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Abstract

Porous carbons have several advantageous properties with respect to their use in energy
applications that require constrained space such as in electrode materials for
supercapacitors and as solid state hydrogen stores. The attractive properties of porous
carbons include, ready abundance, chemical and thermal stability, ease of processability
and low framework density. Activated carbons, which are perhaps the most explored
class of porous carbons, have been traditionally employed as catalyst supports or
adsorbents , but lately they are increasingly being used or finding potential application
in the fabrication of supercapacitors and as hydrogen storage materials. This manuscript
presents the state-of-the-art with respect to the preparation of activated carbons, with
emphasis on the more interesting recent developments that allow better control or
maximization of porosity, the use of cheap and readily available precursors and tailoring
of morphology. This review will show that the renewed interest in the synthesis of
activated carbons is matched by intensive investigations into their use in supercapacitors,
where they remain the electrode materials of choice. We will also show that activated
carbons have been extensively studied as hydrogen storage materials and remain a
strong candidate in the search for porous materials that may enable the so-called
Hydrogen Economy, wherein hydrogen is used as an energy carrier. The use of activated
carbons as energy materials has in the recent past and is currently experiencing rapid

growth, and this review aims to present the more significant advances.
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Broader Context

In order to meet the growing energy demands required to sustain current living standard
whilst as the same time avoiding resource depletion and environmental pollution, there
is need for the development of high-performance, low cost and environmentally-
friendly energy storage and production systems. Suitable materials are a key enabling
ingredient in the search for new energy systems. Much current research effort is focused
on improving the performance of energy storage devices such as supercapacitors and
batteries (e.g., Li-ion batteries), and hydrogen storage systems that may enable the use
of hydrogen as energy carrier in fuel cells for the proposed Hydrogen Economy.
Activated carbons are one of the most studied classes of materials for application in
these two important research areas; as electrode materials in supercapacitors and solid
state hydrogen stores. In this review we present the state-of-the-art with respect to the
preparation of activated carbons and consider recent developments in their use in
supercapacitors, where they remain the electrode materials of choice. We also review
the burgeoning research area of activated carbons as hydrogen storage materials and
suggest that they remain strong candidates in the search for porous materials that may

enable the anticipated Hydrogen Economy.
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1. Introduction

Meeting the growing energy demand of the current society, while avoiding resource
depletion and environmental pollution, requires the development of high-performance,
low cost and environmentally-friendly energy storage and production systems.
Currently much research effort is focused on the improvement of the performance of
energy storage devices, such as supercapacitors and batteries (especially Li-ion
batteries), and energy production systems such as fuel cells. In order to accomplish such
target, a key aspect is the design of novel materials and development of synthesis
processes that allow a precise control over the structural and chemical characteristics of
the material, as well as seeking greener and cost effective material synthesis processes
for the widespread utilization of such devices.

Carbon-based materials have attracted considerable interest in many energy-
related applications due to their abundance, chemical and thermal stability,
processability and the possibility of tuning their textural and structural characteristics to
fulfill the requirements of specific applications. In particular, activated carbons stand
out for their large surface area (> 1000 mz/g) and pore volume (> 0.5 cmS/g), and
relatively low cost. Thus, they have a long history as adsorbents for the removal of
impurities from gases and liquids.' The first industrial production processes of activated
carbons with defined properties were developed at the beginning of the 20" century,
with powder forms. Later on, the need to develop protective gas masks during World
War I, promoted the development of granular activated carbon. Currently, activated
carbons are available in other physical forms such as fibers, pellets, cloths or felts in
order to satisfy advancing industrial technological needs. As well as the various
physical forms, there have been many advances in the control of the textural

characteristics of activated carbons. Thus, whereas traditional activated carbons are
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characterized by a broad pore size distribution (PSD) covering the micropore to the
macropore region, recent developments in activation procedures and/or precursors allow
a better control over the pore size distribution, as will be described in detail in this
review. These characteristics have widened the usefulness of activated carbons to more
demanding applications, such as catalysis/electrocatalysis, energy storage in
supercapacitors and Li-ion batteries, CO, capture or H, storage. This review will cover
the energy-related applications of activated carbons, with a summary of recent research
progress on the development of activated carbons with more controlled structural and
chemical characteristics. It should be pointed out that, although other porous materials
exhibit a more controlled porosity, such as templated carbons, carbide-derived carbons
(CDCs) or metal organic frameworks (MOFs), the simplicity and well-established
production methods of activated carbons means that they continue to be the main

candidates for many energy applications.

2. Preparation of Activated Carbons (ACs)

2.1. Activation methods

The activation of carbon materials can be performed in two ways: i) physical activation
with different oxidizing gases, such as air, O,, CO,, steam or their mixtures, and ii)
chemical activation with KOH, NaOH, H3;PO4 or ZnCl,, among other chemical
compounds. The physical activation process is a two-step process, where pyrolysis in an
inert atmosphere (usually nitrogen) of the precursor normally at 400-900°C is performed
before the partial gasification using an oxidizing gas at 350-1000°C to develop the
porosity and surface area. On the contrary, the chemical activation process is a one-step
process, where the activating agent (typically an acid, strong base or a salt) is
incorporated into the carbon precursor prior to pyrolysis at a temperature of 450-900°C.

The combination of both physical and chemical processes is also possible.
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A wide range of organic products is suitable as feedstock for the manufacture of
activated carbon. Agricultural and forest biomass such as wood, sawdust, peat, coconut
shells, fruit bones or rice husk are the preferred uncarbonized feedstocks.”***>® The use
of such materials is really attractive as they are abundant and low-cost wastes which can
be converted in high value-added products. With regards to carbonized feedstocks coal,
low temperature lignite coke, charcoal or biochar are utilized.”® The properties of the
activated carbons depend much on the type of feedstock utilized. With the development
of new forms of carbon, such as nanotubes, nanofibers, templated carbons or carbide-
derived carbons (CDCs), their post-synthesis activation has also been explored as a way

. . i 9,10,11,12,13
of enhancing their porous characteristics.” >

2.1.1. Physical activation

As previously mentioned, in the physical activation process, a carbon precursor is first
exposed to pyrolysis in an inert atmosphere at 400-900°C to eliminate the bulk of
volatile matter, followed by partial gasification using an oxidizing gas at 350-1000°C.
Initially, the active oxygen in the activating agent burns away the tarry pyrolysis off-
products trapped within the pores, leading to the opening of some closed pores. Then
the microporous structure is developed as the oxidizing agent burns away the more
reactive areas of the carbon skeleton resulting in CO and CO,, with the extent of burn-
off depending upon the nature of the gas employed and the temperature of activation.
CO,, air and steam are used as activating agents. The chemical and physical nature of
physically activated carbons is very dependent on the precursor, the oxidizing agent
employed, the temperature of activation and the degree of activation. Depending on
these factors, activated carbons with moderate to high porosity can be achieved, as well
as with varying surface chemistry (i.e. amount and type of oxygen groups). As a general

trend, the higher the activation temperature/activation time, the larger the porosity
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development. However, higher porosity developments are usually accompanied by a
broadening of the pore size distribution (PSD).

When air (or oxygen) is used as the activating agent, problems are encountered
due to the exothermic nature of the reaction of carbon with air (oxygen). The speed of
this reaction makes it difficult to control the process, resulting in excessive burn-off and
reducing the activated carbon yield. However, the high reactivity of oxygen makes the
process low energy/cost, as it requires lower activation energy compared to the use of

115 and therefore, it has been used by different groups. Thus, Feng and

steam or CO,,
Bathia studied the variation of pore structure of several coal chars during gasification in
air and carbon dioxide.'® Gasification in air of the chars (coals pyrolyzed at 900-
1150°C) was performed at 380°C, whereas CO, gasification was done at 800°C. They
observed that in air gasification, the surface area and pore volume initially increase
rapidly and then slowly with carbon conversion. The surface area and volume of the
small micropores (< 1 nm) does not change significantly with carbon conversion after a
certain level of conversion, whereas those in the 1-2 nm and 2-5 nm range increase with
conversion (see Figure 1a). On the other hand, for CO, gasification, the surface area and
volume of small micropores increase dramatically with the progress of gasification, and
for the other pore size ranges also an increase is observed with conversion. Materials
with surface area up to ~ 700 m*/g and pore volume up to ~ 0.55 cm’/g were obtained
for air gasification, whereas for CO, values up to 500 m*/g and ~ 0.22 cm’/g were
measured. Gafian et al. prepared activated carbons, from almond tree pruning, with
surface area up to 560 m*/g and pore volume below 0.31 cm’/g by air gasification at
190-260°C, both parameters increasing with increase of gasification temperature and
time.'” More recently, Osswald et al. performed the activation of advanced materials,

such as TiC-derived carbide-derived carbons (TiC-CDCs), with air and CO,."® They
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observed a rise in surface area and pore volume with increase of activation time and
temperature in the air gasification process. However, the increase was moderate (~
10%) and accompanied by a large weight loss. Additionally, the high reactivity of O,
led to a rapid enlargement of micropores into mesopores. With regards to CO,, the
surface area and pore volume followed the same trend as for air, though the increase
was in this case remarkable, up to 77% for the surface area, whereas the pore volume
was almost doubled. Thus, a surface area of ~ 3100 m*/g and pore volume of 1.3 - 1.4
cm’/g was achieved by activation at 950°C for 2h. The average pore size shifted towards
higher values with increasing activation time and temperature. Furthermore, they
successfully applied the same procedure to other CDCs, such as SiC-CDC.

Steam and CO, are preferred to air as activating agents due to the reasons
discussed above. There is general agreement that steam is a more reactive agent than
CO; and therefore requires the application of lower temperatures.”’lg’20 The surface area,
pore volume and average pore diameter of the resulting activated carbon generally
increases with the extent of burn-off in both gasifying agents,'®-!7:1820-21:22:23.24.25.26.27.28
However, contradictory information has been published regarding the type of porosity
generated by each activating agent. Some authors have reported that steam activation
produces carbons with a narrower and more extensive micropore structure than

20,22,23,24,29 : .
CO,, """~ whereas others observed that comparatively lower micropore volumes

- : 21,25,26,27,28
but larger external surface areas were produced in steam-activated carbons.” "

Nevertheless, materials with surface area lower than 1800 m*/g and pore volumes up to

~ 0.9 cm’/g are normally obtained.''?’

2.1.2. Chemical activation
The chemical activation process consists of the heat-treatment of a mixture of the

carbon precursor and the activating agent at a temperature normally in the 450-900°C
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range. It has the following advantages over physical activation: i) usually involves only
one step, ii) lower pyrolysis temperatures are used, iii) much higher carbon yield is
obtained, iv) materials with very high surface area (~ 3600 m*/g) can be produced and
v) the microporosity can be well developed, controlled and tailored to be narrowly
distributed. These last two strengths of the chemical activation process are very
important for applications such as energy storage in supercapacitors or gas (H,, CHy4 or
CO,) storage, which demand materials with large surface areas and a microporosity
adjusted to the size of the electrolyte ions for supercapacitors or ~ 0.7 — 1 nm for gas
storage, 30-31:32:33.34.35.36.37.38.39.40

Of the many reagents proposed for chemical activation (ZnCl,, H;PO,4, AlCIs;,
MgCl,, KOH, NaOH, etc.), ZnCl,, H3PO4 and KOH are the most commonly used.
ZnCl, and H3POy act as dehydrating agents, whereas KOH acts as oxidant. As observed
by Jagtoyen and Derbyshire,41 H;PO4 promotes dehydration at a lower temperature than
does thermal treatment alone, and the evolution of CO and CO, commence at a lower
temperature. During the heat treatment, the activating agent present in the interior of the
particles produces a dehydrating effect on the carbon precursor. It is presumed that,
during this dehydrating step, cross-linking reactions (cyclization and condensation
processes) are predominant. The dehydration of the carbon precursor causes a reduction
in the dimensions of the particle, although such reduction is partially inhibited because
the activating agent remains within the particle during the thermal treatment, thus acting
as template for the creation of microporosity. In addition, H;PO4 combines with organic
species forming phosphate and polyphosphate bridges that connect biopolymer
fragments, thereby partially hindering the contraction in the material as the temperature
increases. Heterogeneity in the microporosity is observed, which is mostly independent

of the amount of H;PO,4 used, and it is due to the fact that during activation there are no
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phosphoric acid molecules, but a mixture of molecules (i.e., H3PO4, H4P,Os,
H13P11034).42 On the other hand, in the case of ZnCl,, the small size of the ZnCl, or its
hydrates leads to small and uniform size micropores.42 On the contrary, as shown by
Linares-Solano and co-workers,”***> KOH and NaOH do not act as dehydrating agent,
but as oxidant. In this case, a redox reaction takes places as follows: 6KOH + 2C < 2K
+ 3H, + 2K,CO;. The carbon framework is etched to generate pores due to the oxidation
of the carbon into carbonate ions and intercalation of the resulting potassium
compounds, which are removed during subsequent washing steps. On the other hand,
the production of CO, from the decomposition of K,CO; at temperatures above 700°C
can contribute to further porosity development through carbon gasification.*® Several
studies have shown that the higher the reactivity of the precursor, the lower the

temperature required to trigger gassification,”*

the higher the degree of gasification
caused by the CO, evolved from K,COs; and the larger the resultant porosity
development.**

In general, as the amount of activating agent increases, the porosity development
(surface area and pore volume) is greater, but this is accompanied by a widening of the
PSD (see Figures 1b — 1c).*"*" Initially, the development of porosity is centered in
the microporosity. With increase in the amount of activating agent, the PSD becomes
more heterogeneous, with observable differences dependent on the nature of activating
agent. Thus, Molina-Sabio and Rodriguez-Reinoso observed that activation of peach
stones with KOH only produces widening of the microporosity to more heterogeneous
micropores, whereas ZnCl, develops both wide micropores and low mesopores, and
H;PO, develops large mesopores and even macropores.”’ With regards to the influence

of the activation temperature, many authors have found that there is an optimum

temperature for porosity development, which depends on the activating agent and the

10
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carbon precursor. Thus, the porosity increases with the temperature to a maximum and
then begins to decrease with further increase of the temperature due to shrinkage or
collapse of the structure.*!* 32933435 I this sense, several studies show that increase in
temperature above 500°C for chemical activation with ZnCl, or H3PO4 may induce not
only a weight loss but also shrinkage in carbon structure, leading to a reduction, as well
as narrowing, in porosity. The structural contraction above 500°C suggests that cross-
links formed at low temperatures by treatment with ZnCl, or H3PO4 do not have a high
thermal stability with the consequent breakdown and rearrangement of carbonaceous
aggregates and the collapse or shrinkage of pores.*" **°* ** For KOH, the maximum
porosity development is achieved at higher temperatures (700 - 900°C), which suggests
that cross-links induced by KOH activation are more thermally stable than those derived
from ZnCl, or Hs;PO, treatment.**>> As mentioned above, the larger porosity
development with the increase of the activation temperature is normally accompanied
by a widening of the PSD. Hsu and Teng observed that, for activation with ZnCl, and
H;3PO,, the carbonization temperature does not have a significant influence on the PSD,
the proportion of micropore volume varying within 80-90%.>> Tsai et al. have found
similar results for activation with ZnCl, > and Teng et al. and Puziy et al. for activation
with H3PO4,52’ 36 However, for KOH, Hsu and Teng found a pronounced effect of the
temperature on the PSD.”® This has been corroborated by the results of many authors,
which show that the activation temperature is a key factor in controlling the
PSD.*0:46:37:38. 59606162 piq is due to the fact that from 500 to 700°C, the formation of
micropores takes place due to the release of volatiles. However, above 700°C, the
release of CO, from K,COs; formed during carbonization becomes significant and
carbon gasification takes places, opening up closed pores and enlarging existing

micropores, which results in a broadening of the PSD (see Figure 1d). Additionally,
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metallic potassium is formed, which then intercalates within the graphite-like laminar
structure, widening the spaces between carbon atomic layers and increasing the pore
volume.**® Other parameters that affect the porosity development are (i) the mixing
procedure (solution or mechanical mixing), (ii) activation time, (iii) gas flow rate, (iv)
type of gas used during the heat-treatment and (v) heating rate,*¢-7-864.65:66

Among the various activating agents, KOH generates activated carbons with
extremely large surface area up to ~4000 m?*/g), high pore volume up to 2.7 cm’/g,

40.,46,55,57,59,64,67,68,69,70,71,72,73,74,75
””””””” and tunable and narrow PSD through the control of the

40,61,64,71,74,75, 76 :
,,,,,, as is

activating conditions (i.e., temperature and amount of KOH),
described below. For other activating agents, the surface areas are normally between

1500 and 2000 m*/g with pore volume < 1.5 cm’/g and broad PSD. **°%2>~¢7778

2.1.3. Combination of physical and chemical activation processes
Two stage activation processes consisting of a chemical activation step (normally with

H;3PO4 or ZnCl,) followed by physical activation (usually with CO,) have also been

used to further enhance the porosity development and tune the PSD of activated carbons.

Thus, Hu et al. applied CO; activation at 800°C to ZnCl, or KOH activated carbons
prepared from coconut shells and palm stones with the aim of increasing the
mesoporosity.”” In such a way, materials with surface areas up to ~ 2400 m*/g and 14-
94% of mesoporosity were obtained. Later on, Prauchner and Rodriguez-Reinoso
employed a combination of chemical activation with H;POs or ZnCl, with CO,
activation at 750°C over coconut shell to synthesize activated carbons with textural
characteristics applicable to natural gas storage.*® The use of small amounts of chemical
reagent allowed the generation of narrow microporosity without inducing significant
reduction of bulk density, whereas the subsequent step of physical activation permitted

the appropriate development of the primary pore structure generated in the chemical

12
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activation step. Very recently, Arami-Niya et al. followed the same procedure as
Prauchner and Rodriguez-Reinoso over oil palm shell, and targeted activated carbons
with textural characteristics suitable for methane s‘[orage.81 Other examples where a
combination of chemical and physical activation has been used are available.****** It is
worth mentioning the example of Hu and Srinivasan, where physical activation with
CO; was used simultaneously with chemical activation with Zr1C12.85 Thus, coconut
shell or palm seed were impregnated with ZnCl,, dehydrated overnight at 110°C and
heat-treated under N, up to 800°C; once the temperature was reached, N, was replaced
by CO, and maintained for 2-3 h. Additionally, the authors compared the textural
characteristics of such materials to those obtained by sequential chemical-physical
activation using the same experimental conditions. They observed that simultaneous
activation yielded activated carbons with both high surface area and high mesopore
content, whereas sequential activation generated less mesoporosity, which suggests that

evaporation of ZnCl, (boiling point = 732°C) is more effective in removing ZnCl, than

via a washing step.

2.2. Activated carbons with ultra-high surface areas

Among the various activating agents, KOH allows the synthesis of activated carbons
with the highest surface areas (up to ~4000 m?/g) whilst still maintaining narrow PSD.
Furthermore, the PSD of KOH activated carbons can be tuned through the control of the
activating conditions. Thus, Lozano-Castello et al. showed the possibility of generating
highly porous materials (surface area > 2000 m?/g) with homogeneous micropore size
distribution from coal precursors (anthracite and bituminous coal) by the careful
selection of the activation conditions (KOH/precursor ratio, gas flow and impregnation
method).64 It should be emphasized that this type of microporosity cannot be obtained

by other activation methods where the increase in surface area is accompanied by pore

13
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widening.
The most widely known high surface area KOH-activated carbon is MAXSORB,
produced from a petroleum coke. It was developed in the 1970s by the AMOCO

Corporation (termed PX-21)%¢%

and commercialized by the Anderson Development
Company in the mid-80s in the USA (as AX-21). Further development of this material
was carried out by The Kansai Coke and Chemical Company Ltd, who commercialise it
as MAXSORB.*® This activated carbon is characterized by a BET surface area of ~
3100 m%g and a pore volume of 1.7 cm’/g, which is made up of micropores-
supermicropores (mean pore diameter = 2.12 nm®’), as shown in Figure 2a. Figure 2b
further evidences that it is a relatively homogeneous carbon, where the walls of the
pores are formed by only one or two layers of carbon atoms. Owing to these
characteristics, the behavior of such carbon material has been analyzed in a variety of
applications, such as the recovery of chlorinated hydrocarbon solvent Vapor,89 hydrogen
storage,90 methane storage,gl’92 CO, adsorption,93 catalyst or catalyst support94’95 and
supercapacitors.”®®’

Recently, KOH activation has gained increasing attention as it has proved to be a

powerful technique for the generation of carbon materials with ultrahigh surface areas

(> 2500-3000 m?/g) from a variety of carbon materials, including non-porous

61,62,98 40,99,100

substances, such as hydrothermally carbonized carbons or polymers, to

33,76,101,102

advanced porous materials such as CDCs, zeolite-templated carbons (ZTCs),"”

103,104 105

silica-templated carbons or graphene. ~ The extremely high porosity development
translates to an enhancement in hydrogen or methane storage, CO, capture or energy
stored when used as electrodes in supercapacitors. Although most high surface area
activated carbons are generated by KOH activation, CO, physical activation or H;POy4

chemical activation of suitable carbon precursors can lead to materials with large

14
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surface areas. Thus, Gogotsi et al. have synthesized activated carbons with surface area
up to ~3400 m*/g via CO,-activation of carbide-derived carbons.'®**!*! On the other
hand, Wang et al. achieved surface area of 2700 mz/g by H3PO4 chemical activation of
hydrothermally carbonized rice husk.'®

A comparison of the highest surface area reported up to date for different porous
materials is shown in Figure 3. It can be seen that only some metal-organic frameworks
(MOFs),'*71% covalent organic frameworks (COFs)'”'%® and porous polymers''®-'*®
exhibit higher surface area than KOH-activated carbons. However, it should be noted
that, although there is one porous polymer with surface area of 5640 m*/g (PAF-1),'"’
normally they exhibit BET surface areas lower than 2000 m*/g.'® On the other hand,

some of the most porous examples of MOFs and COFs possess limited physicochemical

stability, whereas activated carbons are highly stable.

2.3. Activated carbons monoliths

For the practical application of activated carbons as sorbents or storing media, not only
the mass adsorption/storage capacity is important, but also the volumetric capacity may
be a key parameter, especially when space constrictions are a bottle neck, as in mobile
applications. In such cases, conforming of the activated carbons in pellets or monoliths
to increase the packing density is essential, especially for highly activated carbons,
whose density can be extremely low. Pellets and monoliths can additionally be easier to
handle compared to powders and their use is essential for preparing supercapacitors or
batteries electrodes. Activated carbons have the advantage that can be compacted into
monoliths or pellets without the use of a binder by the appropriate selection of the
carbon precursor and preparation method with the advantage that: i) the synthesis
process involves less steps, ii) no loss of porosity due to the presence of binder,''" and

iii) no increase in electrical resistivity due to the presence of a binder, which is an

15
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important consideration for electrochemical applications.''> Several examples of the
formation of monoliths of activated carbons using a polymer or pitch binder are
available.''3 !+ 1SHEHTIE A srateoy followed by some authors to unblock part of the
porosity occluded by the binder is via an additional activation step performed on the
monolith.'"® The synthesis procedures used by different authors to prepare activated
carbon monoliths with and without the aid of a binder are depicted in Figure 4.

Inomata et al. demonstrated the synthesis of binderless monoliths of activated
carbon from compacted cellulose.'” In a first step, cellulose microcrystal powder was
pressed into monoliths (Figure 5a) and afterwards carbonized at 800°C. Finally, the
monoliths were subjected to a physical activation process with CO, at 800-900°C
(Figure 5b). As a result, carbon monoliths with bulk densities in the 0.56-0.99 g/cm’
range were obtained, values which are ~2—4 times higher than that of activated carbon
powder. The bulk density increased with compaction pressure, whereas the true density
(1.9 g/cm®) was independent of the compaction pressure. However, the increase of the
compaction pressure was detrimental to porosity development; the pore volume and
surface area decreased at higher compaction pressure from 1790 m?/ g and 0.74 cm3/g to
1100 m*/g and 0.46 cm’/g, respectively. The compacted carbons exhibited a methane
storage capacity of up to 164 v/v at 35 bar vs. ~ 75 v/v for activated carbon powder. A
similar procedure was successfully applied to activated carbon monoliths derived from
coconut shell, peach stones and coffee beans, which achieved bulk density in the range
0.60-0.88 g/cm’.

Molina-Sabio et al. prepared binderless activated carbon discs from olive stones
by chemical activation with H3PO,'*° or ZnCl,."*! In this case, the compaction step
consisted of hot compression (up to 300°C) and was performed between impregnation

with the chemical agent and heat-treatment. The bulk density of the prepared disc was

16
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higher than for granular carbons due to a considerable reduction of the interparticle
space, being in the 0.57-0.98 g/cm’ range for the H3PO,-activated carbons and 0.48—
0.81 g/em® for the ZnCly-activated carbons. On the other hand, the higher the
compaction temperature, the higher the bulk density due to the removal of volatile

matter during the pressing stage, which favors compaction. Recently, Vargas-Delgadillo

122 123
1. L.,

et al. *“ and Garcia Blanco et a used a similar procedure to prepare activated carbon
monoliths from coconut shells with ZnCl, as activating agent, while Vargas et al.
targeted coconut shells and African palm stones using H;POy as activating agent.'**

On the other hand, Ramos-Fernandez et al.,'® Wahby et al.'?® and Ruiz et al.'”’
took advantage of the self-sintering ability of petroleum mesophase pitch to prepare
activated carbon monoliths. Thus, the mesophase pitch was mixed with KOH in a ball-
mill, the mixture compacted under uniaxial pressure and finally carbonized. As a result,
monoliths with surface area up to 2800 m*/g and bulk densities in the ~0.15-0.35 g/cm’
were obtained, which functioned as molecular sieves, being able to discriminate CO,
(adsorption capacity up to 380 mg CO,/g sorbent) from molecules of similar dimensions,
such as CH4 and N2.126 The monoliths were also used as supercapacitor electrodes,

exhibiting high capacitance values in H,SO4, i.e. 334 F/g, and very low electrical

resistivity, which resulted in a very efficient energy storage device.'”” Similarly,

128 129
1. 1.

Deraman et al. = and Taer et al.~ took advantage of the self-adhesive properties of pre-
carbonized oil palm empty fruit bunches and rubber wood sawdust respectively. The
pre-carbonized substances were ball-milled to obtain the self-adhesive grains and then,
immersed in H3PO4, compressed and carbonized for the oil palm empty fruit bunches,
and compressed, carbonized and activated with CO, for the rubber wood sawdust. The
monoliths prepared from rubber wood sawdust were tested as supercapacitor electrodes,

reaching specific capacitance of up to 139 F/g in H,SO,.'%

17



Energy & Environmental Science

More recently, Hao et al. synthesized porous carbon monoliths with defined
multilength scale pore structures, a nitrogen-containing framework, and high
mechanical strength through a self-assembly of poly(benzoxazine-co-resol) and a
carbonization process."*’ The N-containing framework was obtained through the use of
amines in the synthesis process. Afterwards, the monoliths were subjected to a physical
activation step with CO, at 900°C for 1 or 3 h, yielding monoliths with surface area up
to 2200 m*/g. Such monoliths showed encouraging CO; capture (~2.6-3.3 mmol/g at 25
°C) and separation capacities, high selectivity, and facile regeneration at room

temperature.

3. Use of activated carbons in energy related applications

3.1 Supercapacitors

Electrochemical double-layer capacitors (EDLCs) rely on charge separation at
electrode/electrolyte interfaces to store energy (Figure 6a). The reduction of the charge
separation distance to dimensions similar to those of the ions within the electrolyte, i.e.
to few nanometers, coupled with the large surface area of the porous electrodes, makes
them capable of storing much larger amounts of energy (typically 3-5 Wh/kg) than
conventional capacitors. On the other hand, the electrostatic nature of the storing
process gives rise to higher power densities, excellent reversibility and longer cycle life
compared to batteries. Another kind of electrochemical capacitors or supercapacitors are
those referred to as pseudocapacitors, where energy is stored through fast and reversible
Faradaic charge transfer reactions between the electrolyte and electroactive species on
the electrode surface. Reactions that result in Faradaic charge transfer are mainly of the
redox type where changes in the oxidation state of the materials occur, which is

analogous to battery systems. The amount of energy stored is higher than in EDLCs (i.e.,
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5-30 Wh/kg), although their cyclability and power density is normally lower. Owing to
those energy-power characteristics of supercapacitors, they occupy the niche between
conventional capacitors and batteries, as clearly seen in the Ragone plot (specific power
vs. specific energy) depicted in Figure 6b, being ideal devices for short-term power
applications, such as uninterruptible power supply systems (back-up supplies to protect
against power disruption), regenerating storage, load-leveling, quick charge applications
or start-ups.

The use of high capacitance materials (high surface area or highly electroactive
species) is a key factor to ensure high energy density in such devices. Nowadays
research efforts are focused on the design of electrode materials with tailored PSD, as
well as tailor-made electrolytes, to increase the energy density of such devices without
compromising their power capability. The incorporation of electroactive species into
carbon electrodes is also receiving increasing attention as a way of further increasing

the energy stored in such devices.

3.1.1 Electrical double layer capacitors (EDLCs)

Activated carbon is the material used in commercial EDLCs due to its high surface area
(> 1000 m?/g), relatively low cost, adequate electrical conductivity, chemical stability
and availability. In 1957 Becker patented the first capacitor based on a high surface area
carbon in partnership with the General Electric Company'*' and since then, different
companies have undertaken the commercialization of activated carbon-based
supercapacitors such as Maxwell Technologies, NESSCAP, NEC, Panasonic or AVX
(Figure 7). Most of their commercial supercapacitors are based on powder activated
carbon made from coconut shell. Some companies have also built higher performance
devices, at a significant cost increase, based on synthetic carbon precursors that are

activated with potassium hydroxide (KOH). Some commercially available activated
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carbons are commonly used in research for comparison purposes, for example, carbon
YP-50F(YP-17) by Kuraray Chemical Co, which is a powdered-type activated carbon
produced from coconut shell, and characterized by surface area of 1600-1700 m*/g and
relatively narrow PSD in the micropore range.'** Other commercially available
activated carbons commonly used in research include those manufactured by NORIT,
i.e. DLC Super and Supra (~ 1800 and ~ 2100 mz/g respectively), both of which are
steam activated carbons derived from biomass.

Research work devoted to the use and improvement of the performance of
activated carbon in EDLCs is extensive. More than 25 years ago, commercial activated
carbon fiber cloth was used to build an experimental supercapacitor cell working with
organic electrolyte.'>® A specific capacitance of 36.5 F/g was estimated for a material
possessing a surface area of 1500-2500 m?/g (see Table 1). All the reported capacitance
values in this review are for a two-electrode cell system unless otherwise stated.
Nowadays many works related to the use of activated carbon fibers in supercapacitors
working with aqueous or organic electrolytes can be found in the literature.
134.135.136.137.138.39 1y date, a variety of carbon materials have been used to fabricate
supercapacitor electrodes (i.e. mesoporous templated carbons, zeolite templated carbons,
carbon xerogels, carbon nanotubes or carbide derived carbons), but activated carbons
are still the primary choice.

Many efforts have been made to correlate the nanoporous structure of activated
carbons with their capacitance performance in different electrolytes. So far, no clear
linear relationship has been found between specific capacitance and surface area, which
may be explained by the inaccessibility of the smallest pores to the solvated ions,
different electroadsorption behavior of micropores and the external surface area or

pseudocapacitance effects due to the presence of oxygen groups. Thus, Shi studied the
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electrochemical performance of 11 activated carbon microbeads and 23 activated carbon
fibers in KOH aqueous solution (Table 1)."*” They did not find a linear correlation
between the total surface area and the specific capacitance but an apparent dependence
on micropore surface area and external surface area. On the basis of their proposed
model, the double layer capacitance per unit of micropore surface area was found
to be very close to that of carbon basal plane (about 15-20 pF/cm?®) and the
double layer capacitance per unit of external surface area was strongly dependent
on the porous structure and surface morphology. Later on, Qu and Shi studied the
electrochemical behavior of activated carbons with different surface areas and PSDs in
aqueous KOH and found that the bigger the pore, the easier and faster it is accessed
electrochemically. '*' On the other hand, Endo et al. analyzed the supercapacitor
performance of activated milled mesophase carbon fibers and powder-type activated

carbons in organic electrolyte '+

and found a higher specific capacitance for the
activated carbon fibers (41 vs. 32 F/g, Table 1) in spite of a smaller specific surface area
(771 vs. 1848 mz/g), which they attributed to the relative accessibility of the electrolyte
ions to the pore structure of the various materials. More recently, Centeno and Stoeckli
studied the electrochemical performance of 30 activated carbons in H,SO4 (Table 1) and
established a two-contributions dependence of the specific capacitance on the total
surface area and the concentration of CO-generating surface species.'* Nowadays, it is
known that the ion salvation shell becomes highly distorted and is partially removed in
subnanometer pores, giving rise to an anomalous increase in the capacitance in carbon
materials with pore sizes less than 1 nm.*>'** This shows how important it is to match
the pore size of the electrode material to the specific electrolyte (aqueous, organic or

ionic liquids) and that not only high surface areas are needed, but narrow and controlled

PSDs. Recent works on the development of activated carbons for supercapacitor
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applications are thus focused on the control of the PSD and pore structure.

As previously mentioned, KOH activation allows control over the PSD of
activated carbons. Thus, Raymundo-Pifiero et al. prepared a series of activated carbons
with progressively changing nanotextural characteristics by heat-treatment of a
bituminous coal at temperatures in the range 520-1000°C, and subsequent activation by
KOH at 700 or 800°C."** The surface area of the activated carbons varied from 800 to
3000 m*/g and the average micropore width between 0.65 and 1.51 nm depending on
the carbonization temperature. The specific capacitance of the carbons was analyzed in
H,S04, KOH and TEABF./Acetonitrile solutions, measuring values of ~160-310 F/g,
124-286 F/g and ~120-180 F/g respectively. The higher the surface area, the higher was
the specific capacitance, although the specific capacitance per surface area increased at
lower pore size, reaching a maximum at ca. 0.7 nm in aqueous media and 0.8 nm in
organic electrolyte. Furthermore, saturation of gravimetric capacitance was observed in
all electrolytes for the high surface area carbons due to increase of the average pore

width. Although the pore volume of these carbons is very high, their pores are too wide
for an efficient participation in the formation of the double layer. More recently, Sevilla

et al. tuned the porosity of activated carbons prepared from hydrothermally carbonized
substances®' and polypyrrole40 by the control of the activation temperature (600-900°C)
and the KOH/precursor weight ratio (2 and 4) (see Figure 1d). All the materials were
characterized by large surface area and pore volume, in the 2000-3500 m*/g and 1-2.6
cm’/g range, respectively. Furthermore, depending on the precursor used, an additional
tailoring of the porosity was possible. Thus, whereas the activation of hydrothermally
carbonized substances lead to essentially microporous materials, the activation of
polypyrrole gave rise to bimodal activated carbon exhibiting one pore size system in the

micropore range (1.2-1.3 nm) and another in the mesopore range (2-3.4 nm). The

22

Page 22 of 92



Page 23 of 92

Energy & Environmental Science

activated carbons prepared from hydrothermally carbonized substances (HTC-based
ACs) were analyzed as electrodes in supercapacitors working with organic electrolyte
(TEABF4/AN, AN = acetonitrile), achieving values as high as 236 F/g (100 F/cm®)
(Table 1).”® This capacitance value is the second highest ever recorded in this kind of
electrolyte, after the one reported by Li et al. for KOH-activated straw in
MeEt;NBF4/AN (251 F/g). 16 Fyrthermore, charge-discharge tests showed excellent
capacitance retention with capacitance of up to 175 F/g at a current density of 20 A/g.
Additionally, compared to conventionally activated carbons used in commercial devices,
such as YP-17D, the HTC-derived activated carbons offer ~100% enhancement in the
achieved specific capacitance, which will double the energy density of supercapacitors.
On the other hand, the polypyrrole-based activated carbons, with larger pore sizes than
the HCT-derived analogues, were analyzed in an electrolyte with larger ions, i.e. an
ionic liquid electrolyte (EMImBF}), yielding outstanding results.'*’ Thus, they exhibited
specific capacitance of up to 300 F/g (Table 1), which is unprecedented for carbon
materials and more than a two-fold improvement compared to commercial activated
carbons like YP-17D, and 5-8% performance improvement after 10000 charge-
discharge cycles at a high current density of 10 A/g.

Kierzek et al. have also prepared KOH-activated carbons with a superior
performance in H,SO, electrolyte.'*® They activated various coal and pitch-derived
carbonaceous materials at 800°C for 5 h using a KOH/precursor weight ratio = 4. The
produced activated carbons were essentially microporous and exhibited surface area in
the 1900-3200 m?/g range and pore volume of 1.05 to 1.61 cm’/g. Capacitance values
ranging from 200 to 320 F/g were measured, compared to 240 F/g for the commercially
available activated carbon, PX-21 (Table 1). Several other studies have reported on

KOH-activated carbons with outstanding performance (>250 F/g) in aqueous
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127.149.150.15L132.153 Thare are also studies on KOH activated carbon-

electrolytes (Table 1).
based electrodes with modest capacitance values (100 — 200 F/g) in aqueous
electroly‘ces.lsé"lss’156 For organic electrolyte, the capacitance values are normally lower
than 150 F/g,155157:158.159.160

Activated carbons with remarkable performance as supercapacitor electrodes
have also been prepared using other chemical agents or physical activation. Thus, Zhang
et al. prepared activated carbons by NaOH activation of anthracite with surface area up
to ~2500 m*/g and capacitance values up to 167 F/g in organic electrolyte (Table 1).'!
Interestingly, ion sieving effect was observed for the activated carbon with the smallest
pore size. Similarly, Xu et al. prepared activated carbons with surface areas in the 1829-
2675 m*/g range and capacitance values ranging from 108 to 155 F/g in organic
electrolyte (EtsNBF4/PC, PC = propylene carbonate) (Table 1) by NaOH activation of
PVDC.' They observed a better rate performance, i.e. better charge propagation, for
the materials with larger pore size (see Figure 8), as found also by Wei et al.” On the
other hand, Rufford et al. have measured specific capacitance up to 300 F/g in H,SO,
for ZnCl,-activated sugar cane bagasse and up to 134 F/g in TEABF4/acetonitrile for
ZnCl,-activated waste coffee (Table 1).'%'% Very recently, Wei and Yushin achieved
remarkable capacitance values up to 172 F/g in ionic liquid electrolytes (EMImBF, and
EdMPNTTf,N) using activated carbons obtained by CO,-activation of pyrolyzed sucrose
(Table 1).'%°

As mentioned in section 2.2, physical or chemical activation processes have
been applied to advanced carbon materials such as CDCs, templated porous carbons,
carbon aerogels, graphene or nanotubes with the aim of improving their supercapacitor

performance. Thus, KOH activation of Ti-CDCs resulted in a 30% increase in specific

capacitance compared to the pristine CDC, and reached values as high as 180 F/g in
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organic electrolyte (NEt;BFs/AN) (Table 1).102 It was observed that, although
subnanometre pores were best suited for improving the capacitance (as probed by higher
normalized capacitances, F/m?), the overall increase in surface area and volume of pores
between 1 and 2 nm compensated for the decrease in subnanometre pore volume in the
activated CDCs.

Carbon aerogels have been analyzed as supercapacitor electrodes due to their
high electrical conductivity, relatively high surface area, controllable pore structure and
the possibility of forming monoliths (i.e. increased volumetric capacitance). However,
they are predominantly mesoporous, so that a post-synthesis activation step has been
applied by several authors to introduce microporosity. Thus, Fang et al. activated carbon
aerogels obtained from resorcinol-formaldehyde under a CO, flow,'*® which resulted in
a doubling of surface area and increase in micropore volume from 0.02 to 0.61 cm’/g.
As a result, the specific capacitance was also doubled up to 100 F/g in Et4NBF4/PC. Zhu
et al. have also applied a COs-activation step to carbon aerogels synthesized from
cresol-formaldehyde, increasing the surface area from 245 mz/g to between 401-1418
mz/g depending on the activation conditions (temperature and time). 17" This
enhancement in porosity was reflected in an increase of capacitance from 78 F/g to up
to 146 F/g in KOH electrolyte. Additionally, the activated carbon aerogel showed a
good rate performance, only a 10% capacitance decrease being registered with the
increase of the current density from 1 to 20 mA/cm’.

Other types of porous carbons which have been activated with the aim of
increasing their microporosity and surface area are templated mesoporous carbons.
Zhao et al. performed ZnCl; activation of a mesoporous carbon, which resulted in a 33%
increase in surface area, enhancing thereby the specific capacitance in a Et4sNBF4/PC

solution from 60 F/g for the templated mesoporous carbon to ~ 94 F/g for the activated
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carbon (Table 1).'®® Several other studies observed similar results for soft-templated
carbons (Table 1).'¢170-171.172

Carbon nanotubes have been intensively studied as supercapacitor electrodes
due to their superior electrical properties, which in combination to their readily
accessible surface area, yields high specific power. However, their small surface area
(generally < 500 mz/g) renders low energy density, which limits their practical
application. Therefore, their activation has been studied as a means of increasing their
surface area and specific capacitance (Table 1).'”"'"° In this regard, Xu et al. found that
the KOH activation enhances the surface area of CNTs and their specific capacitance,
but decreases the electrical conductivity and the rate performance in EDLC.'” They
were able to balance the porosity and conductivity by controlling the activation
conditions, yielding activated carbon nanotubes with both high capacitance and good
rate performance (Table 1).'"*'7

The unique electronic properties of graphene, as well as its theoretical surface
area (2620 m*/g), make it an attractive material for supercapacitor applications. Since its
isolation in 2004, articles devoted to the study of graphene as supercapacitor electrode
are increasing. However, the surface area of graphene is normally much lower than the
theoretical value (normally < 500 m*/g) due to agglomeration of graphene sheets, so
that the capacitance values achieved are lower than expected (< 200 F/g in aqueous
electrolyte, < 120 F/g for organic electrolyte and < 80 F/g in ionic liquids). A possible
way to overcome such drawback is its post-synthesis activation. The first to report on
the activation of graphene as a tool to enhance its supercapacitor performance was the
group of Ruoff.'”® They used KOH to activate microwave exfoliated graphene oxide
(MEGO) and thermally exfoliated GO (TEGO), yielding porous materials with surface

area and pore volume up to 3100 m*/g and 2.14 cm’/g respectively. The activation led to
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a continuous 3D network of pores ranging from ~ 0.6 to 10 nm and the suppression of
oxygen-containing groups present in the as-synthesized GO. That material exhibited a
specific capacitance of 166 F/g in BMIMBF4/AN celectrolyte and 150 F/g in
TEABF4/AN. The authors estimated the specific energy for a packaged supercapacitor
device (based on a weight ratio of 30% for the active electrode material) of above 20
Wh/kg, which is four times higher than existing AC-based supercapacitors; and the
power density of ~ 75 kW/kg, which is one order of magnitude higher than the values
from most commercial carbon supercapacitors that have energy density values of 4 to 5
Wh/kg. After that pioneering work, many authors have explored the activation (mostly

177,178,179,180,181,182

chemical activation with KOH) of graphene or N-doped graphene'™
for supercapacitors, getting capacitances up to 270 F/g in aqueous electrolyte, ~ 200 F/g

in organic electrolyte and ~ 170 F/g in ionic liquid electrolyte, coupled to excellent rate

capability (see Table 1).

3.1.2 Pseudo-capacitors

3.1.2.1. Pseudocapacitance caused by heteroatoms

Many activated carbons contain oxygen-containing surface functionalities, which give

rise to pseudocapacitance effects (mainly in aqueous electrolytes) that lead to increased

specific capacitance and amount of energy stored in the supercapacitor. Thus, with the

presence of carbonyl- or quinone-type groups (CO-desorbing groups in TPD

experiments), the following equilibrium reaction may occur in the carbon electrode:
>C,O+H" =>C,O//H"

Where >C,O//H" represents a proton adsorbed by a carbonyl or quinone-type site

induced by ion-dipole attraction. This specific adsorption process may facilitate an

excess specific double layer capacitance due to the local changes of electronic charge

density. Additionally, during charging of the negative electrode, a strong bond may

27



Energy & Environmental Science

form between carbonyl- or quinone-type groups and protons due to electron transfer
across the double layer:
>C4O+H"+e = >C,OH
The backward reaction would proceed during discharge. This redox reaction gives rise
to a pseudocapacitance component of the overall capacitance of the material."®* It is
reflected in cathodic and anodic humps in CV experiments at around 0.5-0.6 V vs.
RHE.'® Furthermore, oxygen functional groups that are electrochemically inert can
improve the wettability of the carbon electrode and, consequently, enhance the specific
capacitance through improved pore access and greater surface utilization.'®® On the
other hand, high-polarity oxygen groups such as carboxyl, anhydride and lactone (CO,-
desorbing groups), may hinder the motion of ionic species, increasing the resistance and
causing capacitance fading at high current densi‘cy.184’187 In this regard, Centeno and
Stoeckli have correlated the specific capacitance at low current density of activated
carbons with the amount of CO-desorbing groups and the total surface area, whereas the
evolution of the specific capacitance with the increase of the current density was
correlated to the amount of CO,-desorbing groups and the average pore width, Lo.”
Bleda-Martinez et al. found also a good correlation between the specific capacitance of
activated carbons and the amount of surface oxygen groups desorbing as CO. * Many
other reports on pseudocapacitance contribution of oxygen-groups in activated carbons
are available, !88:189:190.191.192,193,194
Oxidation treatments, both chemical (HNO; or H,SO4) and electrochemical,
have also been applied to activated carbons to generate oxygen-containing
functionalities, increasing the specific capacitance of the material, '°°-19¢-197-198.199
Additionally, Mysyk et al. have shown that a high concentration of oxygenated surface

functionalities can prevent further oxidation of the activated carbon, allowing operation
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in a wider potential window."”’

Another heteroatom which is known to give rise to Faradaic pseudocapacitive
reactions in carbon materials is nitrogen. It can be present in the activated carbon due to

200

the use of a N-rich carbon precursor (e.g polypyrrole,” polyacrylonitrile’® or waste

189

coffees ™) or through the modification of the activated carbon surface by introduction of

192, 201

. . . . 192,201
nitrogen containing groups, using melamine or urea followed by heat-

treatment, or by thermal treatment with ammonia**>2%-2*

or ammoxidation (i.e.
air/ammonia mixture). *””-?% The nature of the nitrogen-containing surface differs
depending on the temperature of heat treatment. It is believed that amides, aromatic
amines and protonated amides (functional groups external to the aromatic ring structure)
are predominant at low temperature (400-700 °C) while pyridine, pyrrole, aromatic
amines, quaternary nitrogen and protonated pyridine (nitrogen within the aromatic ring
structure with a delocalized charge or no charge) dominate at higher temperature (>
700°C).>?%7 Seredych et al. found a strong dependence of capacitance on the chemistry
of N-containing surface groups, as well as the porosity, for activated carbons oxidized
and then treated with melamine and urea followed by carbonization at 950°C in an inert
atmosphere.”’! Their results showed a direct relationship between the number of basic
groups determined from wet titration and the gravimetric capacitance, particularly at
high current densities, and between the normalized capacitance per volume of
micropores and the population of quaternary nitrogen and pyridine-N-oxide inside the
pores. The conclusion was that pseudocapacitive interactions take place on negatively
charged pyrrolic-N and pyridinic-N, while the positive charge on quaternary-N and
pyridine-N-oxide helped in electron transport through the carbon. In this way, N-doped
activated carbons exhibited specific capacitances of 260 and 330 F/g in H,SO, for

melamine- and urea-treated activated carbons respectively (Table 1). It was observed
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that although the quaternary and pyridinic-N-oxides nitrogen groups had enhancing
effects on the capacitance due to the positive charge and thus improved electron transfer
at high current densities, the most important functional groups affecting energy storage
performance were pyrrolic and pyridinic nitrogen, along with quinone oxygen.'*?
Experimental data for supercapacitors prepared with N-doped activated carbons are
indicated in Table 1. '89-192:200.201.205, 206.208,209

Pseudocapacitance caused by sulphur-containing groups in activated carbons,
such as sulfone, sulphide or sulfonic groups, is just starting to be analyzed, with only
one report having been published to date. Hasegawa et al. have observed humps in CV
experiments at around -0.2 to 0 V vs. Hg/Hg,SO4 for a monolithic S-containing
activated carbon, which they attribute to the oxidation-reduction of sulfur-containing
groups such as sulfo groups.”'® The S-doped activated carbon, with a surface area of

2420 m2/g and a S/C = 0.83% in atomic percentage, exhibited a specific capacitance of

205 F/g in H,SO, electrolyte (Table 1).

3.1.2.2. Pseudocapacitance in composites AC/metal oxide or AC/conducting
polymer

Another possibility for the introduction of a pseudocapacitance contribution in
supercapacitors prepared with activated carbons is via the synthesis of composites
comprising activated carbon and electroactive species such as metal oxides (Ru,O, NiO,
MnQO,, Fe;0s...) or conducting polymers (polyaniline, polypyrrole, polythiophene and
their derivatives). In the case of metal oxides, the activated carbon matrix provides the
metal oxide, normally of poor electrical conductivity, with an excellent media for
electron conduction, improving its rate performance. For composites based on
conducting polymers, the carbon matrix can buffer the volume changes suffered by the

polymer during charge/discharge processes, thus improving the cycling performance.
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Among the various metal oxides, ruthenium shows the best pseudocapacitive
behaviour. However, it has the major drawback of being costly, which has limited its
use. One way to reduce cost is to minimize the amount of Ru used by dispersing it over
high surface area materials, such as activated carbons. In this regard, Sato et al. reported
a 20% increase in specific capacitance by loading 7.1 wt% Ru in activated carbon.”!!
Ramani et al. deposited varying loads of RuO, on activated carbon through an
electroless deposition process and observed that at higher RuO, loading, an
enhancement of the specific capacitance (measured in the three-electrode cell
configuration) took place from 145 F/g for the 5 wt% composite to 260 F/g for 20 wt%
RuO, loading, whereas the bare carbon had a specific capacitance of 98 F/g (Table 2).*'
Similarly, Zhang et al. prepared amorphous hydrous ruthenium oxide/active carbon
(RuO,xH,O/AC) powders and observed that the specific capacitance was
proportional to the mass of the ruthenium in the electrodes.?"* For 10-20 wt% of
ruthenium in the electrodes, the specific capacitance remained almost unchanged at 243
F/g, whereas from 35 wt% to pure RuO,xH,0O, the specific capacitance increased from
350 to 715 F/g (Table 2). There are other examples where enhancement of specific
capacitance is observed when ruthenium oxide is added to activated carbons despite a
reduction of surface area of the composite (Table 2).214.215.216217.218.219

Manganese oxides are considered as one of the most promising transition metal
oxides for next generation supercapacitors due to their low cost non-polluting nature,
ideal capacitor performance and high safety during operation. Despite the theoretical
expectation that electrodes made from manganese oxide should exhibit high specific
capacitance and rate capability, their poor cycling stability and rate capability arising
from low conductivity have limited their performance in practical applications. One

strategy to overcome these limitations is the formation of composites with conducting
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materials, such as graphene, carbon nanotubes or activated carbon. Thus, very recently
Lee et al. doped a KOH-activated carbon aerogel with 7 wt% of manganese oxide (y-
Mn304) by an incipient wetness impregnation method, achieving a specific capacitance
of 168 F/g (three-clectrode cell system) in KOH electrolyte, whereas the specific
capacitance of the activated carbon aerogel with surface area of 1447 m2/g was 136 F/g
(Table 2).**° Li et al. have reported a specific capacitance of 183 F/g in 1 M LiPFg (EC
+ DMC) organic electrolyte at operating voltage up to 3.0 V for MnO; nanostructures
(short fiber-like structures) coated onto activated mesocarbon microbeads (MCMB).?!
The specific capacitance based on the MnO, was estimated to be as high as 475 F/g,
corresponding to a considerable energy density of 106 Wh/kg. A composite consisting
of activated mesocarbon microbeads and Mn3;O, with specific capacitance of 178 F/g in
1 M LiPFs (EC + DMC) has been reported by Wang et al.*** Malak-Polaczyk et al. have

223

prepared composites of commercial activated carbons and A-MnQO,,” and showed that

introducing A-MnO, into the activated carbons enhanced effective utilization of A-
MnQO;; a synergetic effect of the porous carbon framework and the redox properties of
A-MnQO,; was at the origin of improvement of specific capacitance values in comparison
with the activated carbons. Other composites between activated carbon and manganese
oxides have been reported (Table 2).22*% On the other hand, Selvakumar et al. have
prepared composites by physical mixing of ZnO and commercial activated carbon and
achieved capacitances of 42-76 F/g (three-electrode cell system) at 50 mV/s in Na,SO4
for ratios AC:ZnO = 1:3—1:1. The specific capacitance of the electrodes decreased with
increase in zinc oxide content.”°

Nickel oxide/hydroxide is another electroactive species commonly used in

pseudocapacitors. Huang et al. prepared a nickel hydroxide/activated carbon composite

by a simple chemical precipitation method, which exhibited specific capacitance of
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292-314 F/g for a Ni(OH), content of 2 to 6 %, which was 23.3% higher than pure
activated carbon (255 F/g). For larger contents of Ni(OH),, 8-10%, a decrease of the
capacitance was registered, being in the range 261-302 F/g (three-electrode cell system).
Additionally, the composite electrodes had good electrochemical performance and high
charge—discharge properties.”?” Another transition metal oxide which has been added to
activated carbons and found to increase specific capacitance is Ti02_228’229’230

Regarding the preparation of activated carbon/conducting polymer composites,
polyaniline (PANI) has drawn the most attention due to its high conductivity and
stability, and low cost. Thus, Ling and Teng electrodeposited PANI onto microporous
activated carbon fabric, recording specific capacitances up to ~320 F/g in H,SOy (three-
electrode cell system).”' Similarly, Wang et al. polymerized aniline using cyclic
voltammetry onto activated carbons.”** The PANI/AC composite electrodes had better
cycling stability than PANI electrodes and the specific capacitance of the composite
electrodes was 587 F/g (three-electrode cell system), which was much higher than that
of the pristine activated carbon (140 F/g), owing to the faradic reaction of PANI with
the electrolyte. Furthermore, the PANI electrode was less stable than the PANI/AC
composite electrode with a capacitance decay of ~35% for the former and 7% for the
latter after 50 cycles. Bleda-Martinez et al. prepared PANI/AC composite electrodes via
two different methods: 1) mechanical mixing of the activated carbon and chemically
polymerized PANI, which yielded electrodes with specific capacitance of 273-316 F/g
(three-electrode cell system) in H,SO,4 electrolyte, and ii) chemical polymerisation of
aniline loaded in activated carbon, which led to electrodes with specific capacitance of
125-187 F/g (three-electrode cell system).*> It was shown that the method used for the
preparation of the composites strongly affects the porous structure. With regards to

electrochemical performance, polyaniline and carbon mechanically mixed seem to work
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independently, with the composite behaviour being a combination of the corresponding
performance of the constituents separately. On the other hand, the composites prepared
by polymerisation over carbon revealed that the polyaniline coating strongly depends on
surface chemistry; aniline reacts with the oxygen complexes, eliminating their positive
effect on capacitance and producing important changes in porosity. Further capacitance

data for AC/PANI composites are given in Table 2.234.235.236

3.1.3. Hybrid supercapacitors

The quest for higher energy densities able to fulfil the ever-increasing energy demand of
the society and latest generation of technology has spurred the development of hybrid
supercapacitors, regarded as the second generation of supercapacitors. Hybrid
supercapacitors are those where the positive and negative electrodes are made of
different materials, one of them being always an EDLC-type electrode (i.e. carbon
material). Depending on the nature of the materials used, there are two types of hybrid
supercapacitors, ie. asymmetrical supercapacitors (EDLC-type
electrode+pseudocapacitance-type electrode) and lithium-ion capacitors (or battery-like
capacitors, EDLC-type electrodetbattery-type electrode), which are described in detail
below. It is worth noting that in both kinds of devices, activated carbons are the
unanimous choice as EDLC-type electrode. It is also worth mentioning that normally
commercial activated carbons are used. The use of tailor-made activated carbons may
improve the performance of these devices to a further extent. It should be noted that
taking into account the large disparity in performance characteristics between the two
electrodes, mass balancing of the two electrodes is critical to ensure the most efficient

utilization of each electrode and optimal cycle life.”’
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3.1.3.1 Asymmetrical supercapacitors
Asymmetrical capacitors are those comprised of an EDLC-type electrode (carbon
material) and a pseudocapacitance-type electrode (metal oxides/nitrides, conductive
polymers or a composite carbon/pseudocapacitive material). Asymmetrical capacitors,
therefore, combine the energy characteristics of pseudocapacitive materials (fast redox
reversible reactions) with the power and cycling characteristics of carbon materials
(ultra-fast electrostatic ion adsorption and robust cycle life), overcoming thereby the
limitations of both constituent materials. In most cases, the negative electrode is
composed of an activated carbon, whereas the positive electrode comprises the
pseudocapacitive material. This particular configuration allows a substantial
enlargement of the working voltage window when working with aqueous electrolytes
(sometimes well beyond the thermodynamic limit of 1.2 V) as a result of the high
overpotentials for H, and O, evolution at the carbon-based negative electrode and the
pseudocapacitance-type positive electrode, respectively. This enhances the energy
density of the device even more. For example, the operational voltage of
AC/manostructured CoAl double hydroxide can reach 1.5 V in KOH (energy density =
15.5 Wh/kg, power density = ~ 0.3 kW/kg, and 90% of initial capacity kept over 1000
cycles) (see Figure 9a),”** that of AC/a-Ni(OH), is 1.6 V in KOH,* and that of
AC//manganese oxide is up to 2.0-2.2 V in KNOs;, Li;SO4 or Na,SO4 (see Figure
9b).2#02#1242 [ ikewise, AC nanofibers//graphene-MnO, supercapacitor works up to 1.8
V in Na,SOs, exhibiting a maximum energy density of 51.1 Wh/kg (at a power density
of 0.1 kW/kg) and excellent cycling durability, with 97% of the specific capacitance
retained after 1000 cycles.**

In the case of asymmetric capacitors consisting of AC//conducting polymers,

enhanced cyclic stability is obtained compared to symmetric capacitors prepared with
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conducting polymers only. Thus, Fabio et al. successfully cycled an AC//p-doped
poly(3-methylthiophene) supercapacitor over 10000 cycles in organic electrolyte at 20
mA/cm® with 1.0-3.0 V cut off potentials.”** Likewise, Laforgue et al. fabricated a
prototype of AC//poly(4-fluorophenyl-3-thiophene), which withstood 8000 cycles over
the voltage range 1.0-3.0 V in organic electrolyte. Half of the capacitance was lost
during the first 100 cycles, but then it remained constant (providing an energy density of
3.3 Wh/kg) for the rest of the cycling test.”** Laforgue et al. also developed 3V and 1.5
kF supercapacitor modules, and 2 kW stacks based on hybrid cells with poly(3-
methylthiophene) as positive electrode and activated carbon as the negative electrode in

acetonitrile-free organic electrolyte in the framework of an EU project.**

3.1.3.2 Lithium-ion capacitors
Lithium-ion capacitors (or battery-type capacitors) are characterized by the combination
of a battery-type electrode, such as lithium intercalation compounds, and an EDLC-type
electrode, i.e. carbon material (see Figure 10a). Fast charge capability, robust cycle life,
and high energy density are likely to be achieved with a Li-ion capacitor. Thus, as Li"
intercalation-deintercalation in the battery-type electrode occurs in a shallower state-of-
charge (SOC) in comparison to a Li-ion battery working with the same electrode, higher
cycling stability and safety may be achieved. In this kind of devices, activated carbon is
normally used as carbon material and, unlike asymmetrical supercapacitors, it is used as
positive or negative electrode equally, depending on the redox potential of the Li-
intercalation compound used (see Figure 10b). %’

Amatucci et al. were the first to report on this novel concept of mixed
battery/supercapacitor cell in a series of papers. The first one was related to the

preparation of a cell with activated carbon as positive electrode and nanostructured

Li4TisO4, as negative electrode, using LiPFg EC:DMC electrolyte (PF4 anions adsorb
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on the AC surface, whereas Li" cations intercalate into the Li,TisO12 lattice).247 The use
of an intercalation compound as the negative electrode offers the opportunity to
effectively pin the electrode voltage at potentials very negative with respect to SHE and
maintain acceptably high gravimetric and volumetric energy densities as opposed to a
pseudocapacitive reaction. The cell exhibited a sloping voltage profile from 3 to 1.5 V
(composite voltage profile resulting from the flat two-phase intercalation voltage profile
of LisTisO;; and the linear voltage profile typical of a carbon EDLC), 90% capacity
utilization at 10C charge/discharge rate (6 min.), and 10-15% capacity loss after 5000
cycles. Afterwards, Brouse et al. investigated TiO,-B as a possible candidate to replace
Li4TisOy, as negative electrode, while keeping AC as positive electrode (LiPFg

EC:DMC was also used electrolyte).”*®

The cell exhibited energy densities between 45
and 80 Wh/kg with power densities in the 0.2-0.4 kW/kg range, which is compatible
with a fast charging/discharging storage device, intermediate between EDLC and Li-ion
batteries. The maximum cell voltage could be set between 2.75 and 3.5 V. More
recently, Aravindan et al. fabricated a non-aqueous (LiPFs in EC:DEC) Li-ion capacitor
with AC as positive electrode and synthesized sub-micron size LiCrTiO4 particles as
anode. *** The Li-ion capacitor delivered maximum energy and power densities
respectively of 24 Wh/kg and 4 kW/kg, and exhibited as well enhanced capacitive
retention properties. On the other hand, Kim et al. analysed non-aqueous
(LiBF4+TEABF, in AN) cells comprising AC as negative electrode and composites of
AC and Li transition metal oxides, such as lithium cobalt oxide (LiCoQO;) and lithium
manganese oxide (LiMn,Oy), as positive electrodes.””® The specific capacitance and
energy density of the cell improved as the content of the Li transition metal oxide

increased in the composite positive electrode, showing 60% increase compared to those

of a symmetric supercapacitor prepared with the AC. Similarly, Mladenov et al.
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fabricated a non-aqueous (LiPF¢ in EC:DMC) cell composed by activated graphitized
carbon as negative electrode and AC/Li;sTisO;, composite as positive electrode. !
Symmetric cells were also constructed with the AC for comparison, registering an
increase of 100% in capacitance for the asymmetric cell. The cycling stability was
relatively good (up to 600 cycles).

Unlike Li-ion batteries, Li-ion capacitors may also be fabricated with aqueous
electrolytes, which simplifies the fabrication and packaging process (no need for a glove
box or dry room). For example, Wang and Xia prepared a cell with AC as negative
electrode and LiMn,0O4 as positive electrode in a mild Li,SO,4 aqueous electroly’te.252
The charge/discharge processes are only associated with the shuttle of Li ions between
the two electrodes, as in a conventional Li-ion battery. Therefore, the electrolyte mainly
functions as an ionic conductor and is not consumed during the charge/discharge
processes. This overcomes the drawback of electrolyte depletion during the charge
process of conventional Li-ion capacitors, a problem studied in detail by
Zheng **%*4233236257 The hybrid cell exhibited a sloping voltage profile from 0.8 to 1.8
V, and delivered an estimated specific energy of ca. 35 W h/kg based on the total weight
of the active electrode materials. Furthermore, the cell exhibited excellent cycling
performance, with less than 5% capacity loss over 20000 cycles at 10C (0.2 A/g of the
total active electrode materials) charge/discharge rate. Very recently, Yan et al.
developed an aqueous Li-ion capacitor (LiNO; electrolyte) with AC negative electrode,

% They observed that the

but using the widely studied LiFePOy as positive electrode.
rate capability of the Li-ion capacitor was much improved compared with that of the

battery electrode. Additionally, the stable voltage window was extended up to 1.7 V.
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3.2 Hydrogen Storage
The development of porous materials capable of storing enough hydrogen to accomplish

259,260, 261, 262

the targets required for on-board applications still remains a challenge. For

this purpose a great variety of highly porous materials such as MOFs,?%3-264:265, 266.267.268

268, 269,270,271 272,273,274,275,276,277,278,279,280

zeolites, zeolite-like carbon materials and carbide-
derived carbons®®'?**?*3%% have been investigated. In particular, carbon-based porous
materials have been extensively studied as potential hydrogen stores due to their high
surface area, large pore volume, good chemical stability and the ease with which their
porosity can be tailored. For example, a hydrogen uptake of 6.9 wt% (at -196°C and 20

2 while for carbide-derived carbons

bar) has been reported for templated carbons,”’

(CDCs) the typical hydrogen uptake measured is ca. 4.4 wt% (at -196 °C and 20 bar).
33,34, 281-284 . . .

Although templated carbons and carbide-derived carbons are making

important and valuable contributions to studies on hydrogen storage, it is the case that
activated carbons remain one of the most studied class of carbons as hydrogen stores.

Reports on the use of activated carbons for hydrogen storage started appearing

about thirty years ago. In 1980 Carpetis and Peschka®™

reported on the hydrogen storage
capacity of several adsorbents, including activated carbons, in the temperature range -
208 to -123°C and pressure up to 41.5 bar. They observed a maximum nominal uptake
of 5.2 wt% at 41.5 bar and -208°C. The work of Carpetis and Peschka gave an early
indication of the potential of activated carbons as hydrogen stores although there was
still no clarity on the key parameter involved in the hydrogen adsorption process. The
work of Schwarz and co-workers provided some insights on the effect of surface
modifications, including acidity and heteroatom (metal) doping, and purity of hydrogen

on uptake in activated carbons.?3¢27:288.289.2% The maximum storage values observed by

Schwarz and co-workers were similar to those reported by Carpetis and Peschka. Based
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on the results of a parametric and comparative study of hydrogen adsorption on
activated carbon vis-a-vis compressed gas storage as a function of temperature, pressure
and adsorbent properties, Chahine and Benard concluded that adsorption on activated
carbon can be more efficient than compressed gas but only at cryogenic temperatures.
They identified bulk density and surface area as properties that are important in
achieving activated carbons with better performance than compressed gases. 21

More recently, much of the work that has been done on hydrogen storage in
activated carbons has been either at cryogenic temperatures or at room temperature. We
note that, at either temperature, the reliability of hydrogen uptake measurement
protocols is an important consideration. It is very important that the hydrogen uptake is

measured reliably to avoid erroneous data and also to allow easy comparison between

various groups of activated carbons.

3.2.1 Room temperature hydrogen storage

Although much work on hydrogen storage on activated carbons has been performed at
cryogenic temperature, there have been many studies on ambient temperature storage.
The largely physisorption nature of hydrogen uptake in activated carbons, however,
means that uptake at ambient temperature is generally low or very low, and significant
storage is only realized at very high pressure. Nevertheless, for operational purposes, it
would be most desirable to achieve high amounts of hydrogen storage at room
temperature or at near ambient condition. Several studies have explored the hydrogen
uptake of activated carbons at near ambient temperatures, typically 25°C. In this regard,

1, studied the hydrogen storage on a range of activated carbons

Linares-Solano et a
and activated carbon fibers at ambient temperature and found a maximum uptake at 100

bar of 1 wt% for an activated carbon derived from anthracite. The study concluded that
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the optimum pore size for hydrogen storage is that which can hold two layers of
adsorbed hydrogen (i.e., pore size of about 0.6 nm). Similar conclusions on the optimum
pore size of activated carbons for hydrogen storage were arrived at by Vix-Guterl and
co-workers.*”> The importance of porosity of activated carbons in determining the
hydrogen uptake is illustrated by the study of Jorda-Beneyto’” wherein hydrogen
adsorption measurements were carried out at room temperature and -196°C and high
pressure on a series of chemically activated carbons. At room temperature, excess
storage capacity was 1.2 wt% and 2.7 wt% at 200 bar and 500 bar respectively, and the
hydrogen uptake was dependent on both the micropore volume and the micropore size
distribution. Largely similar results were obtained at ambient temperature by Jin et al.
who observed a maximum hydrogen uptake of 0.85 wt% at 100 bar for coconut shell
derived activated carbons with a surface area of 2800 m*/g.**

More recently, Gao and co-workers have claimed an apparently much higher
hydrogen uptake of 1.46 wt% at a modest pressure of 40 bar for high surface area (3144
m?/g) activated carbon derived from rayon-based carbon fibers.”>> On the other hand,

1.6 reported a maximum excess hydrogen uptake of 0.6 wt% at 25°C and 50

Fierro et a
bar which is similar to the total amount adsorbed on coffee bean-derived activated
carbon at 120 bar,”’ while a value of 0.8 wt% was observed by Bhat and co-workers at
20 bar.*”® Sun and Webley observed a maximum hydrogen uptake of 0.44 wt% at 25°C
and 50 bar for activated carbons derived from agricultural waste corncob with surface
arca and pore volume of up to 3012 m*/g and 1.7 cm’/g, respectively, and also
determined the parameter representing full coverage of the solid surface of a high
surface area activated carbon from the Langmuir-Freundlich equation as being

9.73 mmol/g or 2 wt% at 25°C.>

Apart from petroleum and biomass-derived carbons, other activated carbons
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from a rich variety of carbon precursors have been investigated as hydrogen stores at
room temperature. Examples of such activated carbons include those derived from
multi-walled carbon nanotubes, whose hydrogen uptake at 25°C and pressure of
between 3 and 19 bar exhibited linear pressure dependence such that at 19 bar pristine
MWNTs stored 0.2 wt% of hydrogen, while activated MWNTs had a slightly higher
capacity of 0.32 wt%.>* The improved hydrogen uptake was attributed to an increase in
the micropore contribution from 50% in pristine to 70% in activated MWNTs. A
similarly low uptake of 0.2 wt% at 26°C and 10 bar was obtained for activated carbon
nanofibers with a surface area of 570 m%g.**' Polyacrylonitrile (PAN)-based carbon
nanofibers (CNFs) prepared by the electrospinning method and heat treatment were
activated with KOH and ZnCl,.*** Although KOH activated CNFs had higher surface
area, which increased from 17 to 2420 m?/ g, they only achieved a maximum hydrogen
uptake of 1.03 wt% at 30°C and 30 bar. On the other hand, CNFs activated by ZnCl,
achieved a lower surface area of only 744 m?/ g but higher hydrogen uptake of 1.54 wt%,
which leads to the conclusion that, even though total surface area and pore volume were
important factors for increasing the capacity of hydrogen adsorption, the pore volume
associated with pore width (0.6—0.7 nm) was a much more effective factor.”® Chen and
co-workers also investigated KOH activated polyaniline-based carbon tubes of surface
area and pore volume up to 2415 m*g and 1.55 cm’/g respectively, and reported a
maximum hydrogen uptake of 0.62 wt% at 20°C and 75 bar.’”’ Polystyrene based ion
exchangeable resins activated with KOH generated activated carbons with hydrogen
uptake of 0.81 wt% at 25°C and 100 bar.*® The presence of micropores was more
important in determining hydrogen uptake than total surface area or pore volume.

3

Elsewhere, Ryoo and Choi,'” activated ordered mesoporous carbons to generate

activated carbon with micropore volume and surface area up to 1.0 cm*/g and 2700 m%/g,
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respectively. The hydrogen adsorption capacity of the activated carbons increased
approximately linearly with micropore volume and surface area to reach a maximum of
0.75 wt% at 25°C and 100 bar. On the other hand, Gao and co-workers activated a
nitrogen-doped ordered mesoporous carbon which achieved surface area of 2498 m*/g
and hydrogen uptake of 0.88 wt% at 25°C and 80 bar.’®

The ambient temperature hydrogen storage capacity of activated carbons is, to
date, limited to a maximum of ca. 1 wt% at moderate pressure (50—100 bar), and ca. 3.0
wt% at very high pressure (i.e., 500 bar). This may be explained by the fact that the
isosteric heat of hydrogen adsorption on activated carbons, which is in the range 5-8
kJ/mol, is too low to allow large uptake of molecular hydrogen at room temperature.
Although it is clear that there is an optimum pore size for hydrogen adsorption, and that
achievement of such a pore size in activated carbons can improve hydrogen storage at
room temperature, real breakthroughs may not be possible via modification of textural
properties alone. The isosteric heat of hydrogen adsorption has to be higher in order to
achieve meaningful storage at room temperature. Isosteric heat of hydrogen adsorption on
activated carbons may be increased via surface modifications, including doping with
metal atoms or other heteroatoms such as nitrogen or boron, as will be described in the

following sub-sections

3.2.1.1 Effect of surface modifications and metal doping

There are very few experimental studies on the effect of the activated carbon surface
properties (i.e., functionality), and in particular the presence of oxygen or nitrogen
heteroatoms, on hydrogen storage. This is despite several theoretical studies that predict
changes in hydrogen uptake of porous carbons due to heteroatom substitution of
carbon.?%¢-307-3%8-39 Of particular interest is nitrogen-doping, which is theoretically

predicted to cause changes in hydrogen uptake of carbons.’'**!! Regarding the effect of
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surface oxygen on hydrogen storage of activated carbons, Huang and co-workers
studied the influence of surface oxides on activated carbon prepared with KOH as
activating agent and litchi wood as precursor.’'? The textural properties of the activated
carbons significantly reduced while surface acidity increased after oxidation with nitric
acid or hydrogen peroxide. The hydrogen storage capacity of oxidized activated carbons,
at -196°C and 1 bar, was significantly reduced from 2.6 wt% to below 2 wt% when the
acidic group content exceeded 0.8 mmol/g, reducing to as low as 0.7 wt% for an acid
content of 2.1 mmol/g. However, the surface area of the activated carbons also
decreases at high acid content, and could contribute to the decreased hydrogen uptake.
Zhao and co-workers also studied the effect of oxygen and nitrogen functional groups
on the hydrogen uptake of activated carbons and observed a small detrimental effect,
which they related to decreased adsorbate-adsorbent and increased adsorbate-adsorbate
interactions.>"

It has been suggested that dispersed metal nanoparticles within a high surface
area substrate (such as a porous carbon) can enhance hydrogen storage. It is thought that
the resulting metal/porous material composites may take up hydrogen via two
processes; (i) adsorption of hydrogen on the surface of the pores of the porous material
and (ii) hydrogenation on the metal nanoparticles by forming metal hydrides.’'* The
later process (hydrogenation) is due to chemisorption of atomic hydrogen on the metal
nanoparticles, which can then initiate a mechanism referred to as hydrogen
‘spillover’. >+ 316317318 pyrthermore, Nalm and co-workers have established that
hydrogen spillover does not only improve hydrogen capacity but also increases initial
hydrogen adsorption kinetics.*'* However, the very existence of a spillover mechanism
has been strongly debated with some experimental results reporting findings that

revealed very low hydrogen capacities after metal doping.**~**' The details of spillover
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as applied in hydrogen storage processes are thus yet to be clearly understood due to the
disparity in experimental data. Nevertheless, the spillover of atomic hydrogen is a well-
established process in heterogeneous catalysis. %2325 More recently, several reports
have claimed to show proof of the existence of hydrogen spill-over process on metal-
doped activated carbons. 26327328329

Li and Yang studied the equilibrium and kinetics of hydrogen storage on Pt-
doped superactivated carbon (AX-21) containing 5.6 wt% Pt.*** The Pt was doped via
ultrasound-assisted impregnation of H,PtCls in a solution of acetone. At room
temperature and 100 bar, the hydrogen storage capacity of the Pt-AX-21 sample
(surface area of 2518 m*/g) increased by a factor of 2 to 1.2 wt% compared to ca. 0.6
wt% for the undoped AX-21 (surface area of 2880 m*/g). The enhancement of hydrogen
adsorption was attributed to the dissociation of hydrogen molecules on the Pt surface
and the subsequent surface diffusion and adsorption of atomic hydrogen on the carbon
surface. In contrast, in a related study by Stadie et al, Pt-doped superactivated carbon
(surface area = 2810 m?*/ g) had a hydrogen uptake of 0.53 wt% at room temperature and
70 bar, which was lower than the uptake (0.64 wt%) of the unmodified superactivated
carbon (surface area = 3420 m?*/g).*** It was claimed that Pt doping offered no increase
in hydrogen uptake and that any hydrogen spillover sorption was below the detection
limit of standard volumetric gas adsorption measurements. It was reasoned that due to
the additional mass of the Pt and decreased surface area in the platinum doped
superactivated carbon, the net effect of spillover sorption was detrimental for
gravimetric density of hydrogen. These contrasting results from a similar set of

experiments’>***

illustrate more generally the on-going discussion on the merits of and
mechanism of the spillover process as applied to hydrogen storage in metal-doped

porous materials at room temperature.
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The method of metal doping also plays a role in the level of enhanced hydrogen
uptake. Li et al. claimed a threefold increase in hydrogen uptake for Pt-doped activated
carbon wherein the Pt was introduced via plasma treatment.”>' The doping of Pt (3 wt%)
on activated carbon (of surface area = 1200 m*/g) was significantly improved by plasma
treatment due to increased dispersion and stronger interactions between metal particles
and the carbon, both of which, it was claimed, enhanced room temperature hydrogen
spillover and storage. The undoped activated carbon had a hydrogen storage capacity of
~0.3 wt% at room temperature and 100 bar, which was enhanced to ~0.5 wt% by
doping with 3 wt% Pt via H, reduction, and up to ~0.9 wt% when doping was via
plasma treatment.

Despite the lack of clarity on the hydrogen spillover process, there is now
general agreement that metal doping can increase the hydrogen uptake of carbons under
certain conditions. The extent of the increase in hydrogen storage is dependent on the
measurement conditions (temperature and pressure) and the balance between metal
loading, metal dispersion and changes in textural properties (surface are and pore
volume) after metal doping. To date, the available data on hydrogen storage on metal-
doped activated carbons shows reasonable consistency. Metal-doped activated carbons
have therefore proved quite attractive as hydrogen stores compared to other types of
metal doped carbon forms (e.g., nanotubes, nanofibers).

A variety of other transition metals have been explored including Ni,***?*-3*

Pd, 337 vd,**® and Co.>* Zielinski and co-workers studied hydrogen storage at
room temperature on a commercial activated carbon impregnated with Ni. ****% In the
absence of metal, the activated carbon, with surface area of 1073 m*/g and pore volume

of 0.6 cm’/g, stored a maximum of ca. 0.15 wt% of hydrogen at 30 bar. On the other

hand the metal-doped activated carbon containing 1 wt% Ni could store up to 0.53 wt%
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hydrogen at 30 bar. The increase in hydrogen storage was attributed to the hydrogen
stored being loosely chemisorbed in the form of spilt-over species through dissociation
of molecular H, on the Ni and migration onto the activated carbon surface. Recently,
Yang et al. claimed a threefold increase in room temperature hydrogen storage in Ni-
doped activated carbon.*** The Ni-doped activated carbon achieved a maximum storage
capacity of 0.79 wt% at 300 bar. A small Ni particle size was a critical factor that
determined the enhancement of room temperature hydrogen storage.

In a study by Anson and co-workers, Pd-doped activated carbon (MAXSORB)
was found to have enhanced ambient temperature hydrogen uptake capacity at low (1
bar) and intermediate (90 bar) pressure.”>> At 1 bar, the capacity of Pd-MAXSORB was
more than 1 order of magnitude greater than the 0.01 wt% for undoped MAXSORB and
reached 0.3 wt% and 0.5 wt% at Pd loading of 30 and 50 wt% respectively. However, at
90 bar, undoped MAXSORB stored 0.42 wt% hydrogen compared to 0.4 wt% and 0.7
wt% at Pd loading of 30 and 50 wt%, respectively, meaning that the increase in the
hydrogen capacity after doping decreased at high pressure. It should be noted that the
surface area of the MAXSORB decreased significantly from 2100 m?/ g to 500 m?/ g and
200 m*/g at Pd loading of 30 and 50 wt%, respectively. Elsewhere, it has been noted
that the amount of hydrogen stored at room temperature in Pd-doped activated carbons
increases with Pd content as long as the amount of metal stays below ca. 10 wt%. **¢**
In a study by Im and co-workers, vanadium embedded activated electrospun carbon
fibers with high surface area of 2780 m?/ g were found to have a high hydrogen storage
capacity of ca. 2.5 wt% at room temperature and 100 bar.***

There have also been attempts to enhance the hydrogen uptake of activated
carbons via metal doping in the presence of metal organic frameworks. In this case, the

claim is that bridges are formed between the various components to engender transfer of
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spillover hydrogen and greater hydrogen storage. Lee and co-workers doped Pt onto
activated carbons (AC)/metal-organic framework (MOF-5) composites. ** It was
claimed that the hydrogen storage capacity of the Pt-ACs-MOF-5 composites was 2.3
wt% at room temperature and 100 bar, which was an enhancement factor of five times

and three times compared with raw ACs and MOF-5, respectively.

3.2.2 Cryogenic hydrogen storage

Analysis of existing data on room temperature hydrogen storage indicates that, at the
moment, only small amounts (maximum of ca. 3 wt%) can be stored in porous materials
such as activated carbons, even at very high pressure (>500 bar).”” This is due to the
physisorption nature of hydrogen uptake, which relies on weak adsorbate-adsorbent
interactions between molecular H, and the adsorbent (carbon) surface. The amount of
hydrogen stored may be increased if the uptake is performed at low temperature. Thus
much work has been done on the hydrogen uptake of activated carbons at cryogenic
temperature. The fact that gas physisorption at cryogenic temperature is mainly
dependent on a large adsorbent surface marks out activated carbons as excellent
candidates for cryogenic hydrogen storage. Thus, as a general rule, the cryogenic
hydrogen uptake capacity of activated carbons depends on their surface area, with
high surface area favoring higher uptakes. The available cryogenic hydrogen uptake
data for activated carbons is clustered in two groups; at atmospheric pressure (1 bar)
and at moderate pressure (10—100 bar) with the former ranging between 1 and 3 wt%
and the latter in the range 2—7 wt%. The attraction and potential of cryogenic
hydrogen storage is demonstrated by the study by Zhou and co-workers who found

that storage of hydrogen in activated carbon at liquid nitrogen temperature is enhanced
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so as to reach a capacity of 4.1 kg H, per 100 L of storage vessel, and thus a gas
pressure of 60 bar is needed compared to 150 bar for an empty vessel and 750 bar for
the same container at room temperature.3 4

To date, a great deal of research effort has been expended in attempts to
understand how the porosity of activated carbons affects hydrogen uptake in order to
achieve appropriate gravimetric storage and volumetric uptake when considered in the
context of the various targets set at levels that may allow commercial and practical
viability of hydrogen as a vehicular energy source. The targets that are often quoted are
those set by the United States Department of Energy (DOE); the most recent targets for
2017 are a system gravimetric uptake capacity of 5.5 wt% and volumetric uptake
capacity of 40 g/L.2%***

The uptake of activated carbons at cryogenic temperature is encouraging.
Biomass-derived activated carbons have continued to attract attention. Their particular
attraction is that the activation process turns low value waste into a useful activated
carbon product. Examples include coffee bean waste-derived activated carbons, which
have cryogenic hydrogen storage of 4.0 wt% at 40 bar.*” The hydrogen storage
capacity of the coffee bean-derived activated carbons show a linear relationship with
the micropore volume, and exhibit a stored hydrogen density of 5.7 and 69.6 mg/cm’ at
room temperature and -196°C, respectively. A series of biomass-derived activated
carbons prepared by chemical activation of hemp (Cannabis Sativa L.) stem with KOH

had surface area of 3241 m?/g and total pore volume of 1.98 cm’/g.**’

Hydrogen uptake
of the carbons was found to be related to surface area, pore volume, and micropore
volume, with the maximum hydrogen uptake being 3.3 wt% at —196°C and 1.0 bar.

Hydrothermally carbonized organic materials (furfural, glucose, starch, cellulose

and eucalyptus sawdust) have been used as precursors to produce high-surface area (up
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to 2700 m?/g) carbons, via two steps: i) hydrothermal carbonization of organic materials
and ii) chemical activation with KOH as activating agent.®’ The activated carbon
materials exhibit high hydrogen uptakes, up to 6.4 wt% (at -196°C and 20 bar), and
large isosteric heats of adsorption, up to 8.5 kJ/mol. Of particular interest for these
carbons is the hydrogen storage density of between 12 and 16.4 pmol Ho/m?. The
hydrogen storage density was found to be closely related to the pore size of the carbons,
with small micropores (ca. 1 nm) favouring a high density as shown in Figure 11.
Biomass waste-derived activated carbon generated from hydrolytic lignin exhibiting
high surface area (2000—-3100 m”/g), large micropore volume (1.11-1.68 cm’/g), and
narrow pore size distribution (0.77—0.91 nm) was found to have hydrogen uptake of ca.
5 wt% with isosteric heat of adsorption of 4.1—7.5 kJ/mol.***

The on-going exploration of activated carbons as hydrogen stores is motivated
by the need to achieve even higher hydrogen storage capacity than currently possible.
The expectation is that improvements in the porosity of activated carbons, principally
the surface area and targeted pore size, will lead to higher hydrogen storage capacity.
Some in the research community have, however, questioned whether there is an
unsurpassable upper limit for cryogenic hydrogen storage on activated carbons. Thus,
Fierro et al. recently claimed that an apparent upper limit of 6.4 wt% hydrogen storage
was observed in experimental work. **° It was further claimed that such a limit is close
to the theoretical limit of 6.8 wt% based on the maximum surface area achievable in
activated carbons. Values close to the claimed upper limit have been achieved by
anthracite derived activated carbons (i.e. 6.6 wt. % at -196°C and 40 bar) in a study by
Zhao and co-workers who assessed the effect of activation conditions on the storage
capacity of anthracite activated carbons.>****® Activated carbons with surface area up to

3400 m”/ g and micropore volume of ca. 1 cm’/ g, achieved hydrogen storage capacity of
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up to 6.6 wt%, wherein both temperature and amount of activating agent (KOH) used
were found to have a significant impact on hydrogen storage capacity mainly due to
their effect on the textural properties. Nevertheless, as illustrated below, activated
carbons can reach surface area higher than the apparent upper limit and achieve
cryogenic hydrogen storage higher than the claimed maximum. It is now widely
accepted that the actual hydrogen stored in activated carbon (and other types of porous

TR : 347
materials) is dependent on several variables and not surface area alone.

3.2.2.1 Double activation and supercritical fluid activation

As described above, chemical activation of carbonaceous materials (i.e., coal, biomass-
derived products, etc.) constitutes an established route for the preparation of carbons
with high surface area. In particular, activated carbons produced using KOH as
activating agent exhibit several attractive properties: i) high surface area and large pore
volume, ii) most of the porosity arises from uniform micropores in the 1-2 nm range,
iii) the pore structure can be tailored by modifying the activating parameters (i.e.,
activation temperature and KOH/carbonaceous precursor weight ratio) and iv) the
activation may be performed via an easy and one-step process. 4964348399 1y an attempt
to enhance the hydrogen storage capacity of KOH activated carbons, Wang and co-
workers, recently proposed a two-step procedure in which physical activation (with
CO;) was followed by a chemical (KOH) activation step.68 This double activation
protocol generates an activated carbon, with surface area of 3190 m*/g, which exhibits
hydrogen uptake of up to 7.08 wt% at -196°C and 20 bar. This value is one of the
highest hydrogen uptakes observed for activated carbons although the double activation
protocol has the disadvantage of two steps, which is cumbersome. Apparently, the
physical and chemical activation steps have different effects on the textural properties of

the activated carbon with KOH activation generating most of the microporosity.®® In a
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related study, activated carbon fibers, with surface area of up to 3144 m?/g, were
prepared from rayon-based carbon fibers via a two-step activation protocol
incorporating the sequential use of steam and KOH.*® The activated carbon fibers
achieved a hydrogen storage capacity of 7.01 wt% at -196°C and 40 bar, an uptake quite
similar to that of Wang and co-workers mentioned above. Sevilla and co-workers have
also observed high (up to 6.4 wt% at -196°C and 20 bar) hydrogen uptake for doubly
activated carbon derived from biomass.”'

Other researchers have explored alternative avenues to enhancing the hydrogen
uptake in activated carbons. For example, Salvador and co-workers studied the storage
of hydrogen at -196°C and 1.2 bar on carbon fibers activated with supercritical CO, and

achieved an uptake of 2.45 wt%.>

Based on the uptake data, the authors proposed a
model of hydrogen storage based on adsorption on two different sites, namely (i) high-
energy adsorbent-adsorbate interaction sites associated with very small micropores and
(i) lower-energy sites associated with larger pores. The model suggested that the

activated carbon fibers adsorbed most of the hydrogen at low equilibrium pressures, and

would virtually saturate at ca. 10 bar.

3.2.2.2 Polymer-derived activated carbons

Recently there have been attempts to obtain high surface area activated carbons using
polymers as precursor via one-step activation procedures. Highly porous carbons have
been successfully synthesized by chemical activation of polythiophene with KOH.'"
The porous carbons thus obtained possess high surface areas of up to 3000 m%/g, and
pore volumes of up to 1.75 cm’/g, and sulfur content in the 3-12 wt% range. The
hydrogen storage capacity of these S-doped activated carbons, at -196°C and 20 bar, is
up to 5.71 wt% with an estimated maximum hydrogen uptake of 6.64 wt%. Ultrahigh

surface area (up to 3500 m*/g) and pore volume (up to 2.6 cm’/g) activated carbons can
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be obtained via chemical activation of polypyrrole with KOH.” The carbons achieve
hydrogen storage capacity of up to 7.03 wt% at -196 °C and 20 bar, which is the highest
ever reported for one-step activated carbons as shown in Figure 12. The gravimetric
hydrogen uptake of the carbons translates to very attractive volumetric density of up to
37 g Hy/L at 20 bar. The high gravimetric and volumetric capacity of the polypyrrole-
derived carbons was due to the fact that their high porosity was not at the detriment of
packing density. Activated carbons derived from mesoporous nitrogen-doped carbon
were explored as hydrogen stores at -196°C, achieving 6.84 wt% at 20 bar.’® It was
claimed that the hydrogen uptake capacity was related to both micropores and small
mesopores of size between 2 and 3 nm, which suggested that small mesopores also
make contributions to the hydrogen storage. A series of rectangular polyaniline tubes
(RPTs) were activated with KOH generating activated carbons with surface area in the
range 1680 to 2415 m*/g and excess hydrogen uptake of up to 5.2 wt% at -196°C and 50
bar.*” Such a hydrogen uptake is generally in line with the expected 1 wt% per 500
m?/g. No mention was made in the report of any likely effect of the presence of nitrogen
in the activated RPT carbons. Yang et al. reported the chemical activation of
mesoporous carbon derived from mesoporous polymer to generate activated N-doped
carbons with surface area of up to 2400 m?/g and narrow pore size distribution. **' The
N-doped activated carbons exhibited hydrogen uptake capacity of up to 4.8 wt% at -
196°C and 20 bar and remarkably high isosteric heat of adsorption for hydrogen 10
kJ/mol. The carbons contained only small amounts of nitrogen (0.2-1.1 wt%) and it was

therefore not clear what role nitrogen atoms played in the uptake of hydrogen.

3.2.2.3 Activated carbide-derived carbons and zeolite templated carbons
Recently, several studies have reported on the post-synthesis chemical or physical

activation of zeolite-templated carbons (ZTCs) or carbide-derived carbons (CDCs) with
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the aim of improving hydrogen storage capacity,'>'®333%76.352.353

Such multi-step
(typically two steps) procedures can improve the hydrogen uptake by up to 96% and
63% for ZTCs and CDCs respectively. Thus, Sevilla et al. showed that chemical
activation (with KOH) of ZTCs generates activated carbons with surface area in the
range 1850 — 3100 m*/g and pore volume of between 1.5 — 1.75 cm’/g, which represents
an increase of up to 84% in surface area and doubling of pore volume." The activation
results in an increase in hydrogen uptake capacity (at -196°C and 20 bar) of between 60
and 96% from 2.4-3.5 wt% for ZTCs to between 4.3 and 6.1 wt% for activated ZTCs as
illustrated in Figure 13.

Regarding activation of CDCs, Gogotsi and co-workers, explored the effect of
physical (with air and CO,) and chemical (with KOH) activation of CDCs synthesized
from TiC at different temperatures (400-1000°C) on their hydrogen storage
capacity.'™® Activation resulted in a two-fold increase in the surface area and pore
volume of the CDCs, which reached 3360 m*/g and 1.4 cm’/g respectively. An
enhancement in hydrogen uptake (at -196°C and 60 bar) of up to 39% compared to the
raw CDCs was observed reaching a value of 4.6 wt%. More recently, Sevilla and co-
workers studied the influence of chemical activation on the porosity and hydrogen
storage capacity of CDCs derived from zirconium carbide.”® The resulting
superactivated CDCs were still remarkably highly microporous, with typically 90% of
surface area and 80% of pore volume associated with micropores, which resulted in an
enhancement of up to 63% in hydrogen uptake capacity (Figure 14). The superactivated
CDC with the highest surface area and pore volume values of (2770 m*/g and 1.47
cm’ /g respectively) had a hydrogen uptake capacity of 6.2 wt% at -196°C and 20 bar.
Moreover, at 1 bar the superactivated CDCs store up to 2.7 wt% hydrogen, which is

amongst the highest values ever reported for activated carbon.
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The positive effects of activation with respect to hydrogen storage have also
been demonstrated for MOF-templated carbons. A commercially available zeolitic
imidazolate framework (ZIF), namely Basolite Z1200 (BASF), was used to nanocast
ZIF-templated carbon with a surface area of ca. 1000 m*/g and pore volume of ca. 0.7
cm’/g.>>* Chemical activation (with KOH) of the ZIF-templated carbons increased their
porosity by between 30 and 240% to achieve surface area and pore volume of 3200
m*/g and 1.94 cm’/g, respectively. The activation enhances the hydrogen uptake
capacity of the ZIF-templated carbons by between 25 and 140% from 2.6-3.1 wt% to
the range 3.9-6.2 wt% (at -196°C and 20 bar). Thus activation of certain types of porous
carbons (ZTCs, CDCs or MOF-templated carbons) is a powerful tool for improving
their performance as hydrogen stores by up to 100%. However, the effects of activation
mean that a compromise between high surface area and total pore volume versus the

micropore volume is essential for achieving optimised hydrogen storage.

3.2.2.4 Activated carbon aerogels

The surface area of carbon aerogels, a class of porous materials with a low bulk density,
may be significantly increased via activation. Carbon aerogels are derived from a
variety of precursors via three sequential steps; (i) sol-gel polymerization of molecular
precursors into an organic gel, (ii) drying of the organic gel and (iii) carbonization of the
organic gel to generate the final carbon aerogel. Baumann and co-workers prepared
activated carbon aerogels with surface area as high as 3200 m?%g and tested their
hydrogen uptake at -196°C.>> The activation was performed using a stream of CO, at
950°C. An unactivated carbon aerogel with surface area of 330 m*/g adsorbed 0.8 wt%
hydrogen at 20 bar, whereas the activated 3200 m?/g sample stored 5.3 wt% hydrogen at
30 bar. In addition, an increase in the hydrogen uptake of unactivated carbon aerogels

doped with Ni nanoparticles was observed. Overall, though, a linear relation was
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observed between hydrogen uptake and surface area as shown in Figure 15. The isosteric
heat of hydrogen adsorption was calculated to be 7 kJ/mol for metal-doped carbon aerogels
and 6 kJ/mol for activated carbon aerogels, which is comparable to other types of high
surface area carbons.”® Similar hydrogen uptake, i.e., 5.2 wt% at -196°C and 35 bar was
reported by Tian et al for KOH activated carbon aerogels.*®’ Similar to the work of
Baumann et al., a clear correlation was observed between the hydrogen uptake and
surface area of the activated carbon aerogels. The successful synthesis of carbon
aerogels, via a simple subcritical drying route and subsequent activation to high surface
area carbons with attractive properties for hydrogen storage has also been reported.>>®
The unactivated carbon aerogels are highly microporous with a surface area of 508 m?/g
and pore volume of 0.68 cm’/g wherein micropores account for 80% (407 m?/g) of
surface area. Chemical activation with KOH generates activated carbon aerogels with
surface area of between 915 and 1980 m?/g and pore volume of up to 2.03 cm’/g. The
activated carbon aerogels store between 3.5 and 4.3 wt% hydrogen at -196 °C and 20
bar, and the amount of hydrogen adsorbed correlates well with the surface area. The
hydrogen storage density of the carbons is high (up to 16.2 pmol Hy/m) with small

micropores favouring high density.

3.3.3.5 Volumetric hydrogen uptake of activated carbons

Research in materials for hydrogen storage for on-board hydrogen storage systems, is
geared towards achieving various targets set at levels that may allow commercial and
practical viability. Targets that are often quoted are those set by the United States
Department of Energy (DOE); the most recent targets for 2017 are a system gravimetric
uptake capacity of 5.5 wt% and volumetric uptake capacity of 40 g/L.262 It should thus
be recognized that although most reports to date on hydrogen storage in activated

carbons and other porous materials emphasize the gravimetric hydrogen uptake, it is the
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case that volumetric capacity is equally if not even more important. The conundrum is
that the volumetric hydrogen uptake of a porous solid state material is related to its
packing density. Most porous materials, including activated carbons, by their nature
tend to have low density and therefore, despite attractive gravimetric hydrogen uptake,

have low volumetric uptake.*' "

263,359,360,361,362,363, 364,365,366, 367,368, 369,370,371,372,373,374,375.376 por exammle. the total
volumetric hydrogen storage on the best activated carbon at 25°C was found to be
16.7 g Hy/L and 37.2 g Hy/L at 200 bar and 500 bar, respectively and 38.8 g Hy/L at -
196°C and 40 bar.”®

The volumetric hydrogen uptake of porous materials can potentially be
improved by densification or compaction. However, such densification generally comes
at the expense of surface area of the material, which rather negates any gains since the

32,377,378,379,380,381,382 Recently, there have

hydrogen uptake is dependent on surface area.
been studies that have considered the compaction behaviour of activated carbons (and
metal organic frameworks) and its effect on hydrogen uptake.*®***353% I general,
whilst activated carbons exhibit good mechanical stability,383'385 MOFs tend to collapse
and lose their porosity even at low compaction pressures.** ~*® There is ongoing interest
in densification as a means of improving the hydrogen volumetric uptake capacity of
activated carbons. High surface area activated carbons compacted at 40 MPa have been
shown to have a packing density of 0.4 — 0.5 g/L and volumetric hydrogen uptake of ca.
20 g/L at -196°C and 40 bar.’*?* Linares-Solano and co-workers recently found that
activated carbon monoliths with a high packing density of 0.7 g/cm® and good
micropore volume can achieve a total volumetric hydrogen uptake capacity of ca. 39
g/L at -196°C and 44 bar, which is amongst the highest values reported so far based on

387

measured packing density of materials,”" while Zhou and co-workers observed similar
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volumetric hydrogen uptake capacity of 41 g/L at -196°C and 60 bar for compacted
activated carbon with a packing density of 0.72 g/em’>*' On the other hand,
densification of zeolite Y-templated microporous carbons via hot-pressing at 300°C and
147 MPa can achieve packing density of 0.7 — 0.9 g/cm’, commercially available KOH-
activated carbons do not undergo such densification when hot-pressed under similar
conditions.*® Thus, so far, attempts at densification of activated carbons have achieved
a volumetric hydrogen uptake of no more than 40 g/L at 50 bar and -196°C. !+ 383388
One of the limitations of further densification is that high surface area activated carbons
can only withstand compaction pressure of up to 420 MPa.*®

It has been suggested that the morphology and particle size of activated carbons
may also play a role in the achievement of high volumetric hydrogen storage. In this
regard, it has been claimed that activated polymer blend carbon nanofibers (ACNFs),
due to their very thin diameter and amenability to packing together that allow high

packing densities without change in textural properties, can store ca. 34 g H,/L (for

ACNFs with surface area of 1500—1700 m%/g) at -196°C and 40 bar.**’

4. Summary and outlook

Activated carbons have a long history of usage and production, although their structural
and chemical characteristics are experiencing continual evolution to fulfill the
requirements of more demanding emergent applications. Research efforts are focused
on advances in the control of their characteristics through the development of novel
activation procedures and selection of precursors with specific chemical or structural
characteristics. To date, activated carbons with high apparent surface area (up to ca.
4000 mz/g) and various morphology (for example, powders, fibers, cloths, monoliths)
have been synthesized through careful selection of activating agent and/or carbon

precursor. Although certain activation procedures allow control and tuning of the pore
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size distribution, further advances are necessary because high surface areas are usually
generated at the expense of pore size enlargement and general loss of pore size control.

In spite of the recent advances on the control of the porosity of carbon materials
through templating procedures, and the development of novel materials, such as
graphene or carbon nanotubes, activated carbons remain primary choice for the
construction of electrodes for commercial supercapacitors due to their availability, cost
and simpler production methods. The situation is likely to remain in the medium to long
term, although higher control over the textural properties (particularly pore size) is
required to maximize the energy and power densities to comply with future energy
demands. Furthermore, substantial reductions in cost are essential, and it is likely that
precursors such as biomass, which is low-cost, readily available and renewable, will
play a key role.

Activated carbons are being intensively studied for use in second generation
supercapacitors, which promise to boost the amount of energy stored, while keeping the
cycling stability and power capability to levels typical for EDLCs. With these novel
configurations, the entire performance range (in terms of energy and power density)
existing between conventional capacitors and electrochemical batteries will be covered.
Furthermore, the possibility of using aqueous electrolytes, make these devices more
economically and environmentally friendly than conventional EDLCs and batteries.
These technologies are still in their infancy and will benefit from further breakthroughs
in materials science, including in porous carbon fabrication, as well as in
electrochemistry.

The development of porous materials capable of storing enough hydrogen to
accomplish the targets required for on-board applications (mainly storage temperature

and pressure) still remains a challenge. In this particular field of investigation, activated
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carbons are one of the most studied class of materials. However, the ambient
temperature hydrogen storage capacity of activated carbons is, to date, well below the on-
board targets. Although it is clear that optimization of the textural properties (surface area
and pore size) can improve hydrogen storage at room temperature, real breakthroughs
may not be possible via modification of textural properties alone. In this regard, a
promising strategy to enhance the strength of hydrogen interaction with the sorbent so as
to achieve hydrogen storage at room temperature is doping of activated carbons with
metal nanoparticles capable of producing spill-over. However, further fundamental
research to clearly understand the spillover as applied in hydrogen storage processes is

needed.
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Table 1. Supercapacitor performance of activated carbons present in the literature (two-

electrode cell system).

Surface

. Capacitance E P’
Material Electrolyte (:\I:'ze/g) (Flg)* (Whikg)  (KW/kg) Reference
Rubber wooiscawdust-based H,S0, <920 8-139 0.1 0.6 129
ACF cloth Organic 1500-2500 36.5 36.2 11.1 133
AC microbeads 221-413 - -
ACE KOH 606-2442 94540 - - 140
ACF Organic 682-771 41 - - 142
ACs Organic 960-1848 32 - -
ACs Organic 1200-2315 60-125 - - 112
ACs H,SO4 505-1270° 65-322 - - 143
________ 1,80, ~160-310
Activated bituminous coal =~ | KOH 800-3030 124-286 - - 145
Organic ~120 — 180
HTC-based AC Organic 2125-2967 150 - 236 - - 98
Straw-based AC Organic 2316 251 146
Lo 200 —-250 (20°C)
Polypyrrole-based AC Ionic Liquid 2095-3432 250 — 300 (60°C) - - 147
Coal and pitch-derived AC H,SO, 1900-3150 198-312 - - 148
PX-21 H,S0O,4 3000 240 - - 148
UV S0, 279
Peach stone-derived AC Kom 2692 367 - - 149
Resorcinol/formaldehyde- KOH 5$22-2760 186-294 ) ) 150
based AC
Mesophase-based AC H,SO4 403-2652 50-334 0.45-2 1.5-12 127
Petroleum coke-based AC KOH 792-2312 125-288 ~8-10 0.2-0.3 151
MCMBs-based AC KOH 2230-2543 248-326 - - 152
Sunflower sffg shell-based KOH 619-2585 220-311 3-6 1-2.5 153
Petroleum coke-based AC KOH 1180 160 8.7 - 154
77777777 H,SOs ) 174-232 0.9-2 0.7-2
Cherry stone-based AC Organic 1130-1273 110-120 47 16 155
Beer lees-based AC H,SO4 2113-3557 128-188 - - 156
Needle coke-based AC Organic 400-2900 14-44 - - 157
Polyfurfuryl zlé"h"l'de“ved Organic 1070-2600 65-150 32 38 158
Mesophase pitch-based AC Organic 687-2583 100-140 - - 159
Black liquor-based AC Organic 1370-3089 21-414 - - 160
Anthracite-based AC Organic 943-2479 57-167 - - 161
PVDC-based AC Organic 1829-2675 108-155 - - 162
Sugar cane bagasse-based AC H,S0, 1155-1788 240-300 5.9 10 163
Waste °°ffezgr°”“d'bmd Organic 940-1021 100-134 540 01215 164
Sucrose-based AC Ionic liquids 817-1941 ~45-178 - - 165
CDC-based AC Organic 1708-2139 103 - 180 - - 102
Activated carbon aerogel Organic 1408 100 27 - 166
Activated carbon aerogel KOH 401-1418 71-146 - - 167
Activated templated carbon Organic 1178 93.5 - - 168
Activated templated carbon KOH 930-2060 120-180 ~2.7-4.2 4.5-5.5 169
ated templated carbon H,SO, 250
Activated templated carbon Organic 1685 130 - - 170
Activated templated carbon NaCl 1598, 1940 785,114 - - 171
Activated templated carbon KOH 930-1410 144-200 - - 172
Activated CNTs KOH ~230-644 ~20-55 - - 173
Activated CNTs KOH 510.5 50 - - 174
. Organic 3100 150 - -
Activated MEGO Tonic liquid 2400 166 =70 250 176
Activated graphene-like =~ ] KOH 1874 276 7.3 0.71 179
nanosheets Organic 196 54.7 10
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. 264 ~10 ~100
Activated carbon nanoplates 2557 168 T 377 180
Activated SMEGO Ionic liquid 3290 174 ~74 338 182
O-rich activated anthracite d
and ACFs H,S0, 173-3038 96-321 - - 48
O-rich activated mesophase | H,SO, } ~170-270 ) )
pitch KOH 1605-2008 ~155-210 188
O-rich corn grains-based AC KOH 2936-3420 ~205-257 - - 190
O-rich bltumilcéus coal-based KOH 1950 370 3 10 191
O-rich AC H,S0, 918-1480 227-351 - - 193
O-doped AC H,S0, - 202-254 - - 196
0O-doped ACF H,S0, 428-1011 112-180¢ 195
Tonic liquid 126-130
O-doped AC 11,30, - 137 - 197
O- and N-doped AC H,S0, 1019 368 10 10 189
O- and N-doped ACs H,S0, 808, 732 200, 230 - - 192
________ H,S0, 112-149
O- and N-doped ACs KOH 585-689 96.109 - - 205
________ HSO, ~200-350°
O and N-doped ACs KOH 1577-2510 180-320% - - 206
________ HSO, ~170-200
N-doped ACF KOH 300-705 ~220-240 4-6 20 200
Organic 705 ~110 ~5 30
N-doped ACs H,S0, 1364, 1435 260, 330 - - 201
N-doped ACs Organic 803-3075 ~83-215 ~4-9¢ NOO';; 208
N-doped activated templated KOH 916 240 3 15 209
carbon
S-doped AC H,S0, 2420 206 - - 210

* Determined at low current densities in charge/discharge experiments.
® Values at high current density.

It is not BET surface area but total surface area estimated as Spi+Sex
4 values of capacitance for the three-electrode cell system.

¢ Expressed in volumetric base, i.e. E [=] Wh/L and P [=] kW/L.
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Table 2. Supercapacitor performance of activated carbon/metal oxide composites or
activated carbon/conducting polymer composites currently available in the literature
(two-electrode cell system).

Surface area Capacitance

Material Electrolyte (m2 /g) (F /g)a Reference
AC/Ru0O, H,SO, 529-2415 142-288 211
AC/Ru0O, H,S0O, 845-1100 145-260° 212
AC/Ru0O,xH,0 H,S0O, - 243-350 213
AC/RuO,xH,0 H,SO, 460-878 135-250° 216
AC/Ru0O, KOH - 218-288 217

TEABF/AN 070
AC/RuO, EMIBE/AN 541-1094 5080 218
AC aerogel/Mn;0, KOH - 168° 220
AC-MCMB/MnO, LiPF, (EC+DMC) - 183 221
AC-MCMB/Mn;0, LiPF, (EC+DMC) 3127 178 222
AC/A-MnO, Na,SO, 523, 1144 85, 120 223
AC-CNT/MnO, Na,SO, - 250°¢ 224
AC/MnO, Na,SO, - 110-461° 225
AC/ZnO Na,SO, - 42-76° 226
AC/Ni(OH), KOH - 261-315° 227
. LiClO4/EC-DEC or
AC/TiO, Et,NBF,/EC-DEC - 64.5 228
AC/TiO, H,SO, - 155 230
AC/PANI H,SO, - ~200-320° 231
AC/PANI H,SO, - 587° 232
920-1127 273-316°

AC/PANI H,SO, 9031100 135-187° 233
AC/PANI H,SO, 875-2312 45-80 234
AC/PANI H,SO, - 238° 235
AC/PANI H,SO, - 180° 236

? Determined at low current densities in charge/discharge experiments.
® Values of capacitance for the three-electrode cell system.
¢ Determined at low sweep scan in CV experiments.
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Figure 1. Pore size distribution of a) yarrabeel150 coal chars gasified to various

conversions in air at 380°C, determined from Ar adsorption isotherms at 87K (@ - 4.5%,
O-154%, V¥ -404 %, V -57.0%, B - 57.3%, (1 - 71.3%, ¢ - 83.1%, < - 94.8 %)

(reproduced with permission from ref. 16), b) activated carbons prepared at 750°C using

different KOH/precursor ratios (reproduced with permission from ref. 49), ¢) activated

carbons prepared from coffee bean husks at 450°C using different H3;POu/precursor

ratios (reproduced with permission from ref. 50) and d) activated carbons prepared from

hydrothermally carbonized eucalyptus sawdust at different activation temperatures

(600-800°C), using a KOH/HTC-sawdust ratio = 2 (reproduced with permission from
ref. 62).
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Figure 2. a) Pore size distribution of MAXSORB, KOH/C = 5, 700°C for 100 min;
adapted from ref. 88 and b) TEM micrograph of Amoco PX-21; reproduced with

permission from ref. 87.
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Figure 4. Synthesis procedures for the generation of activated carbon monoliths: a) with

binder and b) binderless.
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Figure 5. Photo image of the raw material (a) and activated carbon monolith (b).

Reproduced with permission from ref. 119.
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Figure 6. a) Schematic representation of a) a supercapacitor and b) Ragone plot for

various electrical energy storage systems [Reproduced with permission from ref. 390].
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Figure 7. Supercapacitors commercialized by different manufacturing companies.
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and b) evolution of the specific capacitance of the various carbons with the increase of

current density in galvanostatic charge-discharge experiments (Reproduced with

permission from ref. 162)
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Figure 10. a) Schematic representation of the configuration of a non-aqueous Li-ion
capacitor consisting of an AC positive electrode and a Li intercalation compound
negative electrode and b) schematic illustration of the relative potentials of the positive
and negative electrodes of EDLC based on AC as a function of charge and the general
redox potential of various intercalation compounds. Reproduced both figures from ref.

237 with permission from Springer.
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Figure 11. Plot of specific hydrogen uptake (in pmol H, m™) as a function of pore size

for biomass-derived activated carbons; activated once (O) and doubly activated (@).°
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