.23)

_ Pr_BotVR-Bot

Vief—r = (6.24)

Pref—r
The bottom volumes of the system can be measured with the same method. For instance,

the total bottom volume of the testing system including both V; and ; (see Figure 6.7.1) can
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6 Experimental: the design and development of differential manometry system

be measured by connecting to preloaded reservoir volume V, at a certain pressure. Since the
sorption chamber volumes of both subsystems were fitted with VCR fittings, V5 and Vies_g
were measured by monitoring the added weight on filling the volumes with deionised water:
i.e. the volumes can be obtained by dividing the added weight by the density of deionised
water at the testing temperature. The calculation of combined uncertainties can be
conducted with the random variables equation as in equation (6.22). In addition, it is worth
noting that each measurement was repeated several times to reduce the uncertainty in

accordance with expressions (6.25) and (6.26) for the standard deviation of mean ox.

0= [ Y (D (6.25)

where oy is the standard deviation of the individual measurements x4, x5, x3, ..., X, N is the
number of measurements, and x is the mean values of measurements. The standard

deviation of mean o further follows the equation below.

(6.26)

Table 6.8.2 The measured volumes and related errors (systematic errors of Vs and Vyes_g

are negligible).
Volume Volume Volume

System Symbol Volume/ml uncertainty / systematic combined
ml error / ml error / ml

|74 322.99 1.31 1.21 1.78

Testing Vi 21.96 0.16 0.85 0.86

Vs 16.67 N/A 0.1 0.1

Veef—r 321.74 1.29 1.20 1.76

Reference Vief—t 23.12 0.16 0.84 0.86

Veef—s 17.13 N/A 0.1 0.1

The evaluation of systematic errors followed a similar method to that described above for

uncertainties. The systematic error of each device was initially analysed either by its
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6 Experimental: the design and development of differential manometry system

manufacturer’s calibration or depending on its specifications. The combination of random
measurement uncertainties and system errors are calculated approximately with the square-

root rule.

Ototal = /O_ran2 + Gsysz (6.27)

where 0y4t4) IS the total error of the measurement, o,.,, is the random uncertainty combined
from the uncertainties of all variables, and gy is the estimated systematic error merged from
the systematic errors of all electronic sensors by assuming that all errors are independent. It
should be noted that the error of a single sorption measurement is specific to its unique

combination of variable measurement uncertainties and systematic errors.

In addition to the errors in the volume measurements, there are other variables, such as AP,
P; and T}, to be considered in the error analysis, while the liquid nitrogen temperature T, the
gas constant R and the compressibility values of Z;and Z, are constant. The measurement
uncertainties of the variables were calculated from the raw logging data, for which various
results are obtained in different measurements. The systematic errors of these
measurements are constant, depending on the sensor accuracies. In terms of the
specifications of related sensors, the AP has a 0.1 % systematic error of the full scale of the
differential sensor, and the P; has a 0.04% error of the full scale. The accuracy of the
temperature sensor for T, is 0.1 °K. The uncertainty and the systematic error of the gas
amount can be obtained using the uncertainty equation for independent variables, equation

(6.28).

o= [ ) )+ 2

The combined error of the uncertainty and the systematic errors obeys the same equation
(6.27). Thus, the results of the uptake can be presented with a measured (average) uptake
curve, as well as a lower error limit curve and a higher error limit curve, as shown in Figure
6.8.3. The relative error in respect of the uptake amount (1.9 wt% at 11 bar) varies from 2.5 %
to 8 % with increasing pressure. The absolute errors were discovered to be nearly unchanged
for the measurements performed in a similar pressure range, which means that the relative
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6 Experimental: the design and development of differential manometry system

errors were approximately from 0.5% to 1.6 % with the same absolute error as in Figure 6.8.3
if the uptake could reach the full range 10 wt%. For the samples tested in this study, the

relative uptake errors were about 2 — 5 %.

2.5 r

Adsorbed amount =— = Lower limit ====- Higher limit

=
(6]
T

Excess uptake amount, wt %
=

o
(O3]
T

0 1 1 1 1 1 J
0 2 4 6 8 10 12

Absolute Pressure, bar

Figure 6.8.3 An example of adsorption isotherms on an activated carbon (SSA: 700 m*/g).

6.9 Additional words and summary

An differential manometry system was constructed and reported by Dr Ghoman for
measuring hydrogen uptake at high pressures up to 200 bar and room temperature about ten
years ago in Polymer Group, Department of Materials Science & Metallurgy, University of
Cambridge [121]. The system was then soon abandoned because low uptakes of high-
pressure hydrogen physisorption at room temperature struggled to compete with hydrogen
cryosorption at 77 K and many other methods reviewed in section 2.2. During the
construction of the present hydrogen cryosorption system, some parts of the previous
construction were reused, such as the differential pressure transducers with 1 bar range and

some reservoir chambers. Except for these reused parts, the whole cryosorption was entirely
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6 Experimental: the design and development of differential manometry system

redesigned and rebuilt from as little as a single fitting to the whole electrical wiring and

connections, as well as safety precautions for handling hydrogen gas.

In this section, the key designs of cryosorption measurement system, such as major
components, safety designs and electrical connections, were discussed thoroughly. It is worth
noting that the method of implementing the pneumatic control system, as well as the
mathematical derivations and error evaluations, can be applied more generally for building
differential manometry systems for gas sorption, especially for some explosive gases, like
methane. With the consideration of providing enough room for improvements in the
hydrogen sorption abilities of future sorbents, the system was built for analysing up to 10 wt%
of hydrogen uptake. The hydrogen cryosorption measurements presented in this report were
entirely tested in this newly constructed system. Related results have been discussed and

studied later in section 7.
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7 Results and discussion

In this section, the nitrogen adsorption isotherms of common sorbents studied, including
zeolites, activated carbons and graphene nanoplatelets, are utilised to characterise their
surface areas and pore properties, based on BET, HJ t-method, a;-method and BJH method,
in section 7.1. The hydrogen cryosorption measurements for these studied sorbents are
discussed in section 7.2. Section 7.3 studies the structural formation of the plasma carbon
and the biochar during their carbonisation process depending on the characterisation with
XRD, Raman, XPS and FTIR. The graphitic structures and pore properties of graphene
nanoplatelets with various surface areas are investigated in section 7.4. The Pd decoration on
AC Norit GSX and GNPs-700 are discussed for their influence on both the porous structures of

raw carbons and the hydrogen cryosorption behaviours in section 7.5.

7.1 The analysis of adsorption isotherms and porous properties of

general sorbents

7.1.1 Nitrogen adsorption isotherms at 77 K and BET results of sorbents

800

—— Zeolite 13X

—=— Zeolite Y Sodium

***** AC Norit GSX

—— AC Norit ROW
GNPs-500

—— GNPs-700

1 11 11

o

o

o
l

1 11 11

1 11 11

Quantity adsorbed (cm®g STP)
N IS
o o
T T

1

1 1 1 1

0 LI | LI | LI | LI | L | LI | LI | L | LI | LI
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative Pressure (P/P,)

Figure 7.1.1 Nitrogen isotherms of tested sorbents at 77 K: zeolite 13X, Zeolite Y Sodium,

AC Norit GSX, AC Norit ROW, GNPs-500 and GNPs-700.
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7 Results and discussion

Nitrogen adsorption isotherms at 77 K, which were characterised by a Micromeritics TriStar
3000 apparatus (BET assessment), are generally used as the first attempt in characterisation
of surface areas and porosities of porous structures. Although there are many limitations of
BET theory as discussed in section 2.3.5, BET method is still the most standardised and widely
adopted method. The nitrogen isotherms of the selected sorbents, such as activated carbons
and zeolites, and the unique high-surface-area graphene nanoplatelets (GNPs), GNPs-500 and

GNPs-700, are plotted in Figure 7.1.1.

The primary analysis based on the nitrogen adsorption data is to identify the type of
isotherm for each material that explains qualitatively whether its pore structure is micropore
dominated or mesopore dominated. This can also verify the applicability of BET method, and
determine the type of hysteresis loop if a type IV isotherm appears (see Figure 2.3.2 in section
2.3.3). According to the classification of physisorption isotherms discussed in section 2.3.3,
the two types of zeolite are typical type | isotherms that have the long flat plateaus and point
B lying in the extreme low relative pressure range, which indicates the dominance of
micropores (pore diameters < 2 nm). Zeolite 13X is an X-type molecular sieve with uniform
pore sizes of 1 nm, and zeolite Y is another type of faujasite with aperture sizes less than 1nm
[15], which agrees well with the micropore features of type | isotherms. The isotherm of AC
Norit ROW as shown in Figure 7.1.1 has a complex combination of a type | isotherm with a
long plateau, which is caused by the existence of micropores, and a type IV isotherm

exhibiting an obvious hysteresis loop, which is caused by capillary condensation in mesopores.
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Figure 7.1.2 Isotherms of sorbents with hysteresis loops. The quantity adsorbed is

presented on a common logarithmic scale to aid comparison.

The isotherms of AC Norit GSX, GNPs-500 and GNPs-700 are observed to match type IV
isotherms but displaying diverse types of hysteresis loops. The type IV isotherm shows a
similar shape to the type Il isotherm at low relative pressure range up to the B point (see
Figure 2.3.2 in section 2.3.3) that is related to completion of monolayer adsorption, followed
by a linear progression at a certain slope instead of a flat plateau with increasing relative
pressure, which is connected to multilayer adsorption. As described in Figure 7.1.2, the
hysteresis loops of AC Norit GSX and AC Norit Row refer to the typical H4 type of hysteresis
loop according to the classification represented in section 2.3.5. The H4 hysteresis loops (see
Figure 2.3.9 in section 2.3.6) of activated carbons show a steeper drop in the desorption
isotherms at low p/p, than the GNPs-500 and GNPs-700, and the adsorption and desorption
isotherms re-join together at very high p/p,. The H4 loops that are often observed in some
types of activated carbons are related to the existence of narrowly shaped pores in
conjunction with micropores [61]. The GNPs-500 and GNPs-700 exhibit a similar shape of

hysteresis loop, dominated by H3 type, which indicates the existence of slit-shaped pores
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formed by the aggregation of plate-like particles, but with traces of H2 type hysteresis at low
relative pressure that is initiated by cylindrical-shaped pores and interconnected “ink-bottle”
structures. The “ink-bottle” pores are possibly induced by both the folded soft GNPs layers
and the bended plate-shaped flakes, following the structural analysis discussed later in

section 7.4.

Ideally, to apply the BET method to calculate surface areas, a linear BET plots should be
obtained over an approximate p/p, range of 0.05 — 0.35, with point B located at p/p, ~ 0.1.
An important rule that needs to be considered is that the standard p/p, range is only valid
for non-porous structures and pure mesopores, because micropore filling of microporous
structures can happen at p/p, lower than 0.1, which will eventually affect the evaluation of
monolayer capacity in the BET method. For ultramicropores (< 0.7 nm), the measured BET
surface area likely under-estimates the real surface area as the large probe molecules, like
nitrogen, cannot reach pore channels with extreme curvatures; on the contrary, the BET
surface area can be an overestimate in wider supermicropores (0.7 — 2 nm) since some of the
probe molecules stay in the centre of the pore without contacting the surfaces (so called
“micropore filling”) [63]. As a result, the application of BET methods to micropore materials
(type lisotherm), such as the zeolite samples in this study, require the evaluation of BET plots
locating at p/p, lower than the standard p/p, range, and the measured surface areas are

considered as the equivalent BET surface areas instead of the true surface areas.
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Figure 7.1.3 (a) The BET linear plots of sorbents at the standard p /py of 0 — 0.3. (b) The

modified BET plot of sorbents for evaluating the linear range.
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The equipment used (see section 5.2) for characterising the nitrogen adsorption isotherms
was discovered experimentally to apply a relative pressure range of 0.01 — 0.2 in the
calculation of the BET surface area, which resulted in negative C values and invalid results. As
shown in the BET linear plots of Figure 7.1.3 (a), all sorbents apart from GNPs-500 obviously
demonstrate significantly curved plots in the p/p, range of 0 — 0.3, and linear plots are
difficult to identify for zeolites even at a relative pressure below 0.1. According to references
[63], [71], a modified BET plot is recommended to be applied for determining the effective
linear regression range, as described in Figure 7.1.3 (b). An effective linear range requires that
the values of n(1 — p/p,) increase with the growth of p/p, [63], [71]. As described in Figure
7.1.3 (b), the BET linear ranges of zeolites are expected to be found at a relative pressure
below 0.01 that is beyond the capacity of the applied apparatus and requires higher vacuum
degassing. Therefore, the nitrogen isotherms obtained for zeolites cannot be used to calculate
their BET surface areas. The BET surface areas for 13X and NaY used in this thesis are therefore

the specified values provided by material suppliers.

For the activated carbons, AC Norit GSX and AC Norit ROW, the linear plot range is reduced
to 0.01 — 0.1, in which each has five points available to achieve a decent linear regression,
while the GNPs-500 and GNPs-700 have sufficient data in the relative pressure range of 0.01
—0.2. Table 7.1.4 lists the measured BET surface areas and related parameters for four carbon
materials, in which the STP molar volume is defined as 22.414 dm3/mol at 0 °C and 101.325
kPa, according to the IUPAC standard and the specifications of the BET machine. The C values
of these carbons are higher than 200, which is indicative of the strong adsorbent-adsorbate
interactions. GNPs-500 and GNPs-700 have surface areas of 453 m’/g and 705 m?/g
respectively, which meets the expectations for their highly porous structures. Two activated
carbons have higher surface areas, 875 m?/g for AC Norit GSX and 1387 m?/g for AC Norit
ROW.
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Table 7.1.4 The measured BET values for AC Norit GSX, AC Norit ROW, GNPs500 and GNPs700.

ACNorit GSX | ACNoritROW | GNPs-500 | GNPs-700
— ;}‘Z:’:g - 4.97 3.13 9.58 6.15
( 10'|5n;7£$f;w) 7.41 7.17 28.00 17.10
N (cm/g) 200.96 318.65 104.03 162.08
c 671.39 437.99 343.33 360.91
aser (m*/g) 875 1387 453 705

7.1.2 Mesopore and micropore analysis

Referring to the BET analysis discussed in section 7.1.1, the BET method has restricted
effectiveness for micropore-dominant materials, and it is also not able to evaluate micropore
properties. The Harkins-Jura (HJ) t-method was then developed to characterise micropore
sizes and volumes based on standard nitrogen isotherms. It is worth noting that the
effectiveness of HJ t-methods is also restricted by the efficacy of BET method, since the
micropore surface area is obtained from deducting the external surface area, which is
measured by t-method, from the overall BET surface areas. The initiation of t-methods started
from the Lippens and de Boer (LdB) model [82], stating that the thickness t of the multilayer
coverage can be obtained by dividing the total amount adsorbed n by the monolayer capacity
n,, if the mesopores are assumed to have the same adsorption behaviour as the open surface
in non-porous and mesoporous materials. However, the hypothesis cannot be applied for
materials in the presence of micropores, because micropore filling, which happens during
monolayer packing, complicates the identification of the appropriate monolayer capacity n,.
The Harkins and Jura equation [83] was a better option for evaluating the thickness of
adsorbed molecules compared to the LdB theory (see section 2.3.7). The amount of gas
adsorbed shows a short linear increase with thickness during the multilayer packing of probe
molecules for the approximate thickness range of 0.35—-0.5 nm. As shown in Figure 7.1.5 (d),
linear plots are obviously observed for the GNPs at the standard p/p, range of 0.35—-0.5 nm,

but the linear sections for activated carbons are found at a slightly higher thickness of 0.4 —
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0.5 nm. The slope of the linear fit represents the external surface areas of mesopores and

open surfaces, while the positive intercept illustrates the pore volume of micropores.
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Figure 7.1.5 (a) The Lippens — de Boer model (LdB) and Harkins — Jura model (HJ) t-plots

of AC Norit GSX and AC Norit ROW. (b) The LdB and HJ t-plots of GNPs-500 and GNPs-700.

(c) The HJ t-plots of zeolite 13X and zeolite Y over the adsorption thickness of 0.25 — 0.65

nm. (d) The HJ t-plots of four carbon samples over the adsorption thickness of 0.25 — 0.65.

As shown in Figure 7.1.5 (a) and (b), the Lippens and de Boer (LdB) model is simplified, with

the linear regions starting from the origin. The HJ t-plots of four carbons are observed to

deviate into a higher slope from the linear section at a thickness less than 0.35 nm, which is

caused by the combination of monolayer adsorption and micropore filling in these materials.

The hysteresis loops at thicknesses above 0.65 nm for the activated carbons and 1 nm for the

GNPs correlate with capillary condensation in mesopores [61]. In terms of the Kelvin equation
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that has been discussed in section 2.3.6, the adsorbed phase will accumulate quickly by the
filling of mesopores at high p/p, thanks to capillary condensation if the volume of mesopores
is large, which explains the higher adsorbed quantity of the desorption isotherm than the

adsorption isotherm over the thickness range of the hysteresis loop.

The hysteresis loop is absent in the adsorption isotherms of pure microporous sorbents, like
zeolites, so that only micropore filling and multilayer adsorption on external surfaces exist in
these materials [61], which agrees with the results for two zeolites in Figure 7.1.5. As shown
in Figure 7.1.5 (c), the occurrence of micropore filling during monolayer adsorption is
indicated by the long plateau in zeolite Y, while 13X has a higher slope of the linear section,
indicating a larger external surface area than the zeolite Y. The further quantitative
implementation of the HJ t-method on zeolites is restricted by their invalid BET analysis. As
indicated in Figure 7.1.5 (d), the implementation of a linear fit on GNPs is in the range of 0.35
nm — 0.5 nm, while the HJ t-method analysis of activated carbons is based on the thickness
range of 0.4 nm—0.5 nm. The mathematical relations in the HJ t-method have been discussed

in section 2.3.7, and corresponding results are delivered in Table 7.1.6.

Table 7.1.6 The Harkins-Jura (JH) t-method results for AC Norit GSX, AC Norit ROW,

GNPs500 and GNPs700.
AC Norit GSX | AC Norit ROW |  GNPs500 GNPS700
Slope (cm®/g, STP) 225.08 114.65 228.71 329.81
Intercept (cm>/g, STP) 139.57 313.93 28.32 54.57
Qext (M?/g) 347 177 352 508
Amicro (M?/8) 528 1210 101 197
Vmicro (cm*/g) 0.22 0.49 0.044 0.085

In addition to the Harkins - Jura (HJ) model of characterising the micropore properties of
sorbents, the as-method, analogous to the t-method, has also been acknowledged to be
effective for evaluating the micropore properties [86]-[88]. Instead of using the nitrogen
isotherms to calculate the adsorption thickness, a reference isotherm, for which the sorbent
has only macropores, is introduced to perform as a reference standard for comparison with

the measured isotherms. o, is defined as the ratio of the quantity adsorbed n,.¢ at each p/p,
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to the quantity adsorbed at a relative pressure of 0.4 (hypothetical monolayer capacity),
Nref/Mref (0.4), IN @ reference isotherm. Since the reference material is a pure macroporous
structure, in which the ideal multilayer adsorption is expected, the a, curve, which is plotted
with the quantity adsorbed of the tested sorbent on the y-axis versus as on the x-axis, can
provide a linear region at an a, range around 0.5 — 1 if ideal multilayer adsorption happens.

The mathematical relations for the a,-method have been discussed in section 2.3.7.
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Figure 7.1.7 The a; plots of four carbons — AC Norit GSX, AC Norit ROW, GNPs-500 and
GNPs-700 — at different o, ranges: (a) the full range, (b) the localised range for the

implement of a, calculations.

The o plots of the studied carbons, as shown in Figure 7.1.7, are drawn in reference to the
nitrogen adsorption isotherm of the macroporous silica LiChrospher Si-1000 [86]. The
acquisition of a, values from the reference data involves a linear interpolation between two
discrete values. As shown in Figure 7.1.7 (a), the a; plots display a similar shape to the HJ t-
method plots (Figure 7.1.5 (a) and (b)). The deviation to a higher slope at an o5 values less
than 0.7 for AC Norit GSX suggests the strong adsorbate-adsorbent interactions in micropores,
and the hysteresis loops of all carbons at as larger than 1.0 indicates capillary condensation
of liquid nitrogen in mesopores, which agrees with the results obtained from HJ t-method.
The linear region that illustrates multilayer adsorption is revealed in the magnified as plots of
Figure 7.1.7 (b), demonstrating that the linear range of all four carbons is for an o5 of 0.8 — 1.
The calculated external surface areas, ey, and micropore volumes, Vyicro, from both as —

methods and HJ t-methods are compared in Figure 7.1.8. The results between the two
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methods are in good agreement, and the implementation of both methods is confirmed to

be effective.

B os - method MEHJt-method

Vmicro

a(ext)

Vmicro

a(ext)

Vmicro

ROW (GNPs500(GNPS700

a(ext)

Vmicro

GSX

a(ext)

AC Norit | AC Norit

0 100 200 300 400 500 600 700
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and micropore volume V,,, (cm3/g, STP)

Figure 7.1.8 The comparison of results between the as-method and the HJ t-method for

four carbon samples.

By contrast with the micropores, with diameters less than 2 nm, the mesopores cover a
broad range of pore sizes in from 2 to 50 nm. The pore size distributions of mesopores can be
characterised with Barrett-Joyner-Halenda (BJH) method. The BJH plots were measured with
the BET measurement equipment mentioned in section 5.2. In Figure 7.1.9, the pore size
distribution is represented by a plot of the specific pore volume against the logarithm of the
pore size. It is discovered that zeolite 13X has very limited amounts of mesopores, which is in
accordance with the lack of hysteresis loop in its nitrogen adsorption isotherm. By comparing
the adsorption and the desorption plots, both AC Norit GSX and AC Norit ROW exhibit a
significant extra amount of pore volume at around 4 nm in the desorption isotherms, which
is caused by the release of condensed liquid nitrogen in large pores that is trapped by the
smaller “neck” pores. The capillary condensation in these large pores also contributes to the

sudden drop at the lower end of the hysteresis loops in the desorption adsorption isotherms.
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Figure 7.1.9 BJH adsorption and desorption plots of 13X, AC Norit GSX, AC Norit ROW,

GNPs-500, GNPs-700 covering mesopore sizes of 2 —50 nm.

As shown in Figure 7.1.9, GNPs-500 and GNPs-700 exhibit a larger amount of mesopores
more uniformly distributed across the entire range of mesopore sizes in contrast with the
activated carbons. The total volume of mesopores and macropores can be obtained by
integrating the pore volume over the whole range of the BJH assessments, and a similar
method can also be applied to obtain the external surface area across the mesopore range.
These integrated values between the BJH adsorption and BJH desorption are similar to each
other. Since the adsorption isotherm has more evaluated points than the desorption isotherm,
the BJH accumulated values quoted in this study are based on the BJH adsorption data for
consistency. As shown in Figure 7.1.10 (a), the external surface areas integrated from BJH
adsorption over pore diameters of 2 — 200 nm exhibit consistent values with the external
surface areas measured in HJ t-method; the BJH values are slightly lower because the few
pores larger than 200 nm are not included in the BJH integration. Since the surface areas
contributed by pores larger than 200 nm is small and negligible, it is assumed that the surface
areas covering mesopores and macropores from the BJH assessment can be treated as the

same external surface areas that are obtained from the HJ t-method. The total pore volumes
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of the sorbents can be considered to consist of the micropore volume evaluated in the HJ t-
method and the meso-macropore volumes measured in the BJH method. The volumetric

composition of micropores in the total pore volume can be further calculated quantitatively.
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Figure 7.1.10 (a) The comparison of measured external surface areas oyt between the
BJ t-method and the BJH accumulated meso- and macropore surface areas. (b) The pore
volume comparison between the micropore and meso-macropores evaluated from the HJ
t-method and BJH-method respectively.
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Figure 7.1.10 (b) shows that both GNPs-500 and GNPs-700 have a micropore composition
of less than 10% by volume, which confirms the lower micropore contribution in the HJ t-plots
than for activated carbons. The slightly larger micropore fraction of GNPs-700 than GNPs-500
is due to the smaller crystallite size of GNPs-700, of which aggregations lead to smaller pores.
Although AC Norit GSX has a micropore volume occupying 15 % of the total pore volume, the
mesopore structures still dominate the pore properties, which is consistent with similar
trends at the low range of both t-plots and as-plots to the GNPs. Unlike the other carbons,
micropores dominate (75 % of micropore contents by volume) for AC Norit ROW. The high
micropore composition of AC Norit ROW results in a significant micropore filling effect and
enhanced adsorbent-adsorbate interactions, which turns the t-plots and as-plots in the range

below monolayer adsorption to higher slopes than the other carbons.
7.1.3 Summary

Four porous carbon structures, AC Norit GSX, AC Norit ROW, GNPs-500 and GNPs-700, and
two zeolites, zeolite 13X and zeolite NaY, are studied in this section. The zeolites exhibit type
| adsorption isotherms, indicating the full dominance of micropore structures. BET
measurements were discovered to be inapplicable for the zeolite samples, because the
vacuum degassing is not high enough to provide sufficient information during the
examination. The same argument also applies to HJ t-methods and a,-methods. According to
the specifications from the suppliers, zeolite 13X has a surface area of 720 mz/g and the
surface area of zeolite NaY is 900 m?/g. The BET methods were thoroughly implemented on
four porous carbons for determining their surface areas. With the purpose of discovering the
microporous structures of materials, HJ t-methods and a,-methods were conducted for
measuring the micropore volumes and the external surface area. BJH analysis was performed
to analyse the pore size distribution and pore volumes of mesopores, as well as the external

surface areas.

Zeolite 13X and zeolite NaY are X-type and Y-type of faujasites with different ratios of Al:Si.
The faujasite type zeolites (illustrated in Figure 7.1.11) have caves with a size around 1 nm.
Thanks to the uniform pore sizes distributions, zeolites generally have pure microporous

structures. The microporous structures of both zeolites, 13X and NaY, were confirmed by the
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presence of type | adoption isotherms and BET linear plots at the extreme low range of
relative pressure. AC Norit ROW has micropore-dominated structures with the micropore
volume taking up 75 % of the total pore volume. The high proportion of micropores is also
confirmed by the micropore surface areas, contributing 1210 m?/g of the total 1387 m?/g BET
surface area based on the HJ t-method calculation. The large pores are interconnected with
smaller pores, as indicated in Figure 7.1.11, which leads to enhanced capillary condensation.
In the BJH desorption isotherms, the evaporation of capillary condensation in large pores
depends on the sizes of connected small pores in the “neck”. On referring to Kelvin equations,
the condensation in small pores evaporates at lower relative pressures than large pores.
When the condensate in small pores desorbs, the condensate in the connected large pores

evaporates rapidly, resulting in the steep drop of the hysteresis loop in the nitrogen isotherm.

Zeolite 13X and Zeolite NaY AC Norit GSX and AC Norit ROW GNPs-500 and GNPs-700

Ordered structures with uniform pore size Interconnected pores at various sizes Interconnected slit-shaped pores
Figure 7.1.11 lllustrations of pore shapes and sizes for zeolites, activated carbons and GNPs.

By contrast with AC Norit ROW, AC Norit GSX has a pore structure dominated by mesopores
but with a certain amount of micropores present (15% by volume). The steep drop of the
hysteresis loop at the lower end is also observed in AC Norit GSX, indicating the presence of
interconnected small and large pores. The evaluated BET surface area of AC Norit GSX is 875

m?/g, in which the micropore surface area contributes 528 m*/g.

The pores of GNPs-500 and GNPs-700 are primarily in mesoporous structures, which is
similar to the case for AC Norit GSX. But the mesopores in GNPs are suggested to have slit-
shaped pores, resulting from the aggregation of plate-like crystallites. The slit-shaped pores
are evidenced by the absence of steep drops at the lower end of hysteresis loops, due to the
lack of significant pore size variations in connected pores. The formation of mesopores can
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be caused by both trapped spaces in between adjacent stacked graphitic flakes and the

aggregation of small crystallites.

In summary, four carbon samples were intensively studied both qualitatively and
quantitatively in this section. The measured pore properties, such as the pore volume and the
surface area, are valuable parameters for further analysing the hydrogen cryosorption
behaviour. The results from the BET method, t-method, as-method and BJH analysis are in
good accordance with each other. The application of these methods together can
systematically provide a reliable analysis for both the microporous structures and the

mesoporous structures of the sorbents.
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7.2 Hydrogen cryosorption on carbon samples and zeolites
7.2.1 High-vacuum and medium-vacuum degassing for hydrogen cryosorption

measurements

As early as the design stage of the manometry system, it was considered whether the
degassing of sorbents in the hydrogen cryosorption measurement needed ultra-high vacuum.
The primary consideration of outgassing volumetric chambers under vacuum pumping is to
remove gas residues so that the clean surface is created to adsorb hydrogen. In several
references [13], [122], it was pointed out that the measurement of hydrogen adsorption
essentially requires a degassing vacuum better than 10™"° bar (10 Pa), while BET adsorption
measurements are recommended to reach a vacuum of 1 Pa for achieving the sufficient
analysis, referring to the ISO standard [63]. The ultra-high vacuum (UHV) of 10® Pa is
unrealistic for volumetric manometry designed for measuring hydrogen adsorption in positive
pressures. The volumetric design, consisting of multiple transducers and diverse sizes of
volume chambers, requires a large quantity of fittings, which are not designed for ultra-high
vacuum applications. The more fittings built into a volumetric system, the worse the vacuum
that might be expected. Secondly, the capital cost and the time required to achieve ultra-high
vacuum are challenges to the practicability and mobility of measuring systems in commercial
applications. Although UHV is unattainable with this equipment design, a high vacuum of
107 bar (0.01 Pa), which is sufficient to ensure rigorous surface cleanliness for determining
porous properties in most cases [60], can be achieved with a diffusion pump; and it provides
enough of a margin in vacuum quality over the medium vacuum of 10 bar (10 Pa) to evaluate

whether the higher vacuum is strictly essential for hydrogen cryosorption measurements.
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Figure 7.2.1 (a) Comparison of hydrogen cryosorption uptakes on 13X, AC Norit ROW and
GNPs700 between high vacuum degassing (107 bar, at room temperature) and medium
vacuum degassing (10 bar = 0.1 mbar, at room temperature); (b) the deviations between
the high-vacuum degassing uptakes and medium-vacuum degassing uptakes of the tested
carbons (points by the linear interpolation; the approximate measurement uncertainty

plotted in blue line).
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In order to determine the hydrogen uptake differences between high vacuum degassing and
medium vacuum degassing, the systems were connected with two different vacuum pumps,
a portable rotary pump for achieving 10* bar (10 Pa) vacuum and a diffusion pump for
reaching 107 bar (0.01 Pa). The designed testing system has a self-built cold trap for
preventing any oil vapour from entering the system. Three sorbents, zeolite 13X, AC Norit
ROW and GNPs-700, were selected to represent microporous structures with uniform pore
sizes, micropore dominated structures with varied pore sizes and mesoporous structures,

respectively.

The hydrogen cryosorption isotherms of the three sorbents at 77 K are presented in Figure
7.2.1 (a) with both high-vacuum degassing and medium-vacuum degassing. The cryosorption
isotherm of GNPs-700 with high-vacuum outgassing is in accordance with the medium
vacuum uptakes; and the positive and negative deviations result in an average fluctuation
over the 11 bar pressure range close to zero in Figure 7.2.1 (b). In contrast with GNPs-700,
both zeolite 13X and AC Norit ROW exhibit slightly higher uptakes with high-vacuum
degassing than low-vacuum degassing. This difference is noticeably larger than the
approximate measurement uncertainty. By comparing the porous structures analysed in
section 7.1, the difference between the mesoporous GNPs-700 and the microporous zeolite
13X and AC Norit ROW is mainly the proportion of micropores. Therefore, it is supposed that
the observed higher uptakes in AC Norit ROW and 13X with high-vacuum outgassing is
associated with the condensation of nitrogen on micropores that reduces the micropore
surface area on which hydrogen can be adsorbed. It should also be noted that the deviations
between high and medium vacuum outgassing in 13X have similar values and trends to those
for AC Norit ROW, as shown in Figure 7.2.1 (b), although the two microporous samples have

significantly different surface areas, 720 mz/g for the 13X and 1387 mz/g for the AC Norit ROW.

To further analyse the observed uptake differences between different vacuum conditions,
several assumptions are proposed for simplification. Firstly, the amount of hydrogen
adsorbed is assumed to correlate only with surface area. Furthermore, the residual nitrogen
gas after vacuum degassing is condensed in micropores preferentially in comparison with
mesopores, based on the Kelvin equation. The surface area covered by condensed liquid

nitrogen in micropores at 77 K is supposed to be unable to adsorb hydrogen. The following
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analysis is based on AC Norit ROW because of its well-understood porous properties in section
7.1. Since the hydrogen cryosorption uptakes of AC Norit ROW, with high vacuum degassing
at 77 K and 11 bar pressure, is around 2.85 wt%, the reduced 0.05 wt% uptake for medium
vacuum degassing would correspond to 1.7% of the total surface area being blocked, equal
to 25 m?/g micropore surface area that is only 2 % of the total micropore surface of 1210
m?/g. It means that the micropores of AC Norit ROW cannot be fully filled with condensed
residual nitrogen. If it is assumed that micropore surface areas are uniformly distributed
within micropore volume in approximation, 25 m?/g micropore surface areas take up 2 % of
the total micropore volume of 0.14 cm? (for 0.89 g of sorbent), equal to 2.8 x 102 cm? of liquid
nitrogen condensed in the micropores. The amount of condensed nitrogen is calculated to be
2.26 x 102 g (8.07 x 10® mol) in respect of the liquid nitrogen density of 0.807 g/cm’.
Therefore, the theoretical residual pressure of 0.05 wt% uptake deviation is calculated to be
around 5 mbar in average based on the ideal gas law at room temperature and the chamber
volumes of the apparatus if the pressure is evenly distributed inside the volume chamber and

the pores of sorbent.

In practice, the small pores in the sorbent can hold local residual pressure higher than 5
mbar due to the strong adsorbate-adsorbent interactions, while the pressure in volume
chambers is expected to be smaller. Considering that the vacuum pump and the vacuum
gauge are remote from the sample chamber, the actual residual pressure inside the system is
expected to be higher than the measured vacuum of 0.1 mbar by the vacuum gauge. The 5
mbar estimated residual pressure is perhaps a reasonable approximation of the achieved 0.1
mbar gauge pressure at the inlet of vacuum pump. Thus, it is a logical hypothesis that the
condensation of residual nitrogen in micropores at 77 K contributes to the slightly reduced
amounts of hydrogen uptakes in microporous sorbents, and the similar values of deviations
between 13X and AC Norit ROW is due to the small fractions of micropores filled by
condensed residual nitrogen. For mesoporous structures like GNPs-700, the majority of pores
have large diameters so that the adsorbate-adsorbent interactions in mesopores have no
significant difference from those on open surfaces. In the case of mesoporous materials, the
condensed nitrogen is distributed homogeneously on the surface of the volume chambers
and the sorbents, which results in no specific reduction of mesoporous volumes and surface

areas.
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In summary, high-vacuum degassing can increase the uptakes of hydrogen cryosorption to
some extent with a volumetric testing system for micropore-dominated sorbents: by 2 -3 %
in this study in relative to medium-vacuum degassing. It is difficult to judge whether high-
vacuum is necessary in practice, considering the expense and time required to implement a
high vacuum system for a small uptake improvement. The deviation could possibly be reduced
with smaller chamber volumes, and it is also possible that this could be quantified with a large
amount of experimental data so that an appropriate model could be built to obtain accurate
results with medium vacuum degassing (approximately 0.05 % absolute deviation in this study
for microporous sorbents). For evaluating mesoporous materials, medium-vacuum pumping

seems sufficient, probably due to the lack of nitrogen condensation on mesopores.
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7.2.2 Hydrogen cryosorption isotherms of highly porous carbons and zeolites

In each hydrogen cryosorption measurement, the reservoir chambers filled with pure
hydrogen at a pre-set pressure are connected to the evacuated sample chambers by opening
the corresponding valves, exposing the sorbents to hydrogen, and at that moment (labelled
as time zero) the amount of hydrogen uptake starts to be recorded. Figure 7.2.2 illustrates
the progress of uptake in each measurement versus time, in which the pressure is the
equilibrium pressure at the saturated uptake. In this study, the hydrogen cryosorption
measurements generally reached the maximum saturated uptake at a certain pressure within
10 — 15 minutes. The sorption isotherm exhibits a sharp increase in the first 50 seconds,
followed by a curved corner after which the increase of uptake slows gradually until the
maximum is reached. If the entire isotherm is separated by a rough mid-point of the curved
corner section as shown in Figure 7.2.2, the majority of the uptake is achieved in the first

section within a hundred seconds.

By comparing the microporous sorbents in Figure 7.2.2, like 13X and AC Norit ROW, and the
mesoporous sorbents, such as AC Norit GSX and GNPs-700, the mesoporous sorbents take
less time (< 300 seconds) to approach the maximum uptake than the microporous materials
(> 400 seconds). It is difficult to conclude whether the prolonged adsorption time is due to
the higher proportion of microporesin 13X and AC Norit ROW depending solely on the profiles
of isotherms, but the decreased pore sizes can potentially restrict the hydrogen gas from
flowing into the pores. As the uptake maximum is approached with a gradually reducing rate
in each cryosorption isotherm, it is impossible to identify a single, precise time point at which
the maximum uptake is reached. Instead, a series of specific sorption uptakes were defined
as 40%, 50%, 60%, 70%, 80% and 90% of the rough maximum uptakes, i.e. those values
reached at 400 seconds for mesoporous materials, GNPs-700 and AC Norit GSX, and 600
seconds for microporous materials, 13X and AC Norit ROW, as shown in Figure 7.2.3. The
times corresponding to these relative uptakes can be obtained by linear interpolation

between adjacent discrete points.

111



7 Results and discussion

13X — 0.17 bar
— 0.43 bar
i — 1.19 bar
— 1.90 bar
— 3.46 bar
4.25 bar
— 5.04 bar
— 5.87 bar
— 6.67 bar
— 8.23 bar
— 9.04 bar
— 9.85 bar
— 10.68 bar

Hydrogen uptake, wt%
L1

4=
o
1

LI B L L L
0 50 100 150 200 250 300 350 400 450 500 550 600
Time, seconds

AC Norit ROW 0.49 bar
1.22 bar
1.94 bar
2.75 bar
3.48 bar
4.28 bar
5.09 bar
5.87 bar
6.68 bar
7.43 bar
8.26 bar
8.99 bar
9.85 bar
10.62 bar

w

[
o

N

o

Hydrogen uptake, wt%

LTI

e
o

/

LN I B I I |
50 100 150 200 250 300 350 400 450 500 550 600

£}

Time, seconds

]  AcNoritGsx 0.3 bair
0.68 bar

1.47 bar
2.25 bar
3.05 bar
3.86 bar
4.68 bar
5.46 bar
6.25 bar
7.29 bar
7.83 bar
8.64 bar
9.42 bar
10.22 bar
11.08 bar

o
1

Hydrogen uptake, wt%

o
o
1

0 50 100 150 200 250 300 350 400
Time, seconds

GNPs-700 — 0.29 bar
— 0.66 bar

~— 1.52 bar
—— 2.2bar
— 3.78 bar
4.58 bar
— 5.36 bar
— 6.15 bar
— 6.96 bar
— 7.76 bar
— 8.57 bar
— 9.36 bar
— 10.14 bar
— 10.93 bar

Hydrogen uptake, wt%
1

0 50 100 150 200 250 300 350 400
Time, seconds

Figure 7.2.2 H, cryosorption uptakes versus time at various equilibrium pressures for
microporous sorbents, zeolite 13X and AC Norit ROW, and mesoporous sorbents, AC Norit
GSX and GNPs-700.
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As illustrated in Figure 7.2.3, high pressures are favourable for more rapidly arriving at a
similar level of hydrogen uptake than low-pressure tests among all four samples. For reaching
90 % specific uptake, the time required at 10 bar pressure is noticeably 20 % - 30 % less than
that at 1 bar, which might be due to enhanced adsorbent-adsorbate interactions because of
high pressures and high molecular densities accelerating the adsorption kinetics. However,
the pressure-dependent kinetics of adsorption are observed to saturate in the pressure range
of 3 —11 bar for the plots of 40 %, 50 % and 60 % specific uptake in all samples: the time to
reach a targeted sorption level is approximately constant for pressures in the 3—11 bar range.
The times required to reach 70 % and 80 % were also discovered to be less dependent on
pressure than the 90 % isotherms. Thus, it is supposed that a type of saturated kinetic state
that is not pressure dependent is reached at 3 — 4 bar pressure for a certain material. And it
is also postulated that the time spent for achieving the maximum at higher pressures than 10
bar might reach a similar type of saturation for 90 % specific uptake. The trends in the time
required to reach a certain uptake intensity with pressure have no significant variations
among diverse types of materials, indicating the pressure-dependent performance is likely to

be associated with the adsorption mechanism instead of specific material properties.

According to the results in Figure 7.2.3, the 90 % specific uptake at 10 bar pressure takes a
similar 80 seconds to be achieved in GNPs-700 compared with AC Norit GSX; while the other
microporous materials, zeolite 13X and AC Norit ROW, take ~120 seconds to fulfil the similar
uptake level that is obviously longer than the mesoporous sorbents. These differences can
hardly be considered to be the sole effect of microporous properties, since the adsorption
isotherm is in a non-equilibrium state except at the maximum uptake, which means that both
the fluctuation of molecule-molecule interactions and the instability of testing conditions can
potentially influence the adsorption kinetics. As the maximum pressures studied in this report
are 10 — 11 bar absolute pressures, the hydrogen uptakes are not expected to have reached
the saturated values as a function of pressure, in reference to the works conducted for
sorption higher than 11 bar pressures [15], [42], [45], [123]; but the significance of low-
pressure H, cryosorption tests is in discovering possible ways to enable rapid measurements

and simulate the practical conditions for potential mobile applications.
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Figure 7.2.3 The time required to reach specific H, uptakes of 40%, 50%, 60%, 70%, 80%
and 90% of the maximum uptakes at various pressures: (a) 13X, (b) AC Norit ROW, (c) AC
Norit GSX and (d) GNPs-700.

7.2.3 Hydrogen cryosorption uptakes analysis

Hydrogen uptakes are generally plotted against their equilibrium pressures. The hydrogen
cryosorption of different zeolites has been studied by Langmi et al. in a similar pressure range
and at 77 K using a gravimetric adsorption analyser [15], [45]. The results of hydrogen
cryosorption measurements for the six samples presented in section 7.1 are plotted in
comparison with Langmi et al.’s published results [45] for zeolites NaX with surface area of
662 m’/g and zeolite NaY with surface area of 725 m?/g in Figure 7.2.4 and Figure 7.2.4b. It
is also worth noting that the surface areas obtained from the supplier for the zeolites in this
study cannot be reliable enough to compare with the published results quantitatively.
Although the published results of selected zeolites have differences in uptake compared with

the same types of zeolite tested in this study, which can be explained by the different
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suppliers and the various surfaces areas of the materials, both isotherms exhibit a similar
range of overall uptake and the similar plot shapes/trends. The X type zeolites (13X and
Zeolite NaX*) exhibit a rough saturated uptake at lower pressures than the Y types zeolites
(Zeolite NaY and Zeolite NaY*) and the carbon sorbents, for which the reason is difficult to
judge as the detailed porous properties of these zeolites are not known. The hydrogen

uptakes at 10 bar for all the measured samples, as well as the BET surface areas, are listed in

Table 7.2.5.
3
7] —— 13X
— —e— Zeolite NaY
2.5__ —=— AC Norit ROW
- —— AC Norit GSX
7 GNPs700
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*marked for published
data
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Figure 7.2.4 The H, cryosorption isotherms of measured six samples and two zeolites

referring published results [45].
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Figure 7.2.4b The H, cryosorption isotherms of two zeolites measured and two zeolites

from published results [45].

Table 7.2.5 The hydrogen uptakes at 10 bar and 77 K, BET surface areas and monolayer

capacity based on Langmuir model.

H, uptake at 10 bar, BET surface area Monolayer capacity

77 K (wt%) (m?/g) (Langmuir model) (wt%)
13X 1.62 720 1.68
Zeolite NaY 1.84 900 1.88
AC Norit ROW 2.82 1387 2.96
AC Norit GSX 1.87 875 1.99
GNPs700 1.53 705 1.66
GNPs500 1.03 453 1.16

It is generally agreed that the surface area is a critical parameter for achieving high uptakes
of hydrogen physisorption [14], [15], [65], [124]-[127]. By contrast with nitrogen adsorption
isotherms at 77 K, the hydrogen molecules attach to the surface as gaseous molecules, i.e.
without condensation that happens in nitrogen adsorption at 77 K. When the temperature
decreases to 20K, the boiling point of hydrogen, hydrogen adsorption isotherm has been
proven to follow the BET theory, and the measured BET surface area of MOFs based on

hydrogen adsorption isotherm is slightly larger than that based on nitrogen adsorption
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isotherm, which is due to the smaller size of hydrogen probe molecule that can reach smaller
pores [128]. However, at 77 K, the BET theory is no longer valid, since multilayer adsorption
is unlikely to occur in hydrogen adsorption at 77 Kand 10 bar pressure. The Langmuir model,
by contrast, can potentially be applied for studying hydrogen adsorption, considering its
assumptions of only one kind of adsorbent system and no lateral interactions between the
adsorbed molecules [61]. As a result of the small sizes of hydrogen molecules and the lack of
liquid hydrogen condensation at low pressures and 77 K, the hydrogen molecule is expected
to independently attach to the adsorbent surface, so that lateral interactions are weak and
negligible. The Langmuir model has been applied in analysing various zeolite sorbents [45],
which achieved good agreements between theoretical expectations and the measured results.

The linear expression of the Langmuir equation 7.1 [61] is:

P 1 1
—=—+4—P (7.1)
n nyb ny

where P is the equilibrium pressure, n is the amount of uptake, n,, is the monolayer capacity
of uptake and b is the “adsorption coefficient” that is exponentially related to the adsorption
energy. In terms of the Langmuir equation, a linear plot can be obtained by plotting P/n as a

function of P if ideal adsorption is dominant.

The Langmuir plots of the measured sorbents, as well as two series of published results [45],
are presented in Figure 7.2.7. The Langmuir plots of the sorbents show acceptable linear
agreement, which indicates the occurrence of ideal adsorption behaviour of hydrogen
cryosorption at 77 K and 10 bar pressure. The reciprocal value of the monolayer capacity n,,
is equal to the slope of the linear regression of Langmuir plot, and the calculated monolayer
capacity is discovered to correlate linearly with the BET surface area in Figure 7.2.8 (a). The
fitted slope on the monolayer capacity plot is 0.0021 wt%-gram/m? equal to 1.05 x 10”
mol/m?. Considering one layer of hydrogen molecules in which both atoms attach to the
surface with the closest possible spacing, as illustrated in Figure 7.2.6, the area that is covered
by each hydrogen molecule can be estimated from the covalent distance and the Van der
Waals distance. The single hydrogen molecular area is 7.536 x 10°° m”. Thus, 1 m* of surface
area can take up to 1.327 x 10" hydrogen molecules, equal to 2.2 x 10 mol. Based on the
linear fit of Langmuir monolayer capacities n,, in respect of the equilibrium pressure, the
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saturated hydrogen molecule adsorption of 1.05 x 10 mol/m? takes up nearly 50 % of the
maximum adsorption amount of 2.2 x 10° mol/m? in theory. As the attached hydrogen
molecules are in the gaseous state at 77 K and far from saturated adsorption on the surface,
both atoms of the molecule are more likely to attach to the surface for achieving the
enhanced adsorbent-adsorbate interactions than the molecule attached to the surface via

only one atom (see Figure 7.2.6).
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Figure 7.2.6 The theoretical model of maximum monolayer adsorption of molecules.

For nitrogen adsorption at 77 K, the monolayer capacity n,, has been calculated with the
BET method for each carbon sorbent (see Table 7.1.4). As shown in Figure 7.2.8 (b), good
linear fitting is expected for evaluating nitrogen monolayer capacities, since the BET theory is
based on homogeneous adsorption on surfaces. The monolayer capacity per unit surface area
is obtained from the slope of the linear plot, 0.2297 cm?® STP/m?, equal to 1.02 x 10™ mol/m?.
The theoretical maximum uptake of nitrogen adsorption at 77 K is 1.18 x 10> mol/m” with
both atoms of each molecule attached on the surface and 1.75 x 10™ mol/m? for attachment
of each molecule via a single atom, based on the same calculation method as the hydrogen
adsorption discussed above. By comparing the measured monolayer capacity with the
theoretical calculations, the condensed liquid nitrogen molecules are mostly likely to display
double atom attachment on the surfaces. The calculations of monolayer adsorption for
nitrogen at 77 K based on BET methods are in good accordance with that of the hydrogen
adsorption at 77 K based on the Langmuir model, which justifies the application of the
Langmuir model to hydrogen cryosorption. A detailed development of the potential

applications of the Langmuir model on hydrogen adsorption would require a large amount of
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hydrogen cryosorption data of different sorbents at various temperatures and a wider range

of pressures, which is a prospective target for future research.
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Figure 7.2.7 Langmuir plots of measured sorbents and two reference samples [45].

By analogy to the Langmuir analysis of liquid nitrogen adsorption, the monolayer capacity
of hydrogen at its liquefaction temperature 21 K could also correspond to the saturated
double-atom attachment on the surface, in which the monolayer capacity is close to the 2.2
x 10™ mol/m?. The coverage of adsorbed hydrogen molecules on monolayer adsorption at 77
K is around 50 % as measured. For the same combination of adsorbent and adsorbate, the
temperature-dependence of hydrogen uptakes is probably due to the variations in adsorption
coverage. It is not clear whether the 50:50 composition ratio of ortho-hydrogen to para-
hydrogen at 77 K is similar to the hydrogen molecule coverage on surface by coincidence, but
exploring any correlation between ortho-para conversion of hydrogen and adsorption energy

variations would be an interesting direction for future analysis.
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Figure 7.2.8 (a) The monolayer capacity obtained from Langmuir plots and H,
cryosorption isotherms at 10 bar pressure versus BET surface areas. (b) The nitrogen

monolayer capacity at 77 K from BET methods versus BET surface areas.

The correlation between the hydrogen uptakes at 77 K and the surface areas at various
pressures is presented in Figure 7.2.9. The points deviate from linearity more significantly at
low pressures than high pressures, which suggests that a better linear correlation between
hydrogen uptake and surface area for higher pressures. The fluctuations of the low pressure
adsorption might be caused by the locally concentrated adsorption on small pores and curved
surfaces that is less obvious at higher pressures. The slopes of the linear regressions increase
with pressure, gradually approaching the monolayer capacity plot as described in Figure 7.2.8
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Figure 7.2.9 The measured hydrogen uptakes versus BET surface areas at various pressures.
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7.2.4 Summary

In this section, the question of whether high-vacuum degassing is essential for providing
accurate measurements was reviewed. The hydrogen cryosorption measurements of
microporous materials, such as zeolites, require high-vacuum pumping, as the residual
nitrogen can result in liquid nitrogen condensation on micropores so that the surface areas
available for adsorption of hydrogen molecules can be reduced. The mesoporous materials,
such as some types of activated carbons and the graphene nanoplatelets (GNPs), can be
accurately assessed for their hydrogen cryosorption uptakes with medium-vacuum
outgassing achieved by cost-effective and lightweight rotary pumps, since the liquid nitrogen
condensation is not significant in large mesopores. The offset induced by medium vacuum
compared with high vacuum is constant with a certain chamber volume of the system, if the
micropore volume is large enough to accommodate the entire amount of condensed liquid
nitrogen. A complete analysis could allow a model to be built for correcting the measurement
results with medium vacuum degassing to obtain accurate uptakes. Considering the
prospective mobile applications, medium vacuum is preferable as a result of the significantly
reduced capital cost and time requirements, and it is likely to have only an almost insignificant
effect on storage capacity (2 wt% for AC Norit ROW with 2.82 wt% hydrogen uptake at 77 K
and 10 bar in this study).

The hydrogen cryosorption isotherms of the zeolites 13X and NaY, the activated carbons,
AC Norit ROW and AC Norit GSX, and the graphene nanoplatelets, GNPs-500 and GNPs-700
were compared with published results and reviewed in depth with the implementation of
Langmuir model. The time required to reach a certain level of uptake is discovered to be
independent of the equilibrium pressures. The Langmuir model was revealed to be in good
agreement with the measured results. Hydrogen adsorption at 77 Kis quite far from achieving
saturated monolayer adsorption, taking up nearly 50 % of the maximum coverage. The
measured hydrogen uptakes are linearly correlated with the surface areas at pressures ~10
bar, which is consistent with existing literatures reporting that the hydrogen uptakes of both
zeolites and carbon sorbents at the same temperature and pressure are in an approximately

linear correlation with surface areas [4], [45], [48], [65].
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7.3 Study of the plasma carbon and pyrolysed biomass

Most of the results and discussions in this section have been published in a co-authored
paper in reference [110]. The XRD patterns of plasma carbon and the knowledge of plasma
reforming of methane were attributed to the previous work by Ms Juda [112]. We also
acknowledge our collaborators in the University of Limerick for the FTIR and XPS
characterisation of both the plasma carbon and the pyrolysed biochar from Miscanthus. The
Raman spectroscopy of plasma carbon was performed by Dr Tsaneva, and the Raman and
XRD characterisation on pyrolysed biochars were conducted by the author in this report. The
analysis of XRD results in this section was conducted by the author primarily, and the Raman
analysis was studied with the assistance of Dr Tsaneva. In order to present a complete and
clear report of this topic, the published results from the previous paper, as well as some extra

results, are presented and discussed in this section.

A detailed description of the production and characteristics of plasma carbons and biochars
was discussed in section 4.1 and 4.2. The labels identifying the plasma carbons collected from
differential plasma powers and sampling locations are presented in Table 4.1.2 of section 4.1.
The carbon collected from L1 region with the 1.5 kW input was labelled as C1L1, and the
carbon situated in L2 region with the same power was C1L2. Analogously, the plasma carbon
C5L1 was collected from L1 region with the input power of 5 kW, while C5L2 was collected
from the L2 region with the same power input as C5L1. The plasma carbon was a product of
microwave splitting of methane, and the biochar was acquired by the pyrolysis of Miscanthus,
as described in sections 4.1 and 4.2. The production process of plasma carbon reduces CO,
emissions by transforming the carbon content of methane into solid carbon materials, also
yielding pure hydrogen gas, while the production of biomass was not only economical and
sustainable because of using plants as raw materials, but also environmentally-friendly by
introducing a way of capturing carbon to reduce the emission of carbon dioxide. The graphitic
properties of both carbons were studied, and the possible applications related to these

materials were briefly discussed.
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7.3.1 Raman spectroscopy of plasma carbons

7 Results and discussion

The Raman spectra of the four plasma-carbon samples are shown in Figure 7.3.1. It is

observed that all plasma carbons exhibit sp? bonds, with the appearance of the graphitic “G

peak” at around 1580 cm™[129]. The existence of a G peak in the Raman spectra is associated

with E5; modes (see Figure 7.3.2) of shear vibrations in graphitic six-fold rings [130]. The

vibrations of atoms in E,, modes can be either in phase or with opposite phase. As the energy

levels of two vibration modes are very similar to each other due to the weak interlayer

reactions of graphite [130], two vibration modes were combined to form the single G peak

appearance in Raman spectra.
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Figure 7.3.1 The Raman spectra of
plasma carbons: C1L1, C1L2, C5L1
and C5L2 (see Table 4.1.2 for sample
details).

In addition to the G peak, there is another 1% order peak located at around 1355 cm™, the

“D-peak”, which relates to disorder. It is also understood that diamond shows an intense peak

with a narrow width at 1332 cm™ [129], [131]. But the existence of diamond-like impurities is

123



7 Results and discussion

highly unlikely in plasma carbons, since the non-equilibrium plasma glow can only reach a
temperature of about 1000 K at atmospheric pressure [111], [112]. The existence of D peaks
is believed to correlate with the increased degree of disorder due to the existence of small
crystallites and the presence of mobile six-fold aromatic rings [129]-[131]. The breathing
vibration of A, symmetry of the six-fold rings induces the D-peak in the Raman spectra, as

illustrated in Figure 7.3.2.

E;; Shear Mode

. Ay, breathing Mode
G-peak at 1580 cm’

I
I
I
I
I
I
I
I
I
| i
I D-peak at 1355 cm

I

Figure 7.3.2 lllustration of vibration modes of aromatic rings, associated with the

corresponding Raman peaks [129].

The Raman peaks are broadened by the introduction of defects, as the phonon modes take
a wide range of vibrational energies in quantised states. The width of the graphitic G peak is
related to the degree of bond angle disorder at sp? sites (or induced sp3 by the distorted
carbon rings) [129], while the FWHMs of the D peaks increases with the reduction of
crystallite sizes [130]. The Raman G peaks and D peaks were deconvoluted as described in

Figure 7.3.3 (a).

Both C1 carbon samples from the low-power (1.5 kW) plasma have smaller FWHMs than
the high-power (5 kW) plasma C5 carbons in first-order peaks, indicating the better crystalline
construction of plasma carbons produced with a lower power input. The variations of FWHMs
between different collection locations with the same plasma power are not significant, as
described in Figure 7.3.3 (b), which suggests that the collection location of carbons is not a
major parameter in forming the carbon graphitic structures. The broadening of peaks for the

sample produced with 5 kW microwave power is caused by the shrinkage of crystalline sizes,
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which was confirmed by TEM micrographs from the previous work in reference [112] and was
in good accordance with the analysis from Tuinstra and Keonig [130] that crystallites with
small sizes contributed to so-called “boundary effects”. The defects induced by grain
boundaries in polycrystalline materials led to a distribution of phonon energies corresponding

to the different unit cell sizes, which further broadened the Raman peaks.
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Figure 7.3.3 (a) The deconvoluted first-order Raman peaks. Five peaks G, D1, D2, D3 and
D4 were fitted according to reference [132]. (b) FWHMs of the G-peak (black) and D1-
peak (red shaded).
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Figure 7.3.4 The intensity ratios of D1-to-G peaks, D2-to-G peaks and D3-to-G peaks from

the deconvoluted of Raman peaks.

125



7 Results and discussion

The D-to-G peak intensity ratio is a widely-used parameter for analysing graphitic structures,
which has been applied in many references [129], [131]-[133]. As described in Figure 7.3.4,
the highest /(D1)/I(G) is observed for the high-power plasma glow region carbons (C5L1) in
comparison with the lowest intensity ratio for low-power downstream carbons (C1L2), of
which the difference is caused by the diverse degrees of graphitic defects and various
crystallite sizes based on the TK relation [129], [130]. In addition to the D1-peak and the G-
peak, another Raman D2-peak at 1620 cm™ is observed in Figure 7.3.3 (a) and Figure 7.3.1,
especially for the C1L2 carbon. The appearance of this peak is related to the surface graphene
layer of graphite with deformed E’2g vibrations [134], and it is also believed to correlate with
the distorted sandwich graphene layers by defects. Sze et al. [134] discovered that samples
with more intense D2-peaks had higher surface-to-volume ratios, suggesting the composition
of thinner graphitic domains. C1 plasma carbons have lower values of /(D2)/I(G) among the
samples in Figure 7.3.4, signifying the less distorted graphitic structures and the larger

crystallite sizes, which is in good accordance with the /(D1)/I(G) trend.

Figure 7.3.4 also describes a D3-peak that was found to be irrelevant to the graphitic
structures [135]. The identification of the D3-peak is relevant to the impurity composition of
bulk carbon samples, referring to the possible organic residues of oxidation or hydrogenation
during the production; the occurrence of some such products is evidenced by the odour of
the carbon-rich product. The C1 carbons are observed to have lower /(D3)//(G) than the C5
carbons, which suggests that the low-power plasma reactor produces a higher proportion of
graphitic contents. Of the two collection regions of carbon samples during the plasma
production process, the downstream site L2 is preferred for better crystalline structures of
carbon products. This is because the downstream collection results in a longer residence time
and sufficient energy for activated species to react and combine, thus enhancing the
formation of graphitic ordering. The D4-band at around 1200 cm™ at lower phonon energy
was reported to match the fingerprint of transpolyaceylene-like structures (TPA), such as the
C-Cand C=C stretching vibration modes, according to the work of Osipov et al. [132]. The TPA-
band was also observed by Ferrari et al. [136], who found that related peaks were combined
with the two peaks of 1150 cm™ and 1450 cm™ in nanocrystalline diamond into sp?-bonded
structures of trans-polyaceylene segments at grain boundaries and surfaces. The D4-peaks

are observed to be more prominent in high-power C5 carbons (see Figure 7.3.1), which is
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because the higher energy plasma input bombarded the carbon into smaller grains, further

enhancing the TPA effects at the boundaries.

The intensities of second-order 2D-peaks at 2700 cm™ were found to vary significantly
among the four plasma carbons as described in Figure 7.3.1. Cuesta et al. discovered that the
2D-peaks were less intense in nano-crystallite structures in contrast with highly ordered
graphitic structures [135]. The 2D-peaks were further deconvoluted by Ferrari et al. into two
2D-peaks with another one located just at 50 cm™ lower wavenumber that was intensely
present in the spectra of a single graphene sheet [137]. Ferrari also observed that the 2D-
peak at higher wavenumbers dominated the peak intensity and significance, when the
stacking number of graphene sheets was over ten [137], indicating the larger sizes of
crystallites in the c-axis by higher intensities, which is in accordance with the characterisation

in Figure 7.3.1.

In summary, both the first-order and second-order Raman peaks show the consistent trend
that C1 carbons produced with the low power input of 1.5 kW exhibit better graphitic
structures, both in having larger crystallite diameters and enhanced c-axis ordering of stacked
graphene sheets, than the high power (5 kW) C5 carbons. For the carbons produced from the
plasma reactor with the same power input, downstream collection is preferred for better
crystalline structures. C1L2 carbons evidently had the best degree of crystallinity among the

plasma carbons, followed by C1L1, C5L2, C5L1 in order of decreasing degree of graphitic order.
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7.3.2 X-ray diffraction of plasma carbons
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Figure 7.3.5 The XRD patterns of
plasma carbons: C1L1, C1L2, C5L1
and C5L2.
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Figure 7.3.5 shows the X-ray diffraction (XRD) patterns of the plasma carbons [112]. The

appearance of (002) peaks at 260~26° and (10) peaks at 20 ~43° demonstrate the existence

of graphite-like structures in plasma carbons. The width and relative intensities among peaks

in comparison with reference patterns of graphite [138] suggest the lack of 3D crystalline

ordering of the plasma carbons.

The average crystallite size L,(XRD) of the graphitic planes is calculated from the profile

fitting of the (10)-peak in XRD patterns. It is also understood that the mean crystalline size

L,(Raman) could be evaluated in terms of the TK relation [129], [130], with the coefficient

stated in reference [130], based on the relative intensity ratio of /(D1)/I(G) in Raman spectra.
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The L,(Raman) was plotted against L,(XRD) in Figure 7.3.6. Although the FWHMs of the
(10)-peak applied in Scherrer’s equation for L,(XRD) was not well defined due to the low
peak intensities, it can be concluded that the L,(XRD) is correlated with the L,(Raman),
which supports the validity of applying the TK equation to the Raman spectra of plasma

carbons.

Although the quantitative analysis of the parameters, e.g. electron densities and energy
distributions, are not available for plasma carbons, it can be speculated, in terms of the
spectroscopic characterisations of both Raman and XRD patterns, that the low power input is
advantageous to the formation of the crystalline ordering of plasma carbon particles and the
large crystallites. The plasma carbons with more graphitic structures can be favourable for

applications that require a high degree of crystallinity.

A higher power input for the plasma reactor leads to more nanocrystalline structures and a
smaller particle size, especially for the carbons collected around the glow region (L1), because
of the introduction of bond angle defects and graphitic sheet distortion. The potentially high
surface-to-volume ratios of these carbons are preferred for applications that require high

surface energies, e.g. water purification, catalyst substrates and gas adsorption.
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Figure 7.3.6 The graphitic layer sizes (L, ) obtained from Raman results versus the

graphitic layer sizes (L) obtained from XRD analysis.
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7.3.3 Raman spectroscopy of biochars

The dominant content of Miscanthus is cellulose, of which several vibrational modes are
potentially Raman active [139], as described in Figure 7.3.7. The high composition of
hydrocarbons in the raw materials leads to a fluorescent background as seen in Figure 7.3.7,
which was also observed in reference [140]. Although the Raman spectra were taken with a
reduced power and a short accumulation time, the fluorescence is hard to avoid. The
significantly broadened Raman peaks of the raw materials indicate the lack of crystallinity and
the heterogeneous composition. The peak at around 1095 cm™ is induced by the carbonyl
stretching mode and the glycosidic stretching (-C-O-C-) vibration in cellulose, and the broader
peak at around 1600 cm™ is related to the presence of amorphous lignin according to

reference [141].

The carbonisation process with increasing pyrolysis temperature starts with dehydration
and the removal of functional groups containing oxygen, which is reflected with the significant
reduction of peak intensity of the -C-O-C- stretching band. The oxygen groups (-O-C-) are
detached prior to hydrogen contents (-C-H) in cellulose [142]. The residual hydrogen content
in 300 °C still results in high-level fluorescent backgrounds that diminish at temperatures

above 500 °C, as indicated in the Raman spectra.

A small sharp peak at around 1600 cm™ starts to appear from a temperature of 300 °C,
which is likely to be related to the Raman peak of lignin at 1600 cm™ becoming apparent after
the reduction in the background. Although bulk graphitic structures are unlikely to appear in
this range of temperatures, this could also be partially linked with small fragments of sp?
carbon chains that develops with the increase of the pyrolysis temperature and the removal
of oxygen in C-O groups, which brings E,, vibrations at 1580 cm™. The peak at 1350 cm™,
which is strictly connected to the breathing mode vibration of six-fold rings, starts to be
detected from 400 °C. In terms of the pyrolysis model in reference [143], small stacks of
aromatic molecules can form because of “polymerisation, dehydrogenation and
condensation” in the early stages of carbonisation. These stacks can be graphitic-like,

consisting of small size graphene-like layers possibly with five-fold or seven-fold rings [144].
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The growth of graphitic structures (sp® clusters) can be treated as an increasing number of
hexagonal rings transformed from fused five or seven-fold rings as the pyrolysis temperature
increases. This is further confirmed with the development of the intensity ratio of D-to-G
peaks (see Figure 7.3.4), which was also observed in references [133], [144]. It is in opposite
progression with the TK equation due to the high degree of amorphisation that introduces
small crystallites, which has been studied by Ferrari and Robertson [129], since the TK
equation is only capable for graphitic structures with crystallite size larger than 2 nm. The
breadths of the D-peak and G-peak at low pyrolysis temperatures are broad and contributed
by multiple phases, e.g. ~210 cm™ for D-peak and ~90 cm™ for G-peak at 500 °C. The degree

of graphitic disorder decreases with higher carbonisation temperatures, e.g. ~150 cm™tin
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width for D-peak and ~50 cm™ in width for G-peak at 1000 °C, which is in good accordance

with the investigated behaviours of carbonised cellulose and lignin [142].

In summary, the Raman spectra of the biochars reveal an amorphous phase with highly
disordered graphitic-like structures and a low degree of crystallinity. The intensity ratios of D-
to-G peaks increases with the growing crystallinity and the growth of carbonisation
temperatures, which is opposite to the TK equation due to the amorphisation of carbons but
fits well with the “amorphisation trajectory” based on the work of Ferrari and Robertson [129],

as discussed later in section 7.3.6.

7.3.4 X-ray diffraction of biochars

cellulose

Figure 7.3.8 The XRD patterns
of biochars from pyrolysed
Miscanthus at 300 °C, 400 °C,
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r. .
aw I\/Ilscanth us

Intensity, a.u.

400°C

500°C

band

1000°C

5 10 15 20 25 30 35 40 45 50 55 60
20, deg.

132



7 Results and discussion

The X-ray diffraction patterns for raw Miscanthus, pure cellulose and biochar pyrolysed at
temperatures from 300 °C to 1000 °C are plotted in Figure 7.3.8. The XRD pattern of raw
Miscanthus is in accordance with the XRD pattern of the pure cellulose but with reduced peak
intensities and increased peak breadth, suggesting the high proportion of amorphous phases.
In a similar way to the Raman analysis, the graphitic (002) peak is hardly recognisable until
the sample is pyrolysed at 400 °C, which suggests that graphitic layer stacking cannot occur
below 400 °C. The broad (002) peaks at around 23° and (10) peaks at 43° of the biochars with
low pyrolysis temperatures reflect highly disordered pre-graphitic materials in an amorphous

matrix.

It is noticed that a peak at about 9° appears with the increase of pyrolysis temperature,
reaching maximum intensity at 500 °C. Then the peak disappears with the further rise of
temperature, becoming unrecognisable at 1000 °C. This phenomenon was also observed in
references [145]. The occurrence of this small angle peak is related to the formation of
discotic phases (also called turbostratic intermediate structures) that are formed as a
precursor for graphitic structures during carbonisation [145], [146], which well explains its

disappearance at high temperatures.

The heterogeneous background from the amorphous structures and the non-decomposed
lignocellulosic contents makes the estimation of the peak positions and peak widths
complicated. The XRD patterns were analysed with profile fitting, and the interplanar d-
spacing was calculated based on Bragg’s law. In terms of the deconvolution of the broad (002)
peaks at 1000 °C in Figure 7.3.9 (a), a y~-band peak with high intensity was characterised at
23° in addition to the typical (002) peak at 26°. According to reference [146], the y-band is
attributed to the presence of saturated phases like aliphatic size chains along the edge of the

char crystallites [146].

The d-spacing of (002) planes reduces from ~0.4 nm at 500 °C to ~0.38 nm at 1000 °C as
described in Figure 7.3.9 (b). Furthermore, the (002) peaks were discovered to be sharper at
higher pyrolysis temperatures, reflecting larger crystallite sizes along the c-axis. The crystallite
sizes L. of biochars pyrolysed from various temperatures are less than 2 nm. Thus, the
biochars are regarded to have a low degree of crystallinity, which can also be concluded from

the broad XRD peaks, even at 1000 °C.
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Figure 7.3.9 (a) (002) peak deconvolution of 1000 °C biochar XRD. (b) The calculated (002)

interplanar distances of biochars versus the pyrolysis temperature.

7.3.5 FTIR and XPS analysis of biochars
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7 Results and discussion

Infrared spectroscopy (IR), as presented in Figure 7.3.10, was applied to identify the existing
stages of the functional groups, e.g. C-O, O-H, etc., during the carbonisation process. It is
obvious that functional groups originating from the lignin and cellulose contents of the raw
material dominate the IR transmission spectra at low temperatures. The significant band
around 1600 cm™ is attributed to the stretching vibration of the C=C bond which is polarised
by the oxygen atoms attached. The carboxyl C=0 groups are removed at low temperatures,
while the hydroxyl and methylidyne radicals are more thermally stable. In addition, the C-O
bonds are believed to be eliminated at early stages since their presence is not detectable at
temperatures above 400 °C. These results provide substantial evidence to confirm the
understanding from the previous Raman and XRD patterns. The carbonisation of the
Miscanthus is basically a process of transforming the organic-dominated phases into better
organised aromatic structures, then further into six-fold graphitic structures with increasing

pyrolysis temperature.

The FTIR results also match well with the Krevelen diagram from the work of Ishmaru et al.
[142] that the hydrogen and oxygen-rich contents are strongly removed during the pyrolysis
process. The existence of O- and H- groups is beneficial to the construction of non-six-fold
rings and distorted graphitic rings, which can potentially increase the surface areas and

porosities of carbon products.

The high resolution Cls and O1s XPS spectra are displayed in Figure 7.3.11. A rapid
reduction in the peak intensities of oxygen groups (C-O, C=0, C-O-H) is straightforwardly
observed in Cls spectra at low pyrolysis temperatures in accordance with the assignment
described in Figure 7.3.12 (c), which further supports the previous analysis of the FTIR results.
This aspect is also demonstrated in the Ol1s spectra with the faster decrease of C-O peak
intensities at 533 eV relative to C=0 peaks at 531.2 eV with increasing temperature. Along
with the reduction in oxygen content with the increase of temperature, the peaks related to

carbon-carbon groups (C=C, C-C at 285 eV) progressively become more prominent.
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Figure 7.3.11 High resolution XPS (a) C1s and (b) O1s spectra of biochars.
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7.3.6 Formation routes of plasma carbons and biochars based on the

“amorphisation trajectory”

With the aim of discovering the differences between the two types of carbon structure
studied, the comparative XRD patterns and Raman spectra for the plasma carbons and
biochar pyrolysed at 1000 °C, as well as the XPS spectra (for biochar, at 900 °C), are exhibited
in Figure 7.3.12. As shown in Figure 7.3.12 (a), the XRD (002) peak of the biochar sample is
not only shifted to a lower angle, indicating a larger d-spacing between graphitic layers, but
also much broader as a result of the less degree of crystallinity, by contrast with the plasma
carbon. Although the I(D)/I(G) of the Raman spectra are similar for the two carbons, the 2D-
peak differs dramatically in both breadth and intensity, which reveals obvious differences in

structural ordering, especially the c-axis stacking order.

The XPS spectra in Figure 7.3.12 (c) and (d) demonstrate the difference in surface bond
chemistry, especially the traces of oxygen functional groups. The composition of oxygen is
noticeably higher in the biochar, based on the Cls comparison. Furthermore, the peaks
related to C-O groups in O1s also have clearly higher intensities for the biochars than the
plasma carbons. The high oxygen content during carbonisation is not favourable for the
formation of graphitic structures, as the existence of oxygen crosslinks within carbons can
constrain both the layer growth and the layer stacking, thus preventing high degrees of
graphitisation [147]. The high content of oxygen in the biochar is likely to be caused by an
insufficient pyrolysis temperature, since it has been reported that a high degree of
graphitisation is not expected at temperatures below 2000 °C [147], [148]. Additionally, the

possible crosslinks introduced by oxygen contents also increase the difficulty of their removal.

In terms of the TK expression [129], [130], the intensity ratio of D-to-G peaks is inversely
proportional to the crystalline size (I(D)/I(G) «< 1/L,) for nanocrystalline carbons, as
illustrated in Figure 7.3.13. The plasma carbons are well explained by the TK equation in terms
of the discussion in this study, while the biochars that are far less crystalline and graphitic
exhibit a reverse tendency to the TK relation in accordance with the previous XRD and Raman
results so that the TK equation is no longer valid in these situations. The substantial
differences between the plasma carbons and the biochars (see Figure 7.3.12) in XRD, Raman

and XPS confirm that the crystallinity differs significantly. This phenomenon coincides well
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with the Ferrari and Robertson (FR) model [129], [131] that the TK relation cannot explain the

amorphous carbons with crystallite sizes less than 2 nm. Instead, the intensity ratio was

observed to be proportional to the square of crystallite size (I(D)/I(G) o« L2%), as shown in

Figure 7.3.13 for amorphous carbons. Thus, the biochars are likely to be located in the region

of amorphous carbons with smaller crystallite sizes, whereas the plasma carbons are

nanocrystalline structured with larger lattice sizes.
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Figure 7.3.12 Comparison of (a) XRD, (b) Raman, and XPS (c) C1s and (d) O1s spectra of

plasma-carbon and biochar from 1000/900 °C — pyrolysis.
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Figure 7.3.13 lllustration of the concept of “amorphisation trajectory” [129], [130]. The
structural transition in stage 1 from amorphous phase to nanocrystalline phase (a-nc)

and in stage 2 from nanocrystalline phase to pure graphite (nc-g).

As presented in Figure 7.3.14, the results for both plasma carbons and biochars can be
compiled into a data set of I(D)/I(G) versus L,. The blue dashed line illustrates the
theoretical curve from the FR model [129], [131], and the solid black line is based on the TK
equation [130]. It is evident that both the plasma carbons and the biochars are in good
agreement with the theoretical model, except the biochar at 1000 °C that is located on the
“demarcation line” between the two regions. It is understood that carbons with L, of around
2 nm is not organised with the FR theory of which the validity limit has been not clearly
defined in this region. It is also worth noting that the calculation of L, based on the XRD
pattern can be less reliable and more complicated for small crystallite sizes and amorphous
structures, since the peak intensity is lower and the profile is less recognisable [149],
especially for non-graphitising carbons with misaligned defective layers and crosslinks [144],

[147], [150].

The crosslinked structures are favourable for inducing porous structures in carbons, which

can be beneficial for gas purification and storage. The contamination of inorganic materials
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can catalytically induce graphitisation upon annealing to form non-porous carbons [151].
Sometimes, the polymer originated non-graphitising carbons can be activated into
graphitising carbons under high temperature treatment, e.g. over 2000 °C, resulting in a

heterogeneous phase of both pre-graphitic structures and non-graphitising structures [152].
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Figure 7.3.14 Relation between the Raman D-to-G band intensity ratio and the graphitic
layer diameter L, of plasma-C (red stars) and biochar (blue circles). The solid line (black)
represents the TK inverse proportionality dependence [130]; the dashed line (blue) follows

the square root proportionality [129].

It has been clear that the formation of plasma carbons under various conditions obeys the
TK relation of the FR “trajectory theory” as shown in Figure 7.3.14. The mobile carbon and
hydrocarbon ions and radicals tend to be activated intensively in the high-power plasma
reactor (5 kW), of which the recombination results in highly defective and amorphous
structures. The existence of sp3-bonds induced by layer distortions and the small crystalline

sizes caused by the short residence time in the plasma glow contribute to the reduced
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graphitic ordering of carbon products. On the contrary, the carbon products are more ordered
with reduced power input (e.g. 1.5 kW) due to the lessened ion bombardment and prolonged
residence time (e.g. downstream collection), which allows the carbon atoms to reform into a

more graphitic and well-organised structure.

For the other type of carbon, the biochars, the structures are amorphous instead of
nanocrystalline, which follows the FR theory with a reverse trend to the TK equation. During
the carbonisation process, organic molecules connected with carbon atoms are gradually
transformed into intermediate states and gas species by thermal decomposition. At low
temperature (< 500 °C for instance), the biochar is highly amorphous with distorted structures
and the lack of six-fold graphitic rings. With further heat treatment at higher temperatures,
the disordered amorphous state can either be transformed into more ordered graphitic
structures with larger crystalline sizes and better stacking order, or producing more distorted

phases with better porous structures due to the existence of oxygen crosslinks [147].

7.3.7 Summary

From the research and discussions in this section, it can be concluded that the method of
plasma reforming of methane can reform activated radicals into more organised graphite-like
carbon structures, while the carbonised biomass from pyrolysis of Miscanthus demonstrates
less-organised structures as a result of the existence of organic groups and possibly the lack

of sufficient heat treatment.

The formation routes of two carbons in terms of the intensity ratio of Raman first-order D-
to-G peaks confirm the validity of the “amorphisation trajectory” theory introduced by Ferarri
and Robertson [129]. The profile (e.g. the breadth and the intensity) of second-order Raman
2D peak is critical for clarifying whether the carbon is ordered and nano-crystalline or
disordered and amorphous, when the first-order peaks show limited features. In terms of the
results and discussions presented in this study, the Raman characterisation alone can provide
sufficient information to characterise the carbon materials for their degree of graphitisation

and crystallinity.

Considering the plasma carbons, the low-powered reactor and downstream collection are
preferred for obtaining products with better graphitic structures and higher crystallinity. For

the pyrolysed biochars studied, the carbons show reliable indications of the existence of a
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certain amount of distorted graphitic fragments and non-six-fold rings, although they are

highly disordered even at the highest pyrolysis temperature of 1000 °C.

Although the Raman analysis of distorted graphitic structures indicates the potential for
porous structures because of the oxygen group impurities, the BET surface areas of the
pyrolysed carbons are characterised to be smaller than 20 m?/g. The appearance of the small
surface area can be due to the lack of an activation process. In the physical activation process,
after the carbonisation of biomass, the pyrolysed carbons are activated in the presence of
appropriate oxidizing gases, such as carbon dioxide [153] and steam [154], at high
temperatures from 600 °C to 900 °C for a duration up to 40 hours [155], [156]. Sometimes,
the carbonisation and activation processes can be conducted simultaneously with the heat of
steam (700 °C — 800 °C) [155]. The other method is named as the chemical activation that
requires the biomass to be impregnated with chemicals, such as H3PO4 [157], KOH [158] and
NaOH [157], followed by heating under a nitrogen flow at temperatures from 450 °C—-900 °C
of which the selection depends on the impregnant applied [156]. The carbonation and
activation are also simultaneously performed in the chemical activation, and the duration
required is generally less than 2 hours, which is comparably much short than the physical

activation [156].

The plasma carbons are also non-porous samples with surface areas around 60 m?/g,
although they are observed to be very lightweight in handling during the experiment. The
lightweight particles of plasma carbons might illustrate the non-aggregated carbon particles
that restrict the formation of pores in the interstitial spaces of packed small crystallites. H,
cryosorption measurements of both the plasma carbon and the biochar pyrolysed at 1000 °C
were also conducted, but the hydrogen uptakes were too small to be detectable above the
measurement errors. As a result, the hydrogen adsorption isotherms of these carbons were

not presented in this thesis.
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7.4 The structural analysis of graphene nanoplatelets

7.4.1 X-ray diffraction analysis of graphene nanoplatelets
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Figure 7.4.1 X-ray diffraction patterns for graphene nanoplatelets GNPs-20, GNPs-500
and GNPs-700 with SSAs of 20 m?/g, 500 m*/g and 700 m?/g, respectively.

90

The graphene nanoplatelets (GNP) obtained from DZP Technologies have various surface

areas (SSAs). As the available manufacturing details for the GNPs are limited, it is important

to obtain a qualitative understanding of the materials prior to further quantitative analysis,

such as the definition of crystallite sizes. According to the X-ray diffraction pattern shown in

Figure 7.4.1, the GNPs-20 exhibits a dominant (002) peak, along with weak (10) peaks and a

(004) peak, which is very similar to a type of two-dimensional turbostratic structure [116],

[117], [138]. The sharp 002-peak is related to the high degree of graphitic structure in c-axis

ordering. It is noticed that the 002 peaks of GNPs become broadened with increased surface

area, indicating a reduced crystallite size in the c-axis. The broadened 002 peaks are

commonly observed in turbostratic structures with small size layers obtained from ground

pure graphite [159], [160]. The small-angle diffraction signal becomes intense with the
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increase in surface area, and the intensity of small angle diffraction for GNPs-700 is even
higher than the significant 002-peak, which is due to the increased dispersion of fine particles

[161] and the presence of pores [162].

In contrast with the 002 peak shifting to a smaller angle, as in most ground graphite
materials [159], [160] and low-rank coals [162], the 002-peak position of GNPs shows
negligible variations with the decrease of crystallite sizes and the dramatic increase of surface
area from 20 m?/g to 700 m?/g. The calculated interlayer spacing based on the 002-peak
positions is ~ 0.338 nm, very close to the 0.3355 nm of single crystal graphite [163]. The non-

shifting of 004 peaks further proves the uniform interlayer distances in GNPs.

The 10-band is deconvoluted into multiple peaks as shown in Figure 7.4.2. Three peaks are
observed in all GNPs samples, including the graphitic 100 and 101 peaks. The appearance of
a peak at ~43.3°, of which the breadth does not vary noticeably with different surface areas,
is related to traces of silicon carbide (SiC) contents that is confirmed by analysis from Energy
Dispersive X-ray spectroscopy (EDX) on isolated heavy particles in the bulk carbon materials.
Additionally, a peak at ~46° only exists in GNPs-20 samples, which is related to the presence
of oxygen and hydrogen contents during sample manufacturing, such as monobenzone
structures. For the graphitic (100) and (101) peaks, the peaks are broadened with increasing
surface area, which is a similar trend to the 002-peak, suggesting the simultaneous reduction

of layer size with the shortened c-axis crystallite size.

The c-axis crystalline stacking dimension L. and the graphitic layer dimension L, are
obtained using Scherrer’s equation, which was also applied in references [117], [146], [164],
as listed in Table 7.4.3. The L, size of the GNPs are discovered to be larger than 5 nm, as
shown in Table 7.4.3, further confirming the validity of Scherrer’s equation in evaluating GNPs,
according to reference [117]. The crystallite size of the GNPs reduces in both the intra-planar
layer dimension and the c-axis crystallite size with the increase of surface area. Because
single-crystal graphite has a very low surface area, which indicates that the interplanar spaces
between adjacent graphitic layers cannot adsorb gas molecules, the increased surface areas
of the GNPs-500 and the GNPs-700, in comparison with GNPs-20, are mainly due to the

increased surface-to-volume ratio from the small crystallites and the interstitial pores formed
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in the aggregation of fine particles, which are further revealed in the SEM pictures in section

7.4.3.
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In summary, the GNPs have significantly larger crystallite sizes and highly ordered layer
stacking in comparison with amorphous carbons, such as activated carbons, and turbostratic
structures, e.g. coals, but still displaying large surface areas. The reduced crystallite size of
GNPs results in the increase of overall surface areas and the introduction of potential porous
structures that were discovered in the previous BET measurements in section 7.1. By contrast
with the amorphous porous carbons, such as activated carbons, the GNPs-500 and the GNPs-
700 are far more crystalline, therefore having great potential as the substrate for doping
catalytic groups to analyse related structural modification on the base carbon and as sorbents

for gas adsorption due to their high surface areas.
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100-peak.
(002) position / | FWHM (002)/ | L./ | (100) position/ | FWHM (100)/ | L,/
°20 °20 nm ©206 °20 nm
GNPs-20 26.35 0.42 19.3 42.27 0.25 56.8
GNPs-500 26.33 0.59 13.7 42.37 0.47 30.2
GNPs-700 26.2 1.52 5.3 42.5 0.81 17.5
7.4.2 Raman spectroscopy of graphene nanoplatelets
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Figure 7.4.4 Raman spectra of GNPs-20, GNPs-500 and GNPs-700.

The Raman spectra of GNPs are presented in Figure 7.4.4. As the intensities of the first order

G-peaks (1580 cm™) among GNPs samples have been adjusted to a similar level, it is clearly

observed that the intensity ratio of D-peaks (1350 cm™) to G-peaks increases with the

146




7 Results and discussion

enhanced surface areas. Referring to the previously discussed XRD patterns, the trend in the
intensity ratios of D-to-G peaks follows the TK equation, in which the /(D)/I(G) increases with
the reduction of graphitic layer dimension [129], [130]. The D2-peak, which has been
observed in plasma carbons, can also be identified in the GNPs, and it is discovered to be
more significant in the GNPs with higher surface areas. As shown in section 7.3.1, the
presence of the D2-peak is related to the deformed E;, symmetry in distorted graphene
layers, e.g. some surface layers. It is also believed that some crystallite flakes in GNPs-500 and
GNPs-700 contain bent graphitic layers, which is observed in the TEM pictures in section 7.4.3,

further enhancing the deformed E vibration.
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The Raman spectra of GNPs around the D and G peaks region are deconvoluted in Figure
7.4.5. In addition to the intense D1-peak and G-peak, the D2-peak and D3-peak are exposed
during profile fitting in the GNPs. Unlike the appearance of a single D1-peak in GNPs-20, a
split in the D1-peak is observed in the high surface areas GNPs, which is caused by the
presence of edge graphite around the grain boundaries of small crystallites [165]. These edge

effects become progressively more apparent with the increased content of fine particles. The
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D2 peak intensities are also enhanced with the growth in surface area by the boosted edge
effects of distorted E;, vibrations in surface layers. By contrast with the broadened peaks
with increased disorder in biochars, the FWHMs of D-peaks and G-peaks show no substantial
variation, indicating a similar structural ordering. The overall profile differences among GNPs
are principally presented by the relative ratio deviations in between peaks, as indicated in
Figure 7.4.5. The high surface areas of GNPs-500 and GNPs-700 are most likely created by the
high surface-to-volume ratio of small crystallites. The high surface-to-volume ratios can also

be illustrated by the growth in the D2-peak intensity in GNPs-500 and GNPs-700, according to
Sze’s research [134].
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Intensity, a.u.
Intensity, a.u
)
b
P
o

T
2,500 2,600 2,700

2,800 2,400 2,500
Raman shift, cm™

—T—T—
2,600 2,700 2,800
Raman shift, cm™

(¢) GNPs-700

Figure 7.4.6 The deconvolution of
2D peaks of (a) GNPs-20, (b)
GNPs-500 and (c) GNPs-700.
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A distinctive characteristic appearance in the Raman spectra of the GNPs, by contrast with

the previously studied plasma carbons and bio-chars, is the well-recognised doublet
structures of 2D peaks at 2600 cm™ — 2700 cm™, as shown in Figure 7.4.6. The doublet 2D-
peaks occur in highly ordered graphene and graphite samples, but gradually disappear with

the increase in disorder during the transition from the pure structure to the nanocrystalline
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structure [165]. Thus, the appearance of doublet 2D-peaks clearly indicates the highly ordered
graphitic structures of GNPs, which agrees with the XRD results that the interlayer distance is

close to the value of pure graphite materials.

In previous works on graphene and graphite [165], a single layer of graphene was observed
to have a single 2D peak at 2650 cm™, and the increased number of layers stacked from
double layers will induce another peak with a growing intensity at a position 50 cm™ higher.
Exactly this type of overall profile variation is observed in the Raman spectra of GNPs, as
interpreted in Figure 7.4.6. The broad peaks (wine colour) in both GNPs-500 and GNPs-700,
which are not observed in GNPs-20 with large crystallites, are believed to be caused by the
high content of fine particles and can be treated as a type of background. It is obvious that
the 2D,-peak appears to be more intense and sharper than the 2D;-peak in GNPs-20, while
both the GNPs-500 and GNPs-700 have a more intense and dominant 2D;-peak. The switch in
dominance from the 2D,-peak to a 2D;-peak at lower wavenumber between the GNPs-20 and
the GNPs with high surface areas is due to the reduced number of stacked graphitic layers.
The further growth of the 2D;-peak in GNPs-700 is also noteworthy in comparison with GNPs-
500, confirming a smaller number of staked graphitic layers in GNPs-700 crystallites than the

GNPs-500.

The graphitic layer sizes L, of GNPs can be calculated from the relative intensity ratio
I(D)/I(G). When the TK equation was first published in the 1960s, it was not clearly stated
whether the deconvolution of Raman peaks was conducted in the early work. The peak
intensities that were used in the derivation of TK equation were likely to be the overall
intensity of all peaks at the rough position of D-peak and G-peak. For clarity, the calculations
discussed in this study will include the raw intensities with background subtracted (/(D1)/I(G)),
the intensity ratio of D1s-peak to G-peak (/(D14)/I(G)) and the intensity ratio of D1g-peak to
G-peak (/(D1g)/I(G)). Since no doublet D1-peaks are observed in GNPs-20, the same fitted D-
peak intensity of GNPs-20 is implemented in the calculations of both D1, and D1; in Table
7.4.7.
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Table 7.4.7 List of calculated L, sizes based on Raman results.

Raw D1, D1,

I(D1)/1(G) L,/ nm 1(D1,)/1(G) Lo/ nm 1(D1s)/1(G) L,/ nm

GNPs-20 0.20 21.84 0.13 35.18 0.13 35.18
GNPs-500 0.51 8.73 0.22 19.72 0.48 9.15
GNPs-700 0.75 5.90 0.52 8.44 0.62 7.15

By comparing the obtained results with the XRD analysis, it becomes clear that the
differences among values acquired from different characterisation methods are significant.
The XRD analysis of graphitic layer sizes is expected to be given an overestimate because of
instrument broadening, which has not been subtracted. Since the peak intensity is very small
for 100-peaks, the deconvolution of 100-peaks is considered to have an inherent amount of
uncertainty, which makes the L, calculations based on XRD analysis less reliable than those
from Raman analysis. For the implementation of the TK equation on the Raman spectra, the
results are more reliable, as the TK equation was calibrated with previous well-defined XRD
results [130]. However, the method of obtaining the peak intensity is not clearly defined.
Figure 7.4.8 compares peak intensity definitions for all four derivations. The L, obtained from
the XRD analysis is roughly 2 — 3 times that from Raman spectra, which is also observed in the
previous calculation for plasma carbons with similar difficulties in defining 10-peaks. Among
these Raman calculations, the method of using raw intensities of peaks is likely to give the
most accurate results, while both methods of using fitted D1a-peaks and D1lg-peaks are
noticeably inconsistent with each other except for GNPs-700. As the sizes of layers are unlikely
to be uniformly distributed, the best compromise is to evaluate the layer sizes in a range of
values. In conclusion, the GNPs-20 has the largest span of graphitic layer sizes of 20 — 35 nm,
while GNPs-500 has a size in the range of 9 — 20 nm and the GNPs-700 has an approximate

value of 6 — 8 nm.
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Figure 7.4.8 The comparison of calculated L, sizes using different characterisation methods.

7.4.3 SEM and TEM micrographs of graphene nanoplatelets

It was concluded in the previous section that the GNPs with high surface areas have smaller
crystallites, while GNPs-20 is expected to be more graphitic-like with larger grains, which is
clearly confirmed by the SEM pictures in Figure 7.4.9. GNPs-20 seems to have glassy layers
and fragments. On the contrary, the pictures of GNPs-700 reveal aggregations of fine particles

on a nanoscale.
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Figure 7.4.9 SEM micrographs (secondary electron) of (a) GNPs-20 and (b) GNPs-700.
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High-resolution transmission electron microscopy (HRTEM) images of GNPs-20 is shown in
Figure 7.4.10 (a). Flat graphite ribbons with 100 nm — 150 nm in width and many larger flakes
are clearly recognised. Since the number of stacked graphitic layers in GNPs-20 is expected to
be several hundred according to the previous XRD analysis, the flakes are rigid, resulting in
the absence of bent flakes, which agrees with the observation that the ribbon flakes display
smooth edges and surfaces along the entire length. The stacking of graphene layers is further
described as marked in Figure 7.4.10 (b), and the ordered stacking can be as much as tens of
nanometres in length, which is in similar order of magnitude as determined by XRD analysis.
The ordered intra-planar distribution of carbon atoms is evident in high-magnification TEM
images, as in Figure 7.4.10 (c), which agrees with the results of mono-graphene layers [166],
thin graphite flakes [167] and graphene nanoribbons [168]. According to the FFT analysis in
Figure 7.4.10 (d), the (100) planar distance is measured as 0.22 nm per cycle, very close to
the (100) d-spacing of 0.24 nm in XRD patterns. The (110) is also less significantly indicated
with roughly 0.13 nm per cycle, which is in good accordance with the position of weak (110)

peaks in previous XRD analysis.

The estimation of hexagon dimensions and bond lengths of carbon atoms is conducted on
the plot profile of Figure 7.4.10 (f) in regard to the red cross line (zigzag) through the hexagon
centres as marked in Figure 7.4.10 (c). In terms of the profile plot, the peaks of hexagon
centres are periodically reached, and an accumulation of 13 cycles is obtained in the overall
length of around 3.4 nm. The distance between the centres of two adjacent hexagons in the
zigzag direction as described in Figure 7.4.10 (e) is estimated to be 0.26 nm. Considering the
hexagonal geometry, the carbon-carbon bond length is around 0.15 nm, very close to the
carbon bond length of 0.142 nm in graphite. The small variation of measured bond length in
comparison with graphite can be explained by the resolution limit at high magnification, the
possible non-flat arrangement of layers and local distortions in terms of the poorer

crystallinity of GNPs-20 compared to graphite.
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Figure 7.4.10 TEM images of GNPs-20 focusing on (a) large layers, (b) stacking 002 layers
and (c) hexagon atoms patterns of a graphene layer. The Fast Fourier Transform (FFT) of
(c) is presented in (d). The plot profile of red line (zigzag direction) in (c) that crosses the
centres of hexagons as shown in (e) was drawn in (f).

Based on the discussion of XRD patterns, GNPs-20 has no significant differences in peak
positions in contrast with pure graphite. Therefore, GNPs-20 is basically the reduced sizes of
both the c-axis stacking and the graphitic layers from crystalline graphite, which has been
clearly confirmed in the TEM pictures in Figure 7.4.10. For general carbon structures with
surface areas over 500 m?/g, the structures mostly become amorphous and distorted in both

layer stacking and intra-planar ordering, e.g. activated carbons, which makes structural
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characterisation problematic. Following the studies of XRD and Raman spectra in sections
7.4.1and 7.4.2, the GNPs with high surface areas are discovered to maintain the high graphitic
ordering. As shown in Figure 7.4.11 (a), GNPs-500 obviously contains an aggregation of much
smaller particles at nanometric scale in comparison to GNPs-20. Further increase of the
magnification in Figure 7.4.11 (b) reveals curved and bent graphitic nanoribbons of several
layers stacked, which is due to the softened flakes with a reduced number of packed layers.
The potentially wrapped edges in Figure 7.4.11 (c) are over 0.55 nm. As the interlayer spacing
of single-crystal graphite is only 0.355 nm, the wrapped edge could possibly to be a folded
single graphene layer at the grain edge, as indicated by the study of Meyer et al. based on

high-resolution TEMs of several-layer graphene [169].

Figure 7.4.11 (d) shows the arrangement of carbon atoms in a single graphene layer, while
Figure 7.4.11 (e) illustrates the c-axis stacking of graphitic layers. Both the carbon hexagonal
layer structure and the stacking ordering are similar for GNPs-500 and GPNs-20, in spite of
the dramatic difference in surface areas, as was also verified by the FFT analysis in Figure
7.4.11 (f) and (g). The FFT results for the graphene layer in GNPs-500 appear similar to those
for GNPs-20, except for the four weak spots in GNPs-20: their absence for GNPs-500 is
believed to be caused by less focused images. The FFT of stacking layers indicates an interlayer
distance around 0.335 nm, which is consistent with GNPs-20 and pure graphite. The profile
plot (Figure 7.4.11 (h)) of the red crossing line in Figure 7.4.11 (e) covers a total length of 5.05
nm for 15 layers, giving an average of 0.337 nm for the interlayer spacing. Overall, the TEM
results for GNPs-500 agree well with those of GNPs-20 in both the interlayer spacing and the

distribution of carbon atoms in graphene layers.
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Figure 7.4.11 TEM images of GNPs-500 at different magnifications (a), (b) and (c). A
selection of flat areas at (c) is shown in detail in (d), and (e) shows the stacked graphene
layers. (f) and (g) are the FFTs of (d) and (e) respectively, and (h) is the profile plot of the

red line in (e).
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As expected for GNPs-700, the sizes of particles are further reduced compared with GNPs-
500. As is clear from Figure 7.4.12 (a), the layer sizes are difficult to identify because of the
heavy aggregation of small particles, but the sizes seem similar to the values extracted from
XRD and Raman spectroscopy analysis. GNPs-700 certainly demonstrates a higher amount of
twists and bends in a smaller number of stacked layers by contrast with GNPs-500, as seen in
Figure 7.4.12 (b), which had already been suggested by the broadened (002) peaks in XRD
patterns. By analogy with GNPs-500, GNPs-700 also exhibits a similar order of c-axis layer
stacking as indicated in Figure 7.4.12 (c), and the detected interlayer distance is around 0.33
nm according to the line profile plot of Figure 7.4.12 (d). With the surface area increasing to
700 m?%/g, it becomes problematic to locate a flat layer in order to conduct the FFT analysis.
As shown in Figure 7.4.12 (e), the FFT analysis is based on a slightly distorted surface, resulting
in the distorted spot positions in reference to GNPs-500. The planar distance of 100 in the FFT
analysis is about 0.22 nm/cycle, precisely the same value as in GNPs-20 and GPNs-500,

signifying a similar degree of layer stacking ordering.

Figure 7.4.12 TEM images of GNPs-700 in (a), (b) and (c) at various locations and

magnifications. (d) is the plot profile along the red line in (c). (e) is the FFT of a flat section.

156



7 Results and discussion

7.4.4 Summary

Reduced crystallite sizes and increased surface areas

Intralayer atomic packing and interlayer packing remain the similar ordering

| } 20~35nm

GNPs-20 GNPs-500 GNPs-700

Figure 7.4.13 The evolution of GNPs with the increase in surface area.

Graphene nanoplatelets (GNPs) with a broad range of surface areas have been
characterised for their structural evolutions using XRD, Raman spectra, SEM and TEM
micrographs. By contrast with the activated carbons, in which the high surface areas and
porous structures are introduced by highly amorphous graphitic structures in both interlayer
stacking and intra-planar ordering, the GNPs with larger surface areas remain highly-ordered
graphitic structures with similar interlayer spacing and hexagonal packing of carbon atoms to
pure graphite, as shown in Figure 7.4.13. It is widely acknowledged that the surface area is
closely related to the gas uptake during adsorption. Not only do GNPs have high surface areas
that benefit their adsorption uptakes, but they also have well recognisable structures, which
is crucial for analysing the adsorption mechanism via control of the structural features of

sorbents.

No longer are the crystallites found to be always rigid in high surface area GNPs, but in both
GNPs-500 and GNPs-700, they are found to be bent, twisted and aggregated together, which
has been spotted in carbons with single-layer graphene or several stacked graphene layers
previously. Along with the reduction of crystallite dimension with layer size and c-axis size,
the surface-to-volume ratios of both GNPs-500 and GNPs-700 are dramatically increased in
contrast with GNPs-20. Since the GNPs-20 and pure graphite have insignificant surface areas,

the induced high surface areas of GNPs-500 and GNPs-700 are likely to be caused by the small
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crystallites sizes and the high surface-to-volume ratios. In terms of the Raman analysis, the
mean graphene layer sizes are projected to be 9 —20 nm for GNPs-500 and 6 — 8 nm for GNPs-
700. The formation of porous structures in the GNPs with high surface areas is caused by the
arbitrary assembly of nano-scale crystallites and trapped spaces in the curved graphitic flakes.
Thus, the pore sizes of both GNPs-500 and GNPs-700 are expected to be mostly found in the
lower-half of mesopore sizes (2 — 50 nm), and micropores (< 2 nm) should also be anticipated

to exist, which agrees well with the analysis in section 7.1.

At the edges of GNPs-500 and GNPs-700, the single-layer or double-layer graphene is
predicted to exist due to the uneven finishing around the grain boundaries. For some of the
crystallites, the stacking number of graphite layers is around 3 —5. It is possible to have single
or double layers with the further growth of surface area in GNPs, closing to the saturated sizes
of 2630 mz/g in pure graphene [50]. The high surface area GNPs have some features similar
to single layer graphene, such as the high surface area and the bendable layer structures
which are crucial for gas adsorption, high chemical reactivity and potential to be substrates
for fabricating functional groups. By contrast with expensive pure graphene materials, the
GNPs are much more cost-effective and have already been developed for mass productions,

which makes the GNPs suitable candidates for potential industrial applications.
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7.5 Pd decoration of porous carbons and its effects on hydrogen
cryosorption

Palladium decorated carbon is a type of material produced by the dispersion of palladium
particles on the surfaces of porous activated carbons so that a high surface-to-volume ratio
of Pd particles can be achieved for improved activity. A lot of work has been done for studying
palladium decoration on various types of carbon materials, such as highly ordered graphite,
porous activated carbons, carbon nanostructures, carbon blacks, etc. [97], [113], [170]-[177].
Crystalline materials like graphite have well-defined structures but are generally non-porous
and have small surface areas, which is not favourable for gas sorption. The activated carbons
are normally highly porous materials with high surface areas, but their structures are difficult
to characterise preciously because of the amorphous material present. There are many
studies focussing on the hydrogen adsorption of palladium carbon materials at room
temperature and medium-to-high pressures [97], [172], [173], [178], observing that the
formation of palladium hydride in Pd carbons considerably improves the hydrogen uptake at
room temperature, compared with the raw carbon substrates. A carbon template (CT) with a
fairly ordered structure and high surface area was studied by Campesi to compare the overall
uptakes between the pure CT and a 10 wt% Pd decorated CT at 77 K, discovering that the
additional palladium content was not able to increase the total uptake [115]. However, the
pore size distributions of the CTs and Pd-CTs remain unknown, so it has not been established
whether the palladium was mostly coated in the pores or on large surfaces, and the results
were not conclusive, as only one set of palladium-doped CT was tested. Since the hydrogen
adsorption is slowed down at 77 K, it is also not clear whether the palladium content
influences the adsorption kinetics for reaching equilibrium. As discussed in section 7.4,
graphene nanoplatelets (GNPs) have well-defined structures for both their crystallite sizes
and their porous properties. In this section, a detailed investigation of palladium doped GNPs
is reported for evaluating the influence of the Pd content on the hydrogen adsorption uptake
at 77 K, as well as the pore size distributions of the materials and the cryosorption kinetics, in

comparison with Pd decorated AC Norit GSX.
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7.5.1 Growth of Pd in decorated activated carbons and GNPs-700

Two carbon materials, AC Norit GSX with non-uniform sizes of interconnected pores and
GNPs-700 with various sizes of slit-like pores, were selected for decoration with palladium
particles. As shown in Figure 7.5.1, GNPs-700 has a high degree of graphitic c-axis ordering in
terms of the (002) position at 28 = 26°. A sharp peak is also observed at 26° in the XRD pattern
of AC Norit GSX. This is believed to be caused by impurities of pure graphite, because the
sharp peak is extremely distinct above a much broader (002) peak at 23° that is a common
indication of the amorphous structures in AC Norit GSX. Several sharp peaks with weak
intensities are observed at 20° — 23 ° and 35° — 70°, which can be related to the residual
oxygen and hydrogen groups from organic raw materials as shown in reference data [179]. In
comparison with the (002) peak of GNPs-700, the (002) peak of AC Norit GSX is not only much
broader but also shifted to a lower angle, which clearly implies disordered structures of layer
stacking in AC Norit GSX. As pure graphite has very low porosity and surface area, the high
surface area of AC Norit GSX for acting as the doping substrate is principally attributed to the

amorphous phase.

As described in section 4.3, there are several stages in the decoration process. After the raw
carbon materials were mixed with Pd** solution, the materials were kept at 60 °C until they
were dry, after which the XRD patterns were measured and shown in Figure 7.5.1 (b). With
increasing Pd®* content in carbons, the XRD pattern becomes noisier, and the intensity of
background diffraction becomes more significant, which obscures the small sharp peaks
found in the raw AC Norit GSX (see Figure 7.5.1 (a)). This noisy background is caused by the
presence of PdCl,, contributing a large quantity of peaks with various intensities over the
whole range of 10 — 70 °, according to the reference pattern [180]. The peaks introduced by

PdCl, are stronger in the carbon with 40 wt% Pd** than the 20 wt% Pd**.
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Figure 7.5.1 XRD patterns of carbons at different stages of decoration: (a) Pd AC Norit

GSX after reduction, (b) Pd AC Norit GSX before reduction and (c) raw carbons. The

intensities of (002) broad peaks of AC Norit GSX derived carbons are scaled to a similar

level with raw carbon. 20/40 % are deposit fraction of Pd conent in the decorated carbon

in preparation as described in section 4.3.
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Figure 7.5.2 SEM micrographs and EDX analysis on a selected spot (blue dot in the images):
(a) raw AC Norit GSX, (b) 40 % Pd”* AC Norit GSX mixture before reduction, (c) reduced 40%
Pd decorated AC Norit GSX.

The SEM micrographs and EDX spectra on selected spots of the AC Norit GSX at different
stages of decoration are presented in Figure 7.5.2. The oxygen content of AC Norit GSX
detected in the XRD patterns has been further verified by the EDX analysis. The EDX spectrum
of 40% Pd** AC Norit GSX prior to reduction suggests a large quantity of Pd** and CI* with a
constant ratio of 1:2, indicating the presence of PdCl,, which is consistent with the strong
background observed in the related XRD patterns. After the reduction treatment under
flowing hydrogen at 300 °C, the Pd(ll) is completely converted into Pd. Hence, Cl is not
detectable in the 40% Pd decorated AC Norit GSX in Figure 7.5.2 (c). It is also understood that
the palladium hydride can be produced with the exposure to hydrogen at room temperature.
But the absorption of hydrogen, as discussed in section 2.1.1, does not modify the lattice

structure of palladium metal. Since the hydrogen absorbed can be reversibly removed by high

162



7 Results and discussion

temperatures or vacuum, the existences of palladium hydride in SEM characterision, BET
measurement and vacuum degassing of cryosorption experiment are avoided thanks to the
vacuum condition or procedure in the test. The mass variance caused by hydrogen absorbed
(normally 0.6 H/Pd, 0.56 wt% of Pd) is negligible small for all analysis below. Therefore, all
palladium content is treated as pure palladium particles in our discussed. With the progress
of Pd decoration, there is no significant modification observed on the surface morphology of
the carbons, as is apparent from the SEM images. Because the surfaces of the samples in the
SEM were not flat, it was difficult to perform EDX analysis in order to investigate the localised

variations of Pd content in the decorated carbons.

— GNPs700 (Raw)
— 20% Pd-GNPs700
| — 40% Pd-GNPs700

10 20 30 40 50 60 70 80 90
2theta, deg

Figure 7.5.3 The XRD patterns of GNPs-700 and doped GNPs-700 with 20 wt% and 40 wt% Pd.

Pd nanocrystallites can be identified in the XRD patterns after reduction in hydrogen, as
shown in Figure 7.5.1 for AC Norit GSX and Figure 7.5.3 for GNPs-700. Five XRD peaks related
to different groups of equivalent reflection planes in palladium exhibit higher intensities with
the increased Pd content in the carbon composites. The relative intensities among Pd peaks
are in good accordance with the published patterns of crystalline palladium [181], confirming
the formation of crystalline Pd particles in the AC Norit GSX substrates. A similar trend in peak

developmentis also found in the decoration of GNPs700 as shown in Figure 7.5.3. It is obvious
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that the peaks become shaper with higher Pd content, indicating the formation of larger

crystallite sizes of Pd particles.

Scherrer’s equation (see section 5.1) was applied to determine the crystallite sizes of Pd
particles, and the shape factor K was defined as 0.89 with the assumption of sphere-like
shapes of formed particles. The results listed in Table 7.5.4 were obtained from the profile
fitting of XRD patterns using Highscore Plus software. Instrumental broadening is neglected
because of its negligible values compared with the broad FWHMs. According to Table 7.5.4,
except for the 20 % Pd-AC Norit GSX that has various values of crystallite size based on
different directions of the structure, the other decorated carbons reveal similar crystallite
sizes around all five directions evaluated, indicating the occurrence of mostly isotropic shaped
crystallites. The XRD peaks related to Pd content among the decorated carbons show
negligible shifts in position, suggesting the consistent interplanar distances of Pd crystalline

structures in different carbons.

Although both carbon materials were mixed with identical 20 wt% and 40 wt% Pd deposit
of the total composite mass, the determined crystallite sizes exhibit obvious differences
between AC Norit GSX and GNPs-700. For example, 1.5 — 3.5 nm Pd particle sizes in 20% Pd-
AC Nort GSX, by contrast with 4 — 6 nm Pd particles in 20 % Pd-GNPs700. In order to verify
whether the differences of Pd crystallite sizes are caused by the actual composition variation
of the Pd content in the carbon composite, and how much Pd contents have been doped in
each carbon sample, the thermogravimetric analysis (TGA) was conducted in air flow for both
the raw carbons and the Pd decorated carbons, as shown in Figure 7.5.5. The raw AC Norit
GSX and GNPs-700 gradually lose their weights with the temperature increase, eventually
reaching a plateau above 650 °C and 700 °C respectively, while a dramatic weight reduction
at around 400 °C is widely observed in all Pd-decorated carbons, indicating the significant
catalytic effects of the palladium content. The catalytic effects of Pd during the TGA tests are
in good agreement with the work of Kim et al. [182] on palladium decorated carbon
nanofibers. Although the carbon content of Pd-decorated composites is mostly lost on
heating at around 400 °C, a small fraction of carbon-related residue is not entirely removed

until 700 °C for both AC Norit GSX and GNPs-700. Further weight loss occurs at a temperature
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of 800 — 850 °C, which is attributed to the decomposition of the palladium (Il) oxide that is

formed at lower temperatures [124], [183].

Table 7.5.4 The measured palladium crystallite sizes based on XRD patterns of decorated carbons.

AC Norit GSX GNPs-700
Reflection planes Parameters 20 wt% Pd | 40 wt% Pd | 20 wt% Pd | 40 wt% Pd

FWHM [°20] 2.37 141 141 0.67

(111) Peak Position [°26] 40.15 40.19 40.22 40.38
Crystallite size [nm] 35 5.9 5.9 12.5

FWHM [°206] 5.1 1.36 1.67 0.74

(200) Peak Position [°20] 46.11 46.64 46.7 46.91
Crystallite size [nm] 1.7 6.3 5.1 11.6

FWHM [°20] 2.5 1.68 1.79 0.77

(220) Peak Position [°20] 68.15 68.19 68.23 68.36
Crystallite size [nm] 3.8 5.6 5.3 12.3

FWHM [°206] 6.6 2.3 2.4 0.92

(311) Peak Position [°20] 81.7 82.14 82.23 82.32
Crystallite size [nm] 1.6 4.5 4.3 11.3

FWHM [°20] 1.7 1.7 0.76

(222) Peak Position [°20] N/A 86.72 86.75 86.83
Crystallite size [nm] 6.4 6.4 14.2

The GNPs-700 has only 0.72 wt% residue remaining at temperatures above 700 °C, which
suggests almost pure carbon content. By contrast, AC Norit GSX has a larger weight residual
of 11.62 wt%, which is most likely due to the oxygen related impurities that result in
temperature-resistant crosslinks in carbons. This type of crosslink is widely detected in the
biochars produced by the pyrolysis of Miscanthus that have been studied in section 7.3. The
residual weight percentages are labelled on each TGA plot in Figure 7.5.5. The actual
composition of Pd in the decorated carbon can be obtained by deducting the raw materials
residual from the Pd-decorated carbon residue in the final plateau region. The real

compositions of palladium in 20 % Pd-AC Norit GSX and 40 % Pd-AC Norit GSX are 10.86 wt%
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and 18.89 wt% respectively. The 20 % Pd-GNPs700 has a Pd content of 11.23 wt%, and the
40 % Pd-GNPs700 contains 21.58 wt% of Pd particles.

In comparison with the initial Pd deposit during the sample preparation, it became clear
that nearly half of the Pd was lost for all four Pd-decorated carbons during mixing and
transportation in the decoration process. Since the composition differences between
decorated AC Norit GSX and GNPs-700 is not significant, the differences of crystallite sizes
between AC Norit GSX and GNPs-700 with a similar Pd composition are unlikely to be caused
by the minor composition variance of Pd contents. The reason for the crystallite size variations

can be related to intrinsic properties of carbon substrates, for instance, pore volumes, pore

size distributions, surface areas, etc.

Overall, as seen in the XRD patterns, the palladium crystallites grow with the increase of Pd
content in decorated AC Norit GSX and GNPs-700. The crystallite sizes of Pd particles among
the four decorated carbons are situated in the range of 2 — 15 nm on average, which is in the
smaller half of the mesopore range. A further analysis of the influence of Pd particles on the

porous properties of carbons will be studied in detail in next section.
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Figure 7.5.5 TGA analysis of (a) AC Norit GSX and Pd decorated AC Norit GSX; (b) GNPs-
700 and Pd decorated GNPs-700.
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7.5.2 The distribution of Pd paricles in the pores of carbons

In order to obtain an overview of the Pd particle distributions inside the carbon materials,
both secondary electron (SE) and backscattered electron (BSE) images are compared in Figure
7.5.6. The morphology of the carbon surface shows no sign of recognisable modification with
additional decorated Pd content. In the BSE pictures in Figure 7.5.6, the bright dots, in
contrast with the dark background, relate to heavy particles such as palladium particles in this
study. It is clearly observed that the Pd particles are small and homogeneously distributed
inside the carbon materials, although there are localised agglomerations appearing with
higher Pd contents than the average. The large pores that contain large Pd particles are
caused by the aggregation of small crystallites. The Pd particles in the decorated AC Norit GSX
are observed to be smaller and more homogeneously distributed than in decorated GNPs,
which is in accordance with the observation that GNPs-700 exhibits more Pd particles of large
sizes (brighter in BSE pictures) than AC Norit GSX. As described in Figure 7.5.7, the nitrogen
adsorption isotherms of Pd-decorated carbons exhibit the same type IV isotherm and the
hysteresis loop as in the raw carbons, which indicates that the porous structures of carbon

substrates are not severely affected by the decoration of Pd.

The BET theory is the most commonly used characterisation method for quantitative
analysis of surface area and monolayer adsorption capacity. As discussed in section 2.3.5, the
relative pressure range that is selected for conducting BET calculations requires additional
validation, especially for a BET testing system as used in this report that implements a fixed
relative pressure range, because the common p/p, range of 0.01 — 0.3 is not appropriate for
materials containing micropores. The BET plots of raw carbons and Pd decorated carbons are
illustrated in a standard 0.01 — 0.3 relative pressure range in Figure 7.5.8 (a). Curved BET plots,
that ought to be linear in terms of BET theory, are observed in AC Norit GSX and related Pd
carbon composites, while GNPs-700 (with and without Pd decoration) have slightly better
linearity. With reference to the range verification as shown in Figure 7.5.8 (b), the proper
range for applying the BET method on AC Norit GSX related carbons is 0.01 — 0.1, and the BET
range is slightly higher for GNPs-700, resulting in p/p, values less than 0.16.
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BSE

Figure 7.5.6 SEM micrographs: secondary electron (a), (c), (e), (g) and backscattered
electron (b), (d), (f), (h) images of 20 % Pd-AC Norit GSX, 40 % Pd-AC Norit GSX, 20 % Pd-
GNPs700 and 40 % Pd-GNPs700 respectively.
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Figure 7.5.7 The nitrogen adsorption isotherms: (a) AC Norit GSX and Pd decorated AC
Norit GSXs, (b) GNPs-700 and Pd decorated GNPs-700s.
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Figure 7.5.8 (a) BET plots and (b) validation plots for the BET ranges of raw carbons and

Pd-decorated carbons.

The detailed results for the raw carbons and the Pd decorated carbons based on the BET
method are listed in Table 7.5.9. All four Pd carbons are shown to have certain reductions in
surface area compared with the raw materials. Campesi et al. attributed the reduction of
surface areas to the extra weight of Pd content in carbons, which can further influence the
hydrogen uptakes at 77 K [115]. With the assumption that the decorated Pd particles are non-
porous, therefore contributing a negligible amount of surface area to the decorated carbons,
the surface areas measured in Pd decorated carbons are assumed to be characteristic of the
carbons. As discussed in the previous section, the actual concentration of Pd in the carbon
composites are 10.86 wt% for 20 % Pd-AC Norit GSX, 18.89 wt% for 40 % Pd-AC Norit GSX,

11.23 wt% for 20 % Pd-GNPs700 and 21.58 % for 40 % Pd-GNPs700. The equivalent surface
169



7 Results and discussion

areas were calculated by dividing the surface areas by the weight percent of the carbon

contents. The actual surface areas and the equivalent surface areas are compared in Figure

7.5.10.

Table 7.5.9 BET Results of raw carbons and Pd decorated carbons.

AC Norit GSX  20% Pd-AC
Norit GSX

40% Pd-AC
Norit GSX

GNPs700

20% Pd-
GNPs700

20% Pd- | 40% Pd-
AC Norit A?:/;ofit A(C)/lzlo:’it GNPs700 | 20%Pd- | 40%Pd-
GSX GSX GSX GNPs700 GNPs700
-3 3
SELEEY 4.97 6.23 7.85 6.15 6.50 8.92
STP)
Intercept (10°
7.41 1. 1.1 1.71 1.81 2.41
g/cm®STP) 06 6 8
Nm (cm3/g) 200.96 160.20 127.23 162.07 153.48 111.83
C 671 587 680 361 361 371
dget (mzlg) 875 697 554 705 668 487
1000
M Actual Surface areas ™ Equivalent surface areas
900
800
w 700
~
€ 600
g
£ 500
Q
8 400
5
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100
0

40% Pd-
GNPs700

Figure 7.5.10 The comparison of actual BET surface area and equivalent BET surface area

of all carbon samples. The equivalent surface areas assume that the surface areas are

totally contributed by the carbon contents.
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As indicated in Figure 7.5.10, the calculated equivalent surface areas of the Pd decorated
carbon have a significant mismatch with the surface areas of the raw materials. The
equivalent surface area of Pd doped AC Norit GSX decreases similarly to the actual surface
area with the increase of Pd content in the carbons, while GNPs-700 displays an increase in
equivalent surface areas in 20 % Pd decoration compared to the raw material, but with a
further drop of equivalent surface areas in the 40 % Pd-GNPs700. The increase of surface
areas of 20 % Pd - GNPs700 is likely caused by small Pd particles decorating the surface of the
large pores and bringing extra surface areas to decorated carbons. The further decrease of
equivalent surface areas at higher Pd % is due to a large fraction of pore volume filled with
palladium particles that are inaccessible to probe molecules during the nitrogen adsorption
measurements. Hence, the surface areas contributed by the palladium particles are not able
to compensate the surface areas of the filled pores. The pore sizes in GNPs-700 are larger
than those in AC Norit GSX, so that the fraction of blocked pores by Pd particles in GNPs-700
is less significant. The distinct performance of the equivalent surface areas between AC Norit
GSX and GNPs-700 also reveals the different porous properties of the raw carbons, which has

already been investigated in section 7.1.

Both the Harkins-Jura t-method and the as-method are effective to characterise the external
surface area and the micropore volume of sorbents. As shown in Figure 7.5.11, both methods
assume that the linear section in the middle (0.4 — 0.5 nm in t-plots and 0.8 — 1 in as— plots)
is related to the ideal multilayer adsorption of nitrogen at 77 K. The results obtained from
both models are normally similar to each other, which has been confirmed in section 7.1.
With the objective of ensuring consistency within this thesis, the t-method is the primary
method used for quantitative analysis. The step-like drop in the hysteresis loops of AC Norit
GSX and Pd decorated AC Norit GSX, which is observed at the lower end of the hysteresis loop
in nitrogen adsorption isotherms, t-plots (not presented in Figure 7.5.11 (a)) and as-plots, is
an indication of interconnected pore structures, as discussed in section 2.3, while a smaller
drop at the lower end of hysteresis loops in GNPs related samples reflects the slit-shaped
pores with limited variances in pore sizes. The slope of the linear fit in the t-plot linear region
represents the external specific surface area (SSA), by assuming that the mesopore adsorption
behaves in the same way as open surfaces and the intercept describes the micropore volumes.

The micropore SSA can then be found by deducting the external surface area from the overall
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BET surface area. The Harkins-Jura equation used for evaluating the t value has been
discussed in section 2.3.7. Table 7.5.12 lists the t-method results of Pd decorated carbons
and their raw carbons.
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Figure 7.5.11 (a) t-plots and (b) as-plots of Pd decorated carbons and raw carbons.

Table 7.5.12 HJ t-method results of raw carbons and Pd decorated carbons (the micropore
surface area Q. is obtained by deducting the measured external surface area Gy from

the BET surface area).

ACNorit | 20%Pd-AC | 40%Pd-AC | _ .~ | 20%Pd- | 40%Pd-
GSX Norit GSX | Norit GSX GNPs700 | GNPs700
(cmsgl;’g'f':TP) 225.08 194.85 140.74 329.81 310.27 226.14
(cl:;j;iﬁtp) 139.57 105.35 89.06 54.57 52.46 38.27
Gext (M) 347 300 217 508 478 348
Amicro (M/g) 528 397 337 197 190 139
Vimiero (cm®/g) | 0.22 0.16 0.14 0.085 0.081 0.059

The BJH method is well suited to analysing the distribution of pore volumes and pore areas
in the mesopore range. In Figure 7.5.13, the pore volumes and surface areas of all Pd carbons
have been adjusted to equivalent values, with the assumption that the pore volumes and
surface areas are entirely contributed by the carbon contents. Figure 7.5.13 (a) and (b) show
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the equivalent pore volume distribution regarding the pores with a diameter of 2 =50 nm for
AC Norit GSX related samples and GNPs-700 related sorbents. The desorption isotherms
generally agree with the adsorption isotherms for AC Norit GSX carbons in Figure 7.5.13 (a),
except for the sharp peaks of the BJH desorption isotherm at around 4 nm. This distinctive
performance of the desorption plots is related to the sudden evaporation of liquid nitrogen
trapped in macropores (> 50 nm) after condensed nitrogen in connected small pores with
diameters around 4 nm is removed. It is also noticed that BJH adsorption isotherms are more
representative of the pore volume distributions in the mesopore range because of the lack of
condensation effects, as in the desorption isotherms. 20 % Pd-AC Norit GSX (with actual 10.86
wt% Pd content) does not reveal a significant decrease in pore volume in the range of 2 — 50
nm, while the pore volume reduces more obviously for the 40 % Pd-AC Norit GSX (with actual

18.89 wt% Pd content).

In comparison with the AC Norit GSX samples, the BJH desorption isotherms in GNPs700
carbons generally exhibit higher equivalent pore volumes than BJH adsorption isotherms over
the range of 3—-20 nm, as seen in Figure 7.5.13 (b), which indicates that mesopore pores with
various diameters perform as the small “neck” pores for large pores. Similar to the AC Norit
GSX carbons, the 20 % Pd-GNPs700 (actually 11.23 wt% Pd content) shows no distinct
reduction in pore volumes in contrast with the raw GNPs700, while the reduction of pore
volumes in 40 % Pd-GNPs700 (actual 21.58 wt% of Pd contents) is observed through the whole
mesopore range. The smaller pore volumes of desorption isotherms are also detected in pore
diameters less than 3 nm, which is caused by the overfilling of liquid nitrogen in small pores
(micropore filling effect) during adsorption. By comparing the BJH adsorption and desorption
isotherms between the AC Norit GSX and GNPs-700 carbons in Figure 7.5.13, the GNPs-700
has an overall larger mesopore volume than the AC Norit GSX, while AC Norit GSX exhibits a
tendency to have more micropore volume based on the BJH isotherms at the range of 2 — 3

nm, which is further confirmed in Figure 7.5.15.

The equivalent BJH pore areas are plotted against the pore size in Figure 7.5.13 (c). The 20 %
Pd-GNPs700 has slightly higher equivalent surface area than the raw GNPs-700 over most of
the mesopore diameter range, which is in good accordance with the higher equivalent BET

surface areas in Figure 7.5.10. With the decoration of ~20 wt % of Pd on the carbons, small
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Pd particles coated on large mesopore surfaces increase the overall equivalent mesopore
surface area because of the high surface-to-volume ratios of small particles. Although the
total equivalent BET surface area of 20 % Pd-AC Norit GSX exhibits a reduction in Figure 7.5.10,
the equivalent surface area over the mesopore sizes is also slightly higher than in the raw
material, which has the same performance as in 20% Pd-GNPs700. The decrease of overall
equivalent surface area is likely due to the intensively filled micropores which contribute to
the significantly decreased micropore surface area. With the further increase of doped
amounts of Pd, both samples show noticeably smaller surface areas than the raw materials,
indicating the growing Pd coverage on the surface that decreases the surface area by blocking

the pores.
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Figure 7.5.13 The BJH adsorption and desorption plots of pore volumes for (a) AC Norit
GSX and Pd decorated AC Norit GSX and (b) GNPs700 and Pd decorated GNPs700. (c) The
BJH adsorption distribution plot of surface areas for all samples. The pore volumes and
surface areas of all Pd carbons have been adjusted to equivalent values with the
assumption that pore volumes and surface areas are entirely contributed by the carbon

contents.
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As shown in Figure 7.5.14, the external specific surface areas (SSA) obtained from the BJH
adsorption accumulation is in good agreement with the external SSA calculated using the
Harkins-Jura (HJ) t-method. The slightly smaller external SSA from BJH than HJ can be
explained by the surface areas contributed by macropores larger than the BJH maximum
range of 200 nm. Since the differences in external SSAs are negligible, the overall meso- and
macropore pore volumes are assumed to be represented by pore volumes accumulated from
the entire BJH range, so that the large pore volumes can be compared with the micropore
values from HJ t-method. Since the Pd particles are non-porous, the equivalent pore volumes
of Pd decorated carbons are obtained by regarding the pore volumes to be entirely

contributed by the carbon contents.

M BJH adsorption external SSA (m2/g) M HJ t-method external SSA (m2/g)

40% Pd-
GNPs700

20% Pd-
GNPs700
GNPs700
40% Pd-AC
Norit GSX
20% Pd-AC
Norit GSX

AC Norit GSX

0 100 200 300 400 500 600
Surface area (SSA), m?/g

Figure 7.5.14 The comparison of measured external specific surface areas (SSA) between

BJH methods and t-methods.

As shown in Figure 7.5.15 (a), the equivalent meso-macropore volume decreases with
increasing Pd content, with a similar reduction from zero to 10 wt% and from 10 wt% to 20
wt%. Although the trend in micropore volume variations is difficult to identify because of the
very small values, there is no doubt that the micropore volumes show an overall reduction

with increasing Pd decoration. Furthermore, the decorated Pd appears to spread inside both
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micropores and meso-macropores of the carbons without demonstrating a preference for
either micropores or larger pores. For every 10 wt% of Pd content in a gram of composite, the
Pd volume is estimated to be around 0.01 cm™. The pore volumes of all Pd carbon composites
reduce by an amount far more than the volume of introduced Pd, which implies that some of
the Pd particles block a certain number of small pores, making the corresponding pore
volumes inaccessible during nitrogen adsorption measurements. The Pd-AC Norit GSX
composites are discovered to have a larger reduction of pore volume than the Pd-GNPs700

carbons for a similar Pd composition.

The equivalent micropore specific surface areas (SSA) and equivalent external SSAs are
compared in Figure 7.5.15 (b). The decrease of equivalent micropore SSA is more significant
than the external SSA from AC Norit GSX to 20 % Pd-AC Norit GSX, while the reduction is
observed to be more obvious for equivalent external SSA on increasing Pd deposit from 20 %
to 40%. One possible explanation for this phenomenon is due to the large micropore surfaces
induced by small micropore volumes, resulting in high surface-to-volume ratios. At the initial
stage of decoration, for doping the same volumetric fraction of Pd content in both micropores
and large pores, the micropore surface area reduces more significantly, since the surface area
per unit volume in micropores is larger. When the supermicropores (0.7 — 2 nm) are filled, the
resistance to fill the ultramicropores (< 0.7 nm) by Pd solution during decoration is enhanced
with the decrease of the pore diameter in terms of Washburn’s law [184]. At this stage, the
fraction of filled micropore volumes is comparably less than that in large pores. In the Pd
decorated GNPs700s, both the equivalent micropore SSAs and the equivalent external SSAs
vary in a similar way with the increase in Pd decoration from GNPs700 to 20% Pd-GNPs700,
which may indicate that, in the large pore sizes and slit-like pores, the Pd particles mostly stick

on flat surfaces instead of filling the pores, resulting in the growth in equivalent surface area.
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Figure 7.5.15 (a) Comparison of both the equivalent micropore volume obtained from HJ
t-method, and the external pore volume obtained from BJH method, for all samples. (b)
Comparison of the equivalent micropore specific surface area (SSA) and the external
specific surface area (SSA) of all samples based on t-methods. The pore volumes and
surface areas of all Pd carbons have been adjusted to equivalent values with the
assumption that the pore volumes and surface areas are entirely contributed by the

carbon content.

Overall, the porous properties of both carbons show no significant modifications with the
introduction of additional decorated palladium. Conclusive evidence of Pd filling in
micropores could not be found, as the amounts of micropore in both materials are very
limited. In terms of the BJH analysis of pore size distributions, the reduction in pore volumes
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for Pd decorated samples of both carbons are uniformly spread in the mesopore range,
without showing distinct concentrations on specific pore diameters. Both materials exhibit a
certain amount of pore volumes blocked by the introduced Pd particles, but the reduction in
pore volume for the same amount of Pd decoration is detectably higher in AC Norit GSX than
GNPs700, which is believed to correlate with the smaller pore sizes. The pore size of GNPs700
and the Pd-decorated GNPs700 is observed to be more uniformly distributed in the entire

mesopore range than for AC Norit GSX related samples.

The characteristic difference of Pd particle sizes with similar Pd compositions in different
carbons is probably due to the variation of average pore sizes in different carbon substrates.
The AC Norit GSX has greater micropore volume and surface area than GNPs700. Additionally,
the mesopores in AC Norit GSX tend to be concentrated in the smaller range (less than 10
nm), while GNPs700 carbons have mesopores concentrated primarily in the size range 10 —
20 nm. The barriers of pore walls ultimately restrict the growth of Pd-particles. Besides, in
terms of the previous discussions on GNPs, a certain fraction of pores in GNPs-700 have slit-
like shapes, while the pore shapes in amorphous AC Norit GSX are much more irregular. The
palladium particles on a smooth slit-like surface are more likely to diffuse toward each other

and form large particles than on the irregular and rough surfaces in AC Norit GSX.

The 20% Pd-GNPs700 that contain 11.23 wt% of Pd in the composite exhibit an increase in
equivalent surface area on the carbon, which is caused by the small palladium particles
attaching on the flat surface of large pores, for instance, slit-like pores. Although the overall
surface area per unit mass is reduced by heavy Pd atoms, the overall surface area per unit
volume is increased because of the negligible volumetric contribution of decorated Pd. The
small size of Pd particles is also beneficial to increasing the surface area of the Pd particles
and enhancing their potential catalytic effects. Therefore, slit-like pores and flat pore surfaces
have potential for building carbon composites by decoration, and a small amount of Pd or
other metal decoration can be used to build porous catalytic carbon composites for gas

adsorption.
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7.5.3 The effects of Pd on hydrogen cryosorption of two carbon materials
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Figure 7.5.16 The time required to reach the relative 50% (0), 70% ([) and 90%

(V') of saturated H, uptakes (usually 400 seconds) at 77 K and various pressures for raw carbon

(black), 20% Pd deposition (red) and 40% Pd deposition (blue) of both GNPs-700 and activated

carbons.

As observed in section 7.2.2, the time to reach maximum hydrogen uptake is difficult to
define, because the rate of change in uptake becomes very low as the uptake approaches the
equilibrium. In order to investigate whether palladium affects the kinetics of hydrogen
cryosorption, it is assumed based on experimental experience that the uptakes at 400
seconds can be regarded as the maximum uptake. The time required for reaching 50 %, 70 %

and 90 % of the maximum uptake for each measurement are found and plotted for both
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GNPs-700 and AC Norit GSX in the raw material, 20 % Pd decoration and 40 % Pd decoration,
as shown in Figure 7.5.16. There is no significant difference between 20 % Pd (red line) and
40 % Pd (blue line) in the time taken to reach a similar level of uptake, which suggests that
the Pd particles do not effectively accelerate or decelerate the adsorption progress. It is also
observed that the time difference between the raw carbons and the Pd decorated carbons is
less significant at pressures above 5 bar, while adsorption on the raw carbons take noticeably
less time than on Pd carbons at low pressures of 1 — 4 bar in all cases. The prolonged time
requirement for adsorption on Pd decorated carbons at low pressures might be caused by the
reduction of pore sizes by doped Pd particles, in which the flow resistance by pore walls is
enhanced according to Washburn’s law. By contrast, the resistance effect is less significant at
higher pressures, which explains the reduced time difference at high pressures like 10 bar.
For hydrogen adsorption at room temperature or higher, the hydrogen adsorption is rapid

and the time difference is not detectable.

The hydrogen uptake isotherms of all samples are presented in Figure 7.5.17. In order to
investigate the potential Pd effects on hydrogen uptake, the isotherms of the Pd decorated
samples were also adjusted to represent the expected behaviour if the surface area was equal
to that of the raw carbon, and presented in red in Figure 7.5.17. Since the most critical
parameter for hydrogen adsorption is the surface area, the hydrogen uptakes of Pd-decorated
carbons should be comparable to those of the raw materials with similar surface area.
However, except for the 20 % Pd-GNPs700 that shows a similar isotherm to that of the raw
carbon, the other three Pd carbons exhibit significantly larger amounts of hydrogen uptake
for the same BET surface area, which suggests a contribution from Pd decoration. The
different performance of these three Pd-carbons is demonstrated in Figure 7.5.18 (a),
showing that the hydrogen uptake per unit surface area with Pd decoration is significantly

higher than for pure carbon sorbents.
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Figure 7.5.17 The hydrogen isotherms are illustrated as original uptakes (black), and
adjusted uptakes for Pd doped carbons to show the expected behaviour with equal BET
SSA to raw carbons (red), 20 % Pd deposition (actually around 10 wt%) and 40 % Pd
deposition (actually around 20 wt%) for both AC Norit GSX carbons and GNPs-700 carbons.
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There are two possible explanations for this phenomenon. The first explanation is that the
sizes of some pores became smaller with the introduction of Pd particles on the surface. If the
reduced pore sizes are accessible to hydrogen molecules but small enough to block the
nitrogen molecules, the measured BET surface areas are underestimated with the nitrogen
adsorption isotherms, which further explains the increase in hydrogen uptakes. The other
explanation is the formation of palladium hydride. Unlike with nitrogen adsorption, the
formation of palladium hydride is usually expected in the palladium — hydrogen system, in
addition to surface physisorption [20]. Hydrogen atoms can fill in the octahedral interstitial
sites of palladium crystallites to form palladium hydride PdH,, where x is the coverage ratio
of all available vacant sites, for instance, up to 0.6 of x representing 60 % coverage at room
temperature [20]. The x value becomes larger with the decrease of temperature and the
increase of pressure. Thus, the x is expected to higher than 0.6 at 77K and similar pressure
conditions, but the exact value of x is still not clear. By conservatively assuming that x is equal
to 0.6 at 77 K, the uptakes contributed by the formation of palladium hydride can be up to
0.56 wt% in respect of the mass of Pd content, which means that 20 wt% Pd in a carbon
composite can bring more than 0.11 wt% hydrogen uptakes in addition to physisorption on
the surface. Nevertheless, with the possible extra contribution of PdH alloys, the > 1 wt% of
hydrogen uptake from physisorption at 77 K still dominates the overall hydrogen storage

performance.

Unlike the other Pd carbons, the adjusted 20 % Pd-GNPs700 has a similar isotherm with raw
GNPs-700 in Figure 7.5.17. In terms of the pore distribution analysis, the mesopore volume
does not reduce noticeably with Pd decoration in 20 % Pd-GNPs700, and its equivalent pore
surface area shows a slight increase, which implies that the Pd particles are uniformly
distributed on the surfaces. The micropore volume is smaller in 20 % Pd-GNPs700 than 20%
Pd-AC Norit GSX, and the pores are larger on average and more slit-like in GNPs-700 than in
AC Norit GSX, so that the potential blockage of pore volumes in 20% Pd-GNPs700 by Pd
particles, such that those pores become inaccessible to nitrogen, is expected to be less
significant than for 20 % Pd-AC Norit GSX. The hydrogen uptake of 20 % Pd-GNPs700 at
pressures less than 8 bar was observed to be marginally higher than that of GNPs-700, which
might be caused by the formation of palladium hydride. As shown in Figure 7.5.18 (b), the

approximate linear expressions presented from the Langmuir plots of carbon samples
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indicate the dominance of physisorption in hydrogen cryosorption, as discussed in section
7.2.3. Although the Langmuir model does not encompass any potential formation of PdH, it
is still a useful indicative method to investigate the contribution of ideal physisorption in

hydrogen adsorption.
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Figure 7.5.18 (a) Comparison of the measured uptakes at 10 bar pressure and the
calculated Langmuir monolayer capacities versus surface area between Pd decorated
carbons and pure carbon sorbents studied in section 7.1. (b) Langmuir plots of Pd

decorated carbons and their raw carbons.

184



7 Results and discussion

Overall, the Pd content in carbon sorbents does not seem to greatly affect the hydrogen
adsorption kinetics. The introduction of Pd particles on porous materials can partially shrink
the pore sizes, further increasing the resistance to gas flow into the pore and extending the
time required for hydrogen adsorption at 77 K. At high pressures, both Pd carbons and raw
carbons display similar adsorption kinetics. With the introduction of Pd particles on carbons,
the hydrogen uptakes of the resulting composites can no longer be completely explained with
the ideal adsorption theory based on BET surface areas. For the same BET surface area, the
Pd carbons exhibit extra hydrogen uptake per unit surface area, which might be caused by
small pores, obstructed by the introduced Pd particles, becoming inaccessible to probe
nitrogen molecules but remaining accessible to hydrogen molecules, resulting in
underestimated BET surface areas. The formation of palladium hydride can also be a potential
reason to explain the increased hydrogen uptake per unit surface area in Pd decorated

carbons. Additional work is required to further investigate the effect.
7.5.4 Summary

In this section, Pd decorated AC Norit GSX and GNPs-700 with two different concentrations
were studied with respect to the growth of Pd particles, the properties and size distributions

of pores and the effects of Pd on hydrogen adsorption at 77 K.

During the analysis, it was discovered that roughly 50 % of the deposited palladium was lost
during the decoration process, resulting in 10.86 wt% and 18.89 wt% for the nominally 20 %
and 40 % Pd concentrations on AC Norit GSX. Similarly, for the AC Norit GSX samples, the
corresponding concentrations were 11.23 wt% and 21.58 wt%. For the same amount of Pd
addition, Pd-GNPs700 carbons have nearly doubled Pd crystallite sizes compared with the
decorated AC Norit GSXs, based on XRD analysis. The different sizes of formed Pd particles in
different raw carbons are believed to correlate with the average pore sizes of the carbon

substrates.

The porous structures of carbon substrates show no significant modifications with the
additional Pd decoration. Both micropore volumes and mesopore volumes are reduced with
the introduction of Pd particles, and there is no significantly localised Pd decoration observed
on either micropores or mesopores. The surface area decreases with the increased

concentration of Pd particles, but the reduction in surface area is discovered to be slightly
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compensated in 20 % Pd-GNPs700, due to the formation of small Pd particles on larger pores
or flat surfaces, which further contribute a certain amount of surface area to the material.
Some Pd particles are also found to block the “neck” of large pores, further reducing pore

volumes.

The addition of Pd to carbon sorbents was not found to significantly influence the hydrogen
adsorption kinetics at high pressures, but at low pressures the adsorption rate was slightly
constrained. This is possibly related to the increased flow resistance of the pores, of which
the size is reduced by the extra palladium particles. The hydrogen uptake per unit surface
areain Pd carbons was observed to be higher than for the raw materials, which may be caused
by underestimated pore areas and the formation of palladium hydride. The validation of these

explanations requires further experimental work.

186



8 Conclusions

8 Conclusions

In the presented thesis, selected carbon sorbents — AC Norit GSX, AC Norit ROW and
graphene nanoplatelets GNPs-500 and GNPs-700 — were studied for their pore properties. AC
Norit ROW has micropore-dominated structures, exposing large micropore surfaces, while AC
Norit GSX, GNPs-500 and GNPs-700 are dominated by mesopores with only small fractions of
micropores. The amorphous AC Norit GSX and AC Norit ROW were discovered to have
irregular pore shapes and small average pore sizes, while GNPs-500 and GNPs-700 have a
certain amount of slit-shaped mesopores and larger average pore sizes. Although GNPs-500
and GNPs-700 exhibit large surface areas of 453 mz/g and 705 mz/g respectively, their
graphitic structures retain outstanding degrees of ordering in both intralayer atomic
arrangement and c-axis layer stacking in comparison with amorphous carbon sorbents, which
is beneficial not only for studying adsorption behaviour but also in applications as carbon
substrates for building functional porous composites, such as decorated carbons with
catalytic metals. The measured hydrogen uptakes and porous properties of involved sorbents
are summarised in the following table.

Table 8.1 The measured hydrogen uptakes and porous properties of six sorbents: 13X,

zeolite NaY, AC Norit ROW, AC Norit GSX, GNPs-700 and GNPs-500.

BET Micropore Meso- and . Meso- and
Tsiptal;ial(t MonOI.ay:r surface surface Macro- MICIFODOL'G Macro-
(V;;::y) ca(patt;t)y area areab surface areab ‘:nl:?;e) volume®
Wt (m/g) | (m/g) (m*/g) 8 (cm’/g)
13X 1.62 1.68 720 - - - -
Z?\":::e 1.84 1.88 900 ; ; - ;
AEON:\;W 2.82 2.96 1387 1210 177 0.49 0.16
ACG':;"t 1.87 1.99 875 528 347 0.22 1.27
GNPs-700 1.53 1.66 705 197 508 0.085 1.11
GNPs-500 1.03 1.16 453 101 352 0.044 0.81

® referring to Langmuir model;
b referring to Harkins-Jura t-method;
¢ referring to Barrett-Joyner-Halenda method.
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Two carbons, the plasma carbons and biochars, were obtained via microwave splitting
methane and pyrolysis of biomass Miscanthus respectively. The structural evolution of these
carbons during carbonisation was studied intensively using Raman spectroscopy, XRD, XPS
and FTIR. The development of graphitic structures in these carbons agrees with the Ferarri
and Robertson “amorphisation trajectory” theory based on Raman spectroscopy. Although
both carbons expressed some types of disorder in their graphitic structures, they were
discovered to be nonporous with low surface areas, which might be due to the loose packing
of lightweight mobile particles in plasma carbons and the lack of an activation process in

producing biochars.

AC Norit GSX and GNPs-700 were experimentally decorated with Pd particles. The porous
structures of both raw carbons were discovered to have no detectable modifications during
the decoration process. The overall pore volumes and surface areas of both carbons were
observed to decrease with the increase in Pd content. The reduction of pore volumes was
caused not only by the uniform distribution of Pd particles but also by local blockage of pore
“necks”. The extra Pd contents in these carbons neither promoted nor restricted the
hydrogen adsorption kinetics on these carbons at 77 K and 4 — 10 bar pressure. However, the
hydrogen uptakes per unit surface area of Pd decorated carbons were significantly higher
than those of pure carbon sorbents. This might be caused by underestimated surface areas
found during nitrogen adsorption tests as a result of Pd obstructions rendering some pores
inaccessible to nitrogen molecules but still accessible to hydrogen molecules. The formation

of palladium hydride might also be a potential reason for this phenomenon.

Based on the results presented in this report, the previous hypotheses were reviewed,

resulting in the following conclusions:

I.  Differential manometry can be implemented affordably for fast hydrogen
cryosorption measurements at 77 K and pressures up to 11 bar as presented in this
report. The explosive hydrogen gas can be handled safely with special precautions,
such as a pneumatic control system, isolated experimental cells and carefully
designed experimental procedures. Differential manometry can potentially provide
more accurate and sensitive to the small uptake than Sievert’s type apparatus
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because the hydrogen uptake is measured using a differential pressure transducer
with small pressure range.

High-vacuum degassing in hydrogen adsorption measurements is discovered to be
essential to provide accurate gas uptakes for micropore-dominant sorbents, which
is likely to correlate with the micropore filling of condensed nitrogen residual at 77
K. The difference between high-vacuum and medium-vacuum outgassing for
measured hydrogen uptakes on the mesoporous sorbent GNPs-700 was not
significant, which might be due to the absence of nitrogen condensation on
mesopores in comparison with open surfaces, such as the walls of volume chambers.
The combination of BET, t-method, as-method and BJH-method analyses enabled a
systematic study of porous properties on mesoporous sorbents. The results of the t-
method are in excellent agreement with both the ag-method and the BJH-method
so that the results obtained from different methods can be compared with each
other.

The “amorphisation trajectory” proposed by Ferrari and Robertson is applicable not
only to the plasma carbons and biochars, but also to the studied graphene
nanoplatelets with a diverse range surface areas. Raman spectroscopy can also be
applied to identify the crystallinity of graphitic materials with the assistance of XRD
analysis.

Graphene nanoplatelets (GNPs) can have large surface areas without reducing the
ordering of graphitic structures. The flake-like GNPs with slit-shaped mesopores can
be an excellent substrate for decoration with functional additives, such as palladium
particles. The decorated carbon with small amounts of palladium does not show a
significant reduction of surface areas and pore volumes; in fact, the surface areas
per unit volume can be expected to increase with small particles attached on large
pore surfaces.

The palladium content of decorated carbons does not significantly affect hydrogen
adsorption kinetics except at low pressures. The hydrogen uptake per unit mass of
Pd decorated carbons is observed to decrease, due to the decorated heavy Pd
content in comparison with carbon substrates. However, the hydrogen uptake per
unit surface area of Pd decorated carbons is noticeably higher than that of raw
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carbons. The reason for this phenomenon might be that the Pd particles obstruct
access to some pores such that they are inaccessible to nitrogen molecules but
accessible to hydrogen molecules, and as a result the BET surface areas of decorated
carbons are underestimated. The formation of palladium hydride might also be a
reason for the increased hydrogen uptake per unit area, which requires further

investigation.

Due to the limitation of current equipment design, the hydrogen sorption experiment can
be only performed at a single temperature of 77K. With the consideration of future
modification on the differential manometry system, a temperature controlling unit should be
introduced to adjust the temperature in small increments between 77 K and 673 K, which
would provide the possibility of measuring not only the hydrogen uptakes at a wide range of
temperature conditions, but also the isosteric heat of hydrogen adsorption. The introduction
of heating unit into ATEX zone 2 environment needs considerations of using specifically rated
devices that are normally shielded with protective cases and conducting careful risk

assessments to comply with the university safety regulations.

Based on the results discussed in this study, Pd decorated carbons have introduced
noticeable influences on the hydrogen storage performance of raw carbon sorbents at 77 K.
However, there are limited literatures concerning with the formation of palladium hydride
and hydrogen spillover effects by palladium at 77 K, which could be a potential direction to
investigate the mechanism of hydrogen sorption in Pd decorated carbon sorbents and further

improve the overall hydrogen uptakes at cryogenic temperatures.
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