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Broader context

Porous carbon composites as clean energy
materials with extraordinary methane storage
capacityt

Ibtisam Alali,®> Amina U. Shehu (22 and Robert Mokaya (2 *?

The main hurdle that is holding back the use of natural gas as a fuel for vehicles and in other forms of
transportation is the lack of materials that can store sufficient amounts under accessible operating
conditions to make it both viable and competitive. In this regard, the main challenge is finding materials
that have the right balance of porosity and packing density, and that can store and deliver methane to
the set volumetric targets. Here we report a new approach to achieving such materials by presenting
the concept of carbon composites that simultaneously have high porosity (up to ca. 2800 m? g~* and
1.5 cm® g% and high packing density (up to ca. 1.0 g cm™3). Using plastic waste as starting material,
we have prepared carbon composites that are modelled on activated carbons but with an added
inorganic component, and that achieve (at 25 °C) methane storage of 285 cm® (STP) cm™ at 35 bar,
374 cm?® (STP) cm™> at 65 bar and 447 cm® (STP) cm™> at 100 bar. The carbon composites can also
deliver methane of up to 256 cm?® (STP) cm™ for a pressure swing of 35 to 1 bar, 280 cm® (STP) cm™*
for a 65 to 5 bar pressure swing, and 358 cm® (STP) cm™> for a 100 to 5 bar pressure swing. This
methane storage performance is greater, by some margin, than any previously reported and meets set
volumetric uptake targets even at a low pressure of 35 to 65 bar. Our findings offer a new concept and
insights in the much wider area of the development of porous materials for the storage of energy-
related gas (CH4, H,, CO,, etc), and could offer a step change in the achievable level of volumetric
storage of methane as a fuel especially for vehicular transport use.

This manuscript presents a new synthesis approach that yields materials that address the main bottleneck that is holding back the use of natural gas as a fuel
for vehicles and in other forms of transportation, .e. the lack of porous solids that can safely store sufficient amounts of natural gas under accessible operating
conditions. The materials challenge is to find solids with the right balance of porosity and packing density, which can store and deliver methane to set
volumetric targets. We present the concept of carbon composites, comprising carbon and alumina, that simultaneously have high porosity (up to
ca. 2800 m> g~ ' and 1.5 cm® g~ ') and high packing density (up to ~1 g cm ). The carbon composites are prepared via simple activation methods for
activated carbons but with a serendipitous twist in the preparation procedure, which allows the presence of alumina as a minor component. The inorganic
component in the carbon composites contributes to enhanced packing density. At 25 °C, the carbon composites achieve methane storage (cm® (STP) cm™°) of
285, 374 and 447 at 35, 65 and 100 bar, respectively. The carbon composites can also deliver large amounts of methane (em® (STP) cm ™) of up to 256 (35 to 1 bar
swing), 280 (65 to 5 bar) and 358 for a 100 to 5 bar swing. These values represent a step change in the achievable level of methane storage, and our findings offer
a new concept and insights in the much wider area of the development of materials for energy-related gas (CH,4, H,, CO,, etc) storage.
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1. Introduction

The on-going use of fossil fuels means that minimizing
CO, levels in the atmosphere is regarded as one of the most
significant environmental and scientific challenges.'™ A variety
of approaches can be used to reduce CO, emissions, such as
improvements in the efficiency of existing energy sources, CO,
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energy sources.'* Ideally, using renewable and cleaner fuels
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with lower carbon emissions is the best strategy.” In this
regard, biogas and natural gas, which mainly consist of
methane (CH,), represent cleaner fuel alternatives that may
be used during the transition period to non-fossil fuels or
energy sources.®”® One of the main challenge that has pre-
vented the widespread use of natural gas as a transition fuel for
vehicular transport is its low volumetric energy density under
atmospheric conditions. The energy density can be improved
by storing natural gas as compressed natural gas (CNG) or
liquefied natural gas (LNG). However, both CNG and LNG are
not competitively viable under ambient temperature and pres-
sure, where the high cost of processes involved (cryogenics and
compression) and the high safety risk complicate their use.
On the other hand, storing natural gas in adsorbed form,
i.e., adsorbed natural gas (ANG,) is a promising technology that
can operate at low pressure and ambient temperature in a
manner that can reduce costs and offer improved ease of use.
The US Department of Energy (DOE) has recently set a volu-
metric methane storage target of 350 cm® (STP) cm *® and
gravimetric storage capacity of 0.5 g (CH,) g ' at room tem-
perature and a pressure of 35 to 100 bar to enable widespread
use of methane for vehicular transport. It is worth noting that
the 350 cm® (STP) cm ™ target was set at that level based on the
crystallographic density of metal organic frameworks (MOFs)
that are considered to be a leading class of methane storage
materials. The reasoning behind this target is that MOFs have a
crystallographic density that is at least 25% higher than their
actual packing density. Hence, this target (350 cm® (STP) cm™?)
allows for a 25% reduction in volumetric capacity (to ca.
263 cm® (STP) ecm ™) to account for packing of MOFs inside a
storage tank. Accordingly, porous adsorbents must meet the
263 cm® (STP) cm ® storage target to become practical storage
materials for ANG technology.

For viable use of methane as an energy source, especially for
vehicular transport, one of the most challenging barriers is
achievement of sufficient volumetric storage capacity. In this
regard, the main obstacle to achieving high methane storage in
solid adsorbents is finding a suitable balance between porosity
(surface area, pore volume and pore size), which determines the
gravimetric uptake, and the packing density that is critical for
volumetric uptake. The porosity-packing density conundrum
must, therefore, be resolved before MOF or carbon-based
porous materials can realistically store viable amounts of
methane on a volumetric basis. Sufficiently high gravimetric
methane uptake can already be achieved especially for MOFs
and carbons that have very high surface area.’®*! However, for
MOFs, the highest surface area and porosity is accompanied by
lower packing density, a combination that fails to deliver
sufficient volumetric uptake.'®*""**>?! Attempts to address
this conundrum include compaction® or preparation of mono-
lithic MOFs that have higher packing density.>*** However, due
to their low mechanical stability, compaction is not an entirely
viable solution for MOFs as densification (i.e., increase in
packing density) is usually accompanied by diminution of
porosity and consequently lowering of gravimetric uptake.*>*’
The synthesis of monolithic MOFs is a more recent approach
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that has proved more successful but suffers from low gravi-
metric methane uptake because monolithic MOFs tend to have
low to moderate porosity.>>>* Porous carbons, on the other
hand, are more amenable to densification/compaction with
retention of porosity and gravimetric gas uptake.’*' Alterna-
tive approaches have explored the use of binders to improve the
packing density of porous carbons,*” or the synthesis of mono-
lithic forms of activated carbons.*?

Despite a great deal of on-going and previous research, there
appears to be a limit to the packing density (and consequently
volumetric gas uptake) that can be achieved by MOFs and
purely carbonaceous carbons. A new synthesis approach to
porous materials is therefore required if the desired target
levels of methane volumetric storage are to be achieved. Here
we explore a new approach that is based on the preparation of
porous carbon composites consisting mainly of carbon along
with some inorganic matter as a minor component. To illus-
trate our approach, we have used plastic waste to generate the
carbon composites, which adds to the environmentally friendly
credentials of the synthesis route. Plastic waste, especially
polyethylene terephthalate (PET), is one of the largest and most
problematic source of solid waste, meaning that the disposal of
PET products is now a critical environmental issue.’**® Whilst
PET products may be recycled via mechanical approaches,
chemical recycling is preferred as it adheres to ‘sustainable
development’ principles,**® and opens up new ways of gen-
erating high-value-added carbons.?® Crucially, the carbon com-
posites are prepared using well-established procedures for the
synthesis of activated carbons but with a twist wherein an
inorganic component is present during the activation step.
The carbon composites still achieve porosity that is suitable
for moderate to high gravimetric methane storage but more
importantly, the presence of an inorganic component enhances
their packing density with the consequence that they have very
attractive levels of volumetric uptake. The inorganic compo-
nent, which in the present case is mainly alumina, can also act
to strengthen the carbon composites once they are compacted
meaning that mechanically stable and robust pellets or discs with
high packing density are generated with virtually no loss in porosity
or gravimetric methane uptake compared to powder forms.

2. Experimental section
2.1 Material synthesis

The PET waste used as a carbon precursor was obtained from
post-consumer water bottles. The bottles were cleaned to be
free of impurities and dried, then cut into small pieces. The
PET was first converted to hydrochar via hydrothermal carbo-
nization (HTC) as follows: 4.6 g of PET waste was dispersed in
20 ml of deionised water and placed in a stainless-steel auto-
clave, which was then heated to 250 °C, maintained at 250 °C
for 2 h and cooled to room temperature. The resulting carbo-
naceous product, the PET hydrochar (PETHC), was filtered,
washed abundantly with deionised water, and dried at 100 °C
for 24 h. The hydrochar was chemically activated as follows;
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the required KOH amount was added to the PETHC, at a KOH/
PETHC mass ratio of 4, and thoroughly mixed. The resulting
mixture was placed in an alumina ceramic boat and inserted
inside a tubular furnace and heated at a ramp rate of
3 °C min~" to temperatures ranging from 600 to 800 °C under
a flow of nitrogen. The furnace was held at the final tempera-
ture (600, 700 or 800 °C) for 1 h, and then cooled to room
temperature under a flow of nitrogen gas. The resultant acti-
vated carbon was stirred in 10% HCI at room temperature. The
final activated carbons were filtered, washed abundantly with
deionised water until neutral pH (pH = 7) for the filtrate was
achieved, and dried in an oven at 100 °C. The resulting carbons
were designated as PET4T, where 4 is the KOH/PETHC ratio
and T is activation temperature in °C (600, 700 or 800). KOH/
PETHC ratio of 4 was used as it yielded materials with porosity
suitable for further exploration as methane stores.

We also used sawdust (SD) as starting material in a synthesis
procedure where a known amounts of alumina was added to
the activation mix. This sought to demonstrate that any suita-
ble starting material as source of carbon and any source of
alumina (i.e., added alumina or leaching of alumina boats) can
be used to prepare the activated carbon composites. The SD was
sieved to obtain a homogeneous particle size (#280 nm). 4.6 g of
the SD was dispersed in 20 ml of deionised water and placed in
a stainless-steel autoclave, which was then heated to 250 °C,
maintained at 250 °C for 2 h and cooled to room temperature.
The resulting sawdust-derived hydrochar (SDH) was filtered,
washed abundantly with deionised water and then dried in the
oven at 100 °C. The SDH was activated as follows; 4 g of KOH
was placed in an agate mortar and ground into a fine powder.
1 g of SDH was added to the powdered KOH, followed by
addition of a known amount of alumina. The KOH, SDH and
alumina were thoroughly mixed resulting in a black solid,
which was transferred into a ceramic boat, placed into a
horizontal furnace and heated up to 800 °C (at ramp rate of
3 °C min~") and held for 1 h. After cooling to room temperature
under a flow of nitrogen, the activation products were washed
with 20% HCI and with deionized water until neutral pH of the
filtrate was achieved. The activated carbon products were then
dried in the oven and designated as SDHACCx (SDH derived
activated carbon composite) where x represents the ratio of
SDH to alumina in the activation mix. An activated carbon
sample with no alumina added was also prepared as described
above and designated as SDHAC.

2.2 Material characterisation

Elemental, CHN, analysis was performed on an Exeter Analy-
tical CE-440 Elemental Analyser. Thermogravimetric analysis
(TGA) was performed using a TA Instruments Discovery analy-
ser or TA Instruments SDT Q600 analyser under flowing
(100 mL min~") air conditions. A PANalytical X’Pert PRO
diffractometer was used to perform powder XRD analysis using
Cu-Ko light source (40 kV, 40 mA) with step size of 0.02°
and 50 s time step. Raman spectra were recorded using a
Horiba-Jobin-Yvon LabRAM Raman microscope with a
532 nm laser operating at ca. 4 mW (10%) and a 600 lines per
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mm grating. Spectra were collected by averaging 8 acquisitions
of 60 s duration. The Raman shift was calibrated using the
Rayleigh peak and the 520.7 cm™" Si line from a Si (100)
reference sample. Nitrogen sorption analysis (at —196 °C) with
a Micromeritics 3FLEX sorptometer was used for porosity
analysis and to determination of textural properties. Prior to
analysis the samples were degassed under vacuum at 200 °C for
16 h. Surface area was calculated using the Brunauer-Emmett-
Teller (BET) method applied to adsorption data in the relative
pressure (P/P,) range of 0.02-0.22. The relative pressure range
was selected so as to ensure a positive y-axis intercept from
multipoint BET fitting (such that C > 0) and that V,45(1 — p/po)
would increase with P/P,. The pore volume was estimated from
the total nitrogen uptake at close to saturation pressure (P/P, ~
0.99). The micropore surface area and micropore volume were
determined via t-plot analysis. The pore size distribution (PSD)
was determined using non-local density functional theory (NL-
DFT) applied to nitrogen adsorption data. Scanning electron
microscopy (SEM) images were recorded using an FEI
Quanta200 microscope, operating at 5 kV accelerating voltage.

2.3 Methane uptake measurements

Methane uptake was determined using a Hiden Isochema
XEMIS Analyser. Before the uptake measurements, the carbon
samples were degassed at 240 °C under vacuum for several
hours. Methane uptake isotherms were obtained at 25 °C over
the pressure range of 0 -100 bar. The balance of the XEMIS has
an error of +0.2 pg, a temperature error of £0.1 °C, while the
sample temperature has an error of £0.01 to 0.1 °C.

3. Results and discussion

3.1 Yield, elemental composition and nature of carbon
materials

The yield and elemental composition of the PET-derived hydro-
char (PETHC) and PETA4T activation products are presented in
Table 1. The elemental composition of the PET bottle waste
used as starting material (precursor) is consistent with that of
PET polymer (i.e., (C19HgO,4),). The yield of PETHC hydrochar
from the PET bottle waste was 73%, which is much higher
compared to other types of precursors that typically have
hydrothermal carbonization yields of between 30 and 50%.*"*?
As expected, the elemental C content increased following

Table 1 Yield and elemental composition of PET-derived hydrochar
(PETHC) and PETAT activated carbon composites derived from PETHC
via activation with KOH

Sample Yield” [wt%)] C [%] H [%] M? [%] O° [%] O/C* ratio
PET (bottle waste) 62.1 4.1 33.8 041
PETHC hydrochar 73 67.4 3.9 28.7  0.32
PET4600 42 670 0.1 7.9 250 029
PET4700 39 71.0 0.2 6.6 222 0.23
PET4800 37 772 03 62 163 0.16

¢ Yield of PETHC hydrochar is with respect to PET, while yield of PET4T
is with respect to PETHC. ? Estimated metal content. ° Obtained as
difference (i.e., 100-C-H-M). ¢ Atomic ratio.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Nature of PET-derived hydrochar and activated carbon composites. (a) TGA curves of PETHC hydrochar and PET4T activated carbon composites
prepared at KOH/PETHC ratio of 4, and 600-800 °C. (b) Powder XRD pattern of PET4T activated carbon composites prepared at KOH/PETHC ratio of 4,

and 600-800 °C.

hydrothermal carbonization from 62.1% for the PET bottle
waste to 67.4% for the PETHC hydrochar. Thermogravimetric
analysis (TGA) confirmed that the PETHC hydrochar did not
contain any inorganic matter as it was fully burnt off when
heated in air as shown in Fig. 1(a). This clarifies that any
inorganic components in the final PET4T activated carbon
products must be introduced during the next step during which
the PETHC hydrochar is activated with KOH. The yield of
activated products following activation of the PETHC hydrochar
with KOH is between 37 and 42% depending on the activation
temperature. Considering that the hydrochar yield from PET
bottle waste was 73%, this means that the overall yield of
activated matter with respect to the starting PET bottle waste
precursor is between 27 and 31%. Such a yield of activated
carbon products is higher than for most other precursors where
the yield for KOH activation ranges between 5 and 20%.*%*'
The elevated yield is an early indication of the presence of
denser non-carbon ingredients in the PET4T activation pro-
ducts. The retention of inorganic components was confirmed
by the TGA curves shown in Fig. 1(a). The curves of the PET4T
activated products indicate an initial mass loss below 100 °C,
which is ascribed to elimination of moisture and volatiles.
Sample PET4600 has a relatively higher initial mass loss, which
may be related to a more hydrophilic nature arising from the
presence of greater amounts of inorganic content. The main
mass loss for the PET4T activation products, corresponding to
carbon burn off, occurs between 550 and 650 °C, while on the
other hand, the PETHC hydrochar burns off completely
between 250 and 400 °C. For the PETAT activated samples,
the burn off occurs in the expected temperature range for non-
graphitic carbon. The residual inorganic matter for PETAT
samples varies with activation temperature; 9.5% for
PET4600, 8.0% for PET4700 and 7.5% for PET4800. The
presence of inorganic components mean that the final

This journal is © The Royal Society of Chemistry 2024

activated products (hereinafter referred to as activated carbon
composites) are composite materials, i.e., a mixture of carbon
and some inorganic matter.

The XRD patterns of the activated carbon composites are
shown in Fig. 1(b). All the PET4T samples exhibit broad and
low-intensity features at 20 = 22° and 44°, indicating that the
carbon component is amorphous (non-graphitic) in nature. The
broad peaks at 26 = 22° and 44° are nominally assigned to (002)
interlayer spacing between adjacent graphite layers and (100)
in-plane ordering of graphite, respectively. The XRD patterns
also show sharp peaks that have a non-carbon origin and which
arise from the presence of crystalline inorganic components. As
stated above, given that the PETHC hydrochar was purely
carbonaceous as confirmed by TGA (Fig. 1(a)), the inorganic
components in the final PET4T composite materials must arise
during the activation step with KOH. It is therefore necessary to
consider, firstly the possible compounds that may be formed
during the activation step from the reactants (i.e., PETHC
hydrochar and KOH), and secondly those that may arise from
other sources beyond the reactants.**™** The reaction between
KOH and the C in the hydrochar proceeds according to; 6KOH +
2C — 2K + 3H, + 2K,CO;. At temperatures above 700 °C, K,CO;
decomposes according to; K,CO; — K,O + CO,.**** Thus, the
main inorganic residues from KOH are K,CO; and K,O. For
conventional activation, these K residues are washed away to
generate fully carbonaceous activated carbons. The expectation
that K residues are washed away is in line with the observation
that the sharp XRD peaks in Fig. 1(b) are not consistent with
the presence of K,O and K,COj; only (Fig. S1, ESIt). The peaks at
26 = 25.5°% 35.1° and 43.1° may arise from K,CO; while that at
37.8° could be from K,O with the former being more pro-
nounced for sample PET4600 (Fig. Sla, ESIt). This is to be
expected because K,COj; only starts to decompose to K,O at
700 °C. However, the overall trend in the intensities of the

Energy Environ. Sci., 2024,17, 5024-5038 | 5027
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peaks at 25.5° 35.1° and 43.1° (Fig. S1, ESIt) is not consistent
with what is expected for K,CO;. Furthermore, no sharp peaks
are observed in the 20 region between 26° to 34° where peaks
are expected for K,CO; and K,O (Fig. S1a, ESIT). Thus, although
the presence of K,CO; and K,O cannot be entirely ruled out,
these compounds are unlikely to constitute the main part of the
inorganic component present in the activated carbon compo-
sites. On the other hand, all the sharp peaks and their intensity
suggest the presence of Al,O; (Fig. S1b, ESIT). The alumina can
only be introduced during the activation step, and is then
subsequently retained in the carbon composites through the
washing steps as it is not soluble in HCl. The source of the
alumina can only be, unexpectedly and serendipitously, from
the alumina boat despite the known stability of such ceramics.
To remove any ambiguity regarding the source of alumina, we
ground an alumina boat to powder (designated as AB alumina)
and compared its XRD pattern to those of the PET4T samples
(Fig. S2, ESIT). The XRD pattern of AB alumina, and in parti-
cular the sharp peaks, are fully in line with those of the PET4T
activated carbon composites. This confirms the alumina boat,
via leaching, as the source of alumina.

The presence of inorganic components, chiefly alumina, is
reflected in the elemental composition of the PET4T activated
carbon composites (Table 1), which contain between 6 and
8 wt% of metal (M) content.”® The C content of the acyivated
carbon composites increases at higher activation temperature
as is usually also observed for purely carbonaceous activated
carbons.***? It is noteworthy that the presence of the inorganic
components means that the elemental O content (16-25 wt%)
is higher than that typically observed for equivalent (in terms of
level of activation) activated carbons, which is usually between
5- and 15 wt%. This translates to a noticeably high O/C ratio
(0.16-0.29) for the present activated carbon composites as
opposed to values below 0.15, which are typically observed for
fully carbonaceous activated carbons.*®™*>

The morphology of the carbon composites is dominated by
irregularly shaped particles with large conchoidal cavities
and sharp edges (Fig. S3 and S4, ESIf). Such morphology is
consistent with what is now accepted as being the typical
particle shape for KOH-activated carbons regardless of their
sources.’*™*® Despite the heterogeneous nature of the carbon
composites (with respect to their carbon/inorganic mix), the
SEM images give the appearance of essentially one phase
materials in a manner similar to fully carbonaceous activated
carbons.’”"® This means that the carbon and alumina are
uniformly integrated or interspersed, which is important in
terms of material consistency and properties. Elemental map-
ping (Fig. S5-S7, ESIt) confirmed that alumina is present and
that it is uniformly distributed throughout the carbon compo-
site samples. There is also evidence of residual K, but at an
apparently much lower concentration. Importantly, the elemen-
tal mapping is consistent with the TGA and XRD data in
confirming the presence of inorganic components, mainly in
the form of alumina. Furthermore, the XRD patterns (Fig. S1
and S2, ESIt), and in particular the intensity of the sharp peaks,
suggest that the size of alumina particles in the activated
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Fig. 2 Nature of PET-derived activated carbon composites. Raman spec-
tra of compacted CPE4T activated carbon composites.

carbon composites is no larger than those present in the
ground alumina boat (AB alumina). This was confirmed by a
combination of SEM images and elemental mapping (Fig. S8
and S9, ESIt), which showed that there are no large alumina
particles. The alumina particles, in general, appear to be either
of similar size or smaller than those of the carbon components
(Fig. S8 and S9, ESIY).

To further ascertain the nature of the carbon in the carbon
composites, we performed Raman analysis. The Raman spectra
are shown in Fig. 2. The spectra show bands at 1310-1330 cm ™"
and 1590-1610 cm™ ', which may, respectively, be ascribed to
the D-peak (disordered carbon) and the G-peak (graphitic
domains).”**> The spectra are similar to those typically
observed for activated carbons.®™*> The ratio of peak intensity
(i.e., area) of the D-peak to G-peak (Ip/Ig), based on the two-
band fitting model is in line with previous reports for activated
carbons. This confirms that the carbon component in the
PETAT activated carbon composites is largely amorphous in a
manner similar to conventional activated carbons. The Raman
spectra, therefore, confirms that the presence of inorganic
matter (alumina) does not alter the nature of the carbon
component or its level of graphitisation.

3.2 Porosity and textural properties

For use in methane storage, the as-prepared powder forms of
the activated carbon composites would need to be compacted
or extruded into pellets or discs. The porosity, textural proper-
ties and packing density that are most relevant to performance
of the composites in methane storage are therefore those of the
compacted forms. For this reason, we compacted the activated
carbon composites and in discussing their porosity and pack-
ing density, we will concentrate on the compacted forms of the
composites but will make relevant comparisons with as-
prepared powder equivalents. The carbon composites were
compacted in a 1.3 cm (diameter) die, at 370 MPa for 10 min.
under ambient temperature conditions. The compacted activated

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Porosity of PET-derived activated carbon composites. (a) Nitrogen sorption isotherms and (b), pore size distribution (PSD) curves of PET-derived
activated carbon composites before and after compaction at 370 MPa for 10 min. The PSD curves of PET4700 and CPET4700 are offset (y-axis) by 0.1,

while those of PET4800 and CPET4800 are offset by 0.2.

carbon composites are designated as CPET47, where C denotes
compaction and T is the activation temperature (600, 700 or
800 °C). On compaction, the powder forms of the composites
were converted to well-formed and mechanically robust pellets/
discs (Fig. S10, ESIt). The nitrogen sorption isotherms and pore
size distribution (PSD) curves of the PET-derived activate carbon
composites before and after compaction are shown in Fig. 3. The
isotherms indicate that the composites have a mix of micropor-
osity and mesoporosity. Crucially, there is no change in the shape
of the isotherms following compaction. The level of porosity
(amount of nitrogen adsorbed) is also retained after compaction
(Fig. 3(a)). The micro/mesoporous nature of the carbon compo-
sites is evidenced in the pore size distribution curves with pores of
size between 5 and 35 A with pore maxima at 7, 12 and 22 A
(Fig. 3(b)). The proportion, and size, of larger mesopores increases
at higher activation temperature.

The textural properties of the PET-derived carbon compo-
sites are summarized in Table 2. In the context of activated
carbons, the PET-derived composites have moderate to high

surface area depending on the activation temperature.
As activation temperature rises, the surface area of powder/
compacted composites increases from 2154/2045 m* g ' for
PET4600/CPET4600 to 2650/2590 m> g ' for PET4700/
CPET4700 and to a high of 2828/2793 m”> g~ " for PET4800/
CPET4800. The carbon composites retain at least 95% of sur-
face area after compaction while the pore volume follows a
similar trend and varies with activation temperature in the
range 1.11-1.47 cm® g~ ', with virtually no change after compac-
tion. It is worth noting that surface area of 2800 m”> g~ is at the
higher end in the context of previously reported results for PET-
derived purely carbonaceous activated carbons.*”*° The micro-
mesoporous nature of the composites is further evidenced by
the proportion of surface area and pore volume arising from
micropores, ie., 80% of surface area, and 66-73% of pore
volume. There is no change in the proportion of microporosity
after compaction. It is interesting to note that, despite contain-
ing some alumina, the surface area of the activated carbon
composites is comparable to that of equivalent (in terms of

Table 2 Textural properties of PET-derived activated carbon composites before (PET4T) and after (CPET4T) compaction

Surface area Micropore surface Pore volume

Micropore volume

b

Surface area Packing density? Volumetric surface

Sample (m*> g™ area’ (m”> g™ ") (em® g™ (em® g™ density’ (m*> em™%) (g em™) are’ (m*> cm™?)
PET4600 2154 1758 (82) 1.11 0.78 (70) 1941

CPET4600 2045 1618 (79) 1.11 0.73 (66) 1842 1.13 2311

PET4700 2650 2129 (80) 1.43 0.96 (67) 1853

CPET700 2590 2079 (80) 1.38 0.93 (67) 1877 1.01 2616

PET4800 2828 2352 (83) 1.47 1.07 (73) 1924

CPET4800 2793 2292 (82) 1.47 1.06 (72) 1900 0.98 2737

“ The values in the parenthesis refer to: % micropore surface area. ” The values in the parenthesis refer to: % micropore volume. ¢ Surface area
density is obtained as the ratio of total surface area to total pore volume. ¢ Packing density of the compacted (at 370 MPa for 10 min) composites
(in the form of well-formed discs) was obtained from their mass and volume (volume = nr*h, where r is radius of the disc, i.e., 0.65 cm, and % is the
height of the disc). ¢ Volumetric surface area determined as surface area x packing density.
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activation conditions) purely carbonaceous activated carbons
(Tables S1 and S2, ESIY).'>'341:4250°55 This means that the
presence of alumina does not adversely affect the surface area
achieved for the PETxT activated carbon composites. This is an
important observation because the gravimetric methane uptake
of porous materials is dependent on their surface area.'*™*>?"??
We note that the use of lower amounts of KOH during activa-
tion, i.e., KOH/PETHC hydrochar ratio of 2, yielded materials
with lower porosity (Table S3, ESIt), which were considered
unsuitable for exploration for methane storage.

The packing density of activated carbons may be estimated
using the general equation; dearpon = (1/ps + Vo)~ ', where dearbon
is packing density, ps is skeletal density (2.1 g cm ™) and Vy is
total pore volume. Thus, if the as-prepared powder forms of the
present samples were purely carbonaceous, their estimated
packing density (g cm™®) would be 0.63 (PET460), 0.52
(PET4700) and 0.51 (PET4800). However, the fact that the
present activated carbon composites contain some alumina
(Al,O3), which has a theoretical density of 3.95 g cm ™3, means
that the composites have a higher packing density than if they
were fully carbonaceous. In this regard, we estimated the
impact of the alumina on the packing density of the composites
by calculating the extent to which the presence of known
amounts of alumina would increase the density of a purely
carbonaceous activated carbon (Table S4, ESIt). In this way,
based on the amount of alumina (from TGA analysis) present in
the carbon composites, the estimated packing density of pow-
der forms of the composites is in the range 0.78 to 0.95 g cm >,
ie, 0.95 g cm® for PET4600, 0.79 g cm > for PET4700 and
0.78 g cm~* for PET4800 (Table S4, ESIT). The experimentally
determined packing density (based on the mass and volume of
the compacted CPET4T composites in the form of discs) of the
activated carbon composites is given in Table 2. The packing
density of the compacted carbon composites is, as expected,
higher than the estimated values stated above for powder forms
of the composites (i.e., prior to compaction) due to loss of
interparticle voids and some densification. The difference in
the packing density estimated for powder forms of the carbon
composites (i.e., 0.78 to 0.95 g cm>) and the experimentally
measured values of 0.98 to 1.13 g cm ™ ® (Table 2) was due to
densification arising from compaction. This means that there
is a rise in packing density of 19% (CPET4600), 28%
(CPET4700) and 26% (CPET4800) once the composites are
compacted at 370 MPa (3773 kg cm™>).

The increase in packing density observed on compaction of
the present activated carbon composites is consistent with
previous reports on the compaction or densification of purely
carbonaceous activated carbons. Increases in packing density
above 20% have been observed when activated carbons are
compacted at pressure of 399 MPa or 887 MPa,’® or even at
lower compaction pressure of 55 MPa.”” Furthermore, the
packing density of high surface area activated carbons
(LMA726 and LMA738) has been reported to rise by more than
40% after compaction at 74 MPa.'® The enhanced packing
density of the present compacted carbon composites is due to
a combination of the presence of alumina and densification,
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rather than simply the former. Given the enhanced packing
density, the activated carbon composites have the unusual and
hitherto unachievable combination of simultaneously having
relatively high porosity and high packing density. Indeed,
achieving such a balance between porosity and packing density
is likely to be out of the reach for purely carbonaceous porous
carbons. The presence of small amounts of inorganic matter
(alumina) clearly has a significant effect on the packing density
of the present activated carbon composites.

The surface area density (i.e., the ratio of total surface area
to total pore volume) of the activated carbon composites is
given in Table 2. The surface area density (SAD), before and
after compaction, is in the relatively narrow range of 1840-
1940 m* cm . It is noteworthy that the magnitude of the SAD is
consistent with the relatively low O/C ratio (Table 1) of the PET
hydrochar.'>'*”® A more interesting parameter with respect to
performance of porous materials in gas storage is the volu-
metric surface area, which has been suggested as a reliable
indicator of the volumetric methane storage capacity of any
porous solid.">"*?*?* The volumetric surface area of the carbon
composites is in the range of 2310 to 2740 m”> cm ™, and
increases with activation temperature. Such volumetric surface
area is the highest ever reported for any porous material
including activated carbons, MOFs and zeolites. Indeed, there
are hardly any reports of porous materials with volumetric
surface area above 2000 m” cm > especially for values obtained
using experimentally determined packing density rather than
crystallographic density. The use of crystallographic density for
MOFs can generate overestimated volumetric surface areas.”'
The genesis of the exceptional volumetric surface area of the
present carbon composites is the enhanced packing density
arising from the presence of alumina. The presence of alumina
in the activated carbon composites, therefore, enables the
preparation of porous materials with a combination of proper-
ties (i.e., optimization of both porosity and packing density)
that is not achievable via any known synthesis routes or for any
class of existing materials.

In order to demonstrate the general applicability of the
present approach for the synthesis of carbon composites, we
also prepared samples using a different starting material
(sawdust) along with addition of a known amount of alumina
during the activation step. This was done to demonstrate that
any suitable carbon source (precursor) or alumina source
(i.e., added alumina or leaching of the alumina boats) can be
used to prepare activated carbon composites. The activated
carbon product from sawdust hydrochar (SDH) was designated
as SDHAC when no alumina was added. With added alumina,
the products were designated as SDHACCx, where x is the SDH
hydrochar/alumina ratio in the activation mixture. The XRD
pattern of SDHAC is typical of amorphous carbon, and no sharp
peaks were observed (Fig. S11, ESIT), which confirms that there
was no leaching of alumina from the ceramic boat. On the
other hand, the SDHACCx samples, which were prepared with
added alumina, have patterns typical of amorphous carbon, but
crucially also exhibit sharp peaks that are due to the presence of
alumina (Fig. S11, ESIt). The pattern of the sharp peaks is
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similar to that of PET4T samples (Fig. S1 and S2, ESIt). This
indicates that the SDHACCx samples are activated carbon
composites that are a mixture of activated carbon and alumina
in a manner similar to that observed for PET4T carbon compo-
sites. TGA curves (Fig. S12, ESIT) show that whilst the SDHAC
carbon is completely burnt off with no residual mass (i.e., it is
fully carbonaceous), the SDHACCx samples, on the other hand,
leave some residual mass that can be attributed to alumina.
Furthermore, the residual mass increases with the amount of
alumina added (Fig. S12, ESIt). Moreover, the yield and ele-
mental composition provide further evidence of the presence of
alumina in the SDHACCx samples. The yield of SDHACCx
samples is higher than that of SDHAC (Table S5, ESIT), which
we attribute to the presence of retained alumina. Furthermore,
the O content of the SDHACCx samples (11 -17.4 wt%) is higher
than that of SDHAC (7.8 wt%). The greater O content of the
former is due to O associated with the presence of alumina
(Table S5, ESI).

The SDHACCx activated carbon composites have lower
porosity compared to the SDHAC carbon (Fig. S13 and
Table S6, ESIf). The surface area and pore volume of the
SDHAACx composites reduces compared so SDHAC, and the
reduction appears to be related to the amount of alumina in
the composites; higher alumina content (sample SDHACCS)
leads to greater reduction of porosity. However, the porosity
still remains relatively high and is comparable to that of the
PET4T and CPET4AT composites. It is also clear that the
presence of alumina shifts the porosity towards micropores;
the PSD curves (Fig. S13b, ESIt) show a decrease in the
proportion of mesopores while the micropores remains unaf-
fected. This results in an overall increase in the proportion of
micropore surface area (from 31% for SDHAC to up to 75% for
the SDHACCx carbon composites) and micropore volume (from
24% for SDHAC to up to 69% for the SDHACCx carbon
composites). Such levels of microporosity are similar to those
of the PET4T and CPET4T carbon composites. What is clear is

22
a
20 1
18
2 16 |
g 14
= 12
3 J
c 10 -
o
[oN
fr 8 —e— CPET4800 Total
T 6 —e— CPET4700 Total
(@) —e— CPET4600 Total
4 —o— CPET4800 Excess
2 | —O0— CPET4700 Excess
—0— CPET4600 Excess
0

0 10 20 30 40 50 60 70 80 90100
Pressure (bar)

View Article Online

Energy & Environmental Science

that the SDHACCx and PETAT activated carbon composites,
despite containing some alumina, retain open and accessible
porosity that can facilitate methane storage. The alumina,
which is retained during the washing step due to insolubility
in HCI, is well mixed with the carbon component. This means
that the final carbon composite materials are a uniform mix of
carbon and alumina as shown by elemental mapping (Fig. S5-
S9, ESIt). The sharp peaks in the XRD patterns of both PETxT
and SDHACCx composites (Fig. 1 and Fig. S1, S2 and S11, ESI¥)
also confirm that there are distinct particles of alumina uni-
formly interspersed within the carbon matrix.

3.3 Methane storage

The methane uptake of the activated carbon composites was
measured at 25 °C and pressure of up to 100 bar. The measure-
ments determined the excess uptake from which the total
methane storage capacity was obtained by taking onto account
the density of methane under the uptake conditions (i.e., 25 °C
and uptake pressure) and the total pore volume of the adsorb-
ing carbon composite. The equation 01 = Ogy. + (dcu, X Vr), was
used, where; 01 is total methane uptake, 0g, is the excess
methane uptake, dcp, is the density (g cm ) of methane gas at
25 °C and the uptake pressure (https://www.nist.gov/), and V is
total pore volume (cm® g™ ') of the carbon composite. The
excess and total gravimetric methane uptake isotherms of the
carbon composites are shown in Fig. 4, and Table 3 gives the
storage capacity at a range of pressures (35, 65, 80 and 100 bar).
The excess methane uptake isotherms are fully reversible
(Fig. S14, ESIt) and they are also repeatable (Fig. S15, ESIT),
which vouches for the veracity of our measurements. Measure-
ment of methane uptake using empty sample holders indicated
nil uptake (Fig. S16, ESIt). The excess uptake appears to
approach saturation at 90 bar with limited increase at pressures
above 80 bar. The excess uptake is in line with the surface area
of the composites, which is consistent with previous observa-
tions on the link between gravimetric methane uptake and the
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Fig. 4 Methane uptake of PET-derived activated carbon composites. (a) Gravimetric methane uptake as a function of uptake pressure. (b) Volumetric

methane uptake as a function of uptake pressure.
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Table 3 Excess and total gravimetric methane uptake of PET-derived
CPETAT activated carbon composites

Gravimetric methane uptake (mmol g %)

Excess uptake Total uptake

Sample 35 bar 65 bar 80 bar 100 bar 35 bar 65 bar 80 bar 100 bar

CPET4600 8.5 10.3 10.8 11.0 10.2 13.6 14.9 16.2

CPET4700 9.8 11.8 124 12.7 119 16.0 17.6 19.5

CPET4800 10.8 12.7 13.2 134 13.0 17.0 18.6 204
10-15,21,22

surface area for porous materials. Methane storage at
35 bar has been suggested as being compatible with vehicular
use in an internal combustion engine.>’ The excess uptake at
35 bar is 8.5-10.8 mmol g%, and is comparable to that of the
best carbon or MOF materials reported to date,!!%16718:59°61
The excess uptake increases to between 10.3 and 12.7 mmol g~ *
at 65 bar, and reaches a high of 13.4 mmol g~" for sample
CPET4800 at 100 bar.

The excess uptake gives an indication of the extent to which
methane molecules interact with the adsorbing surface. It is
therefore necessary to ascertain whether the presence of alu-
mina alters the surface functionality and consequently the
nature of methane adsorption of the activated carbon compo-
sites compared to fully carbonaceous activated carbons. The
interaction between an adsorbing surface and methane mole-
cules (i.e., the inherent adsorbing ability) can be probed by
considering the amount of excess methane stored per unit
surface area (Fig. S17, ESIf), which equates to gravimetric
uptake density. The trends and amounts observed for the
PET-derived activated carbon composites are comparable to
those of a suite of previously reported fully carbonaceous
carbons (Fig. S17, ESIt). This is also the case for the sawdust-
derived SDHACCx activated carbon composites (Fig. S18, ESIT).
The alumina free SDHAC activated carbon and SDHACCS
activated carbon composite have gravimetric methane uptake
that is in line with their surface area (Fig. S18, ESI}). The
activated carbon composites, regardless of the starting material
(i.e., PET or sawdust) have comparable gravimetric methane
uptake density, which is also similar to that of fully carbonac-
eous activated carbons (Fig. S17 and S18, ESIt). This confirms
that for methane adsorption, the surface of the activated
carbon composites is inherently similar in nature to that of
purely carbonaceous activated carbons.

To further confirm this finding, we also determined the
isosteric heat of adsorption (Qg) to ascertain whether it is
within the range expected for methane storage in porous
carbons. To determine Qg, the experimentally determined
isotherms (excess uptake) were fit, using the Whittaker method,
to a Toth model.®>"** In order to use the Whittaker method in
this way, a specific python module was created in pyGAPS.®>**
The Qg of the carbon composites (Fig. S19, ESIT) was found to
be in the range of 19-13 k] mol* for methane loading of up to
6 mmol g '. The Qg of the carbon composites is therefore in
line with that of activated carbons and other porous carbons,
which generally is in the range of 10 to 25 k] mol™".*® This
confirms that from a thermodynamics viewpoint, the nature of
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the interaction between methane molecules and the surface of
the carbon composites is similar to that of methane adsorbing
on purely carbonaceous carbons. Apart from Qg, the kinetics of
sorption and diffusivity can also affect the uptake of methane.
It has been shown that activated carbon AX21, which has
porosity similar to the present carbon composites, has an
average methane mass transfer coefficient (MTC) of 12.8 min ™"
at 27 °C and effective diffusivity (Deg) of 1.79 x 107 m* s~ 1.°
Such MTC and D values are similar to those that have been
observed for a wide range of porous materials including acti-
vated carbons, MOFs and zeolites.®® The methane diffusion
coefficients at ambient temperature are of the order of magni-
tude that is favourable for both methane storage (at high
pressure) and methane release at lower pressures.®®®” It is
noteworthy that the pores of the carbon composites (>5 A
and up to 35 A) is much larger than methane (3.8 A).

For gravimetric uptake, the total amount stored is the key
performance indicator. The total gravimetric methane uptake is
given in Table 3, and is in the range of 10.2 to 13.0 mmol g * at
35 bar, 13.6 t017.0 mmol g~ ' at 65 bar, and reaches a high of
16.2-20.4 mmol g~ at 100 bar. These values translate to g g~ *
uptake of 0.16-0.21 at 35 bar, 0.22-0.27 at 65 bar, 0.24-0.30 at
80 bar, and 0.26-0.33 at 100 bar (Table S7, ESIt). The gravi-
metric uptake of the present carbon composites compares well
with that of previously reported benchmark carbon and MOF
materials. """

Regarding methane storage applications, the volumetric
uptake is a better indicator of performance than the gravimetric
uptake. Apart from the gravimetric methane uptake, the pack-
ing density of an adsorbent is the other key factor in determin-
ing the suitability of a porous material for use as an adsorbent
in a gas storage tank with defined volume. The high packing
density of the present carbon composites means that more of
them can be contained within a storage tank with minimal
interparticle space thus maximizing the use of tank volume.
The key volumetric methane storage target in porous materials
has been set by the US Department of Energy (DOE) at 263 cm?
(STP) em ™ at 25 °C and moderate pressure (35-100 bar). The
volumetric methane storage isotherms of the carbon compo-
sites are shown in Fig. 4(b), and the uptake at various pressures
is given in Table 4. The total volumetric uptake isotherms do
not approach saturation even at 100 bar, which means that the
carbon composites can reach even higher levels of storage at
pressures greater than 100 bar. At 35 bar, the lowest pressure
claimed to be relevant to vehicular use, the carbon composites
have high total volumetric storage capacity (cm® (STP) cm™®) of
257, 270 and 285, respectively for CPET4600, CPET4700 and
CPET4800. To date, no carbon has been reported with such
high volumetric uptake at 35 bar; the best uptake to date are
222 em?® (STP) em ™ for an activated carbon (ACDS4700) derived
from air-carbonised date seed, and 235 cm® (STP) cm* for an
activated carbon (CHCC2800) derived from cloves.'"*° Like-
wise, there are no reports to date of MOFs with such high
volumetric uptake at 35 bar even when values are computed
using crystallographic density.">"**>*'* 1t is remarkable
to note that the volumetric uptake of CPET4800 at 35 bar

This journal is © The Royal Society of Chemistry 2024
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Table 4 Excess and total volumetric methane uptake for PET-derived
CPETAT activated carbon composites

Volumetric methane uptake (cm® (STP) cm )

Excess uptake Total uptake

Sample 35 bar 65 bar 80 bar 100 bar 35 bar 65 bar 80 bar 100 bar

CPET4600 215 261 274 278 257 344378 378 412
CPET4700 221 268 280 288 270 362399 399 442
CPET4800 236 280 289 294 285 374 408 408 447

(285 cm® (STP) cm ™) is higher than the best values reported for
powder forms of MOFs at 100 bar." This is despite the fact that
the volumetric uptake of such benchmark MOFs is calculated
using crystallographic density, which is known to yield over-
2122 The only MOF with volumetric storage
performance that comes close to that of the present carbon
composites is the monolithic ,,,,HKUST-1, which at 35 bar
and 25 °C has uptake of 224 cm® (STP) cm 3. The ,0noHKUST-1
sample has been reported to have a high packing density of
1.06 g cm * and is currently considered to be the record holder
in terms of volumetric methane storage in MOFs.>*** The
performance of the present activated carbon composites is
the first time that any porous material has achieved methane
volumetric uptake that surpasses the DOE target of 263 cm?®
(STP) em ™ at a relatively low pressure of 35 bar.

At 65 bar, the total volumetric methane uptake rises to
344 cm® (STP) em ™ (CPET4600), 362 cm® (STP) cm ™ (CPET4700),
and 374 cm® (STP) em > for CPET4800. It is remarkable that at
65 bar, the present carbon composites have volumetric storage
capacity (up to 374 cm® (STP) cm ™) that MOFs can only attain
at much higher pressure of 250 bar.°® As shown in Table 4, the
volumetric uptake increases further at 100 bar to 412 cm?®
(STP) em ™ for CPET4600, 442 cm® (STP) cm > for CPET4700,
and 447 c¢cm® (STP) cm ® for CPET4800. Compared to the
performance of current benchmark porous materials, the volu-

estimated values.

metric uptake of the present carbon composites offers a step

change in the amount of methane that can be stored.'*>>'7

500
450 1
400
350
300
250 1
200
150
100 1 4
50 ¢
o

0 10 20 30 40 50 60 70 80 90 100

Pressure (bar)

—e— CPET4800 a
—e— CPET4700
—e— CPET4600
NU-1501-Al (296K)

CH,4 uptake (cm3 (STP)/cmB)

View Article Online

Energy & Environmental Science

For a proper context of the performance of the carbon compo-
sites, Fig. 5(a) shows a comparison with a range of current
leading benchmark MOFs, including NU-1501-Al, HKUST-1,
MOF-5, Ni-MOF-74 and PCN-14.'*122:59772 The carbon compo-
sites are also compared (Table S8, ESIt) to a range of top
performing porous materials (including Al-soc-MOF-1, MOF-
210, NU-1500-Al, NU-1501-Fe and NU-1501-Al), in respect of
their uptake (total volumetric and gravimetric, as g g~ ') at 65,
80 and 100 bar. It is clear from Fig. 5(a) that the uptake of the
carbon composites exceeds that of current benchmark carbons
and MOFs. The volumetric uptake of the carbon composites is
higher than that of one of the best MOFs (HKUST-1) by 40%,
50% and 60%, respectively at 65, 80 and 100 bar. To remove any
ambiguity arising from the use of crystallographic density, we
also compared the carbon composites with monolithic forms of
MOFSs, namely onoHKUST-1 and 1,0,,Ui0-66_D.>** The car-
bon composites are superior as shown in Fig. 5(b) (and
Table S8, ESIf). Apart from permanently porous materials,
Rozyyev and co-workers have reported on a flexible porous
polymer, COP-150, which can store up to 301 cm® (STP) cm *
at 100 bar but at the lower temperature of 0 °C.”* At 25 °C, the
volumetric (and gravimetric) uptake of COP-150 is much lower,
which combined with a relatively low packing density (0.34 g cm™>)
mean that it best operates at lower temperature. Nevertheless, the
present carbon composites have higher volumetric methane uptake
at 25 °C than the uptake of COP-150 at 0 °C.

The most important parameter in evaluating the perfor-
mance of porous materials as stores for methane is the amount
(expressed in volumetric terms) that can be delivered as ‘work-
ing capacity’ or ‘deliverable capacity’. The working capacity is
the difference in storage between two pressures; a higher
uptake pressure, which for methane should typically be at least
35 bar, and a lower delivery pressure. Here, we determined the
working capacity as the difference between storage at the
uptake pressure (35 bar or above) and 5 bar as the delivery
pressure. Fig. 6(a) shows the trend in working capacity as
a function of the uptake pressure in the range 5-100 bar.

500
—e— CPET4800 b
—~ 450 1 —e— cPET4700
“ —e— CPET4600
g 400 | —o— monoHKUST-1
a—: 350 | —o— mono UiO-66_D
l_
L 300 |
o
g 250 -
2 200 |
©
a 150
5
£ 100 |
© 50
(s

0 10 20 30 40 50 60 70 80 90 100
Pressure (bar)

Fig. 5 Volumetric methane uptake of PET-derived activated carbon composites compared with that of (a) benchmark MOF materials, and (b) monolithic
MOFs. The data for the powder MOFs in (a) is from ref. 11 and 21, while that for 1onoHKUST-1 and monoUiO-66_D it is from ref. 23 and 24, respectively.
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Fig. 6 Deliverable methane (working capacity) of PET-derived activated carbon composites. (a) Working capacity as a function of uptake pressure.
(b) Working capacity of carbon composites compared with that of benchmark MOF materials. The data for the powder MOFs (NU-1501-Al, HKUST-1 and
Ni-MOF-74) is from ref. 11 and data for menoHKUST-1 and 1onoUiO-66_D is from ref. 23 and 24, respectively.

The working capacity (cm® (STP) cm ™) for a 35 to 5 bar
pressure swing is 177 for CPET4600, 186 for CPET4700 and
191 for CPET4800. This is higher than the best carbons and
MOFs reported to date, which reach 130 (ACDS4700)"
142 (CHCC4700)° or 140 (1monoHKUST-1).>* A pressure swing
of 35 to 1 bar has recently been suggested as also being suitable
for methane delivery, in which case the working capacity
increases to 233 (CPET4600), 246 (CPET4700) and 256
(CPET4800). For a 65 to 5 bar pressure swing, the working
capacity rises to 264 (CPET4600), 278 (CPET4700) and 280
(CPET4800). These working capacity values are very impressive
especially in the context of the US DOE recently setting a target
of 315 cm® (STP) cm ™~ for pressure swings of 35 to 1 bar or 65 to
5.8 bar. The target of 315 cm® (STP) cm * is set for single crystal
materials with the expectation of a 25% reduction due to
packing loss. In essence the real target is therefore 236 cm?
(STP) ecm ™2 for pressure swings of 35 to 1 bar or 65 to 5 bar. The
present compacted carbon composites, which are not subject to
packing loss, therefore, achieve and exceed the DOE target for
methane delivery for both the 35 to 1 bar and 65 to 5.8 bar swings.
For an 80 to 5 bar pressure swing, the working capacity rises to
298 (CPET4600), 315 (CPET4700) and 314 (CPET4800). The high-
est deliverable methane for 100 to 5 bar pressure swing is 332 for
sample CPET4600, 358 for CPET4700 and 353 for CPET4800.
These values are far higher than for the best MOFs as shown in
Fig. 6(b) (and Table S9, ESI{)."*>%7> The carbon composites
also outperform monolithic MOFs for which volumetric uptake
(for 100 to 1 bar pressure swing) has been determined using
experimentally obtained packing density, ie. (198 cm?® (STP)
em™®) and (253 cm® (STP) em ™) for 10noHKUST-1 and 1,0n,UiO-
66_D, respectively. The flexible polymer, COP-150, has been
reported to achieve working capacity of 294 cm® (STP) ecm™* but
at the lower temperature of 0 °C.”> For ANG technology, it is
preferable that storage and release operations are carried out at
ambient temperature, or that usable materials show good perfor-
mance at 25 °C, which may improve at lower temperature.

5034 | Energy Environ. Sci., 2024,17, 5024-5038

An important consideration is the scalability of the synthesis
of the activated carbon composites. The synthesis route
involves two steps that are well established and are already
extensively used in the preparation of carbons; namely hydro-
thermal carbonisation and KOH activation. The PET waste
bottles (or any other starting material, including biomass) are
converted to hydrochar via hydrothermal carbonisation, which
is an environmentally benign process. Activation of hydrochars
is an established process, which is not dependent on the source
of the hydrochar. As we have shown, addition of alumina (or
other suitable inorganic additives) does not affect the activation
process. Overall, this means that scalability of synthesis of the
activated carbon composites is readily achievable. Moreover,
since it is based on established processes, the synthesis does
not present any new economic or environmental challenges
beyond those already know for the preparation of activated
carbons. The expectation is that the energy demand and extent
of CO, emissions associated with preparation of the activated
carbon composites will be similar to that of activated carbons.
The use of biomass as starting material would be advantageous
in terms of the CO, balance. The use of recyclable waste such as
PET bottles as starting materials would benefit from the fact
that there already exist processes for collecting, cleaning and
sorting such waste into a form suitable for conversion to
hydrochar via hydrothermal carbonisation.

4. Conclusions

We have presented a new concept and approach to porous
carbon-based materials that simultaneously exhibit both high
porosity and high packing density. The approach follows well
established processes for the synthesis of activated carbons via
KOH activation but with a twist in the procedures that allows
inclusion of some inorganic matter as a minor component in
the final carbon composites. The activated carbon composites

This journal is © The Royal Society of Chemistry 2024
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exhibit high surface area (up to 2800 m* g~ '), pore volume (up
to 1.5 cm® g~ '), and have high packing density (ca. 1.0 g cm™>).
The inorganic component, which in the present case is mainly
alumina, contributes to the rise in packing density. The high
porosity translates to attractive gravimetric methane storage in
a manner similar to that of equivalent (in terms of porosity)
activated carbons or MOFs. However, due to their enhanced
packing density, the activated carbon composites have extra-
ordinary levels of volumetric methane uptake that exceed all
previously been reported values for any class of porous materi-
als. At 25 °C, the methane uptake of the activated carbon
composites reaches 285 ¢cm® (STP) cm ™ at 35 bar, 374 cm®
(STP) em ™ at 65 bar and 447 cm® (STP) cm ™ at 100 bar. These
methane storage values meet set volumetric uptake targets (e.g.,
DOE target of 263 cm® (STP) cm ™ ®) even at the relatively low
pressure of 35 bar. The activated carbon composites are the
first porous materials to meet the DOE target at 35 bar. The
exceptional volumetric storage capacity is accompanied by
record levels of deliverable methane (working capacity) of up
to 256 cm® (STP) cm® for a pressure swing of 35 to 1 bar,
280 cm?® (STP) em > for a 65 to 5 bar pressure swing, and
358 cm® (STP) em ™ for a 100 to 5 bar pressure swing. These
methane storage and delivery values represent a step change in
the level of attainable volumetric storage of methane, and by
extension natural gas (NG), as a fuel especially for vehicular
use. The properties (balance of porosity and packing density)
and methane uptake performance of the activated carbon
composites address the main barrier to the use of NG as a fuel
for vehicles and other forms of transportation, i.e., the lack of
materials that can store sufficient amounts of NG under
accessible operating conditions. Indeed, the porosity-packing
density balance of the activated carbon composites seems, at
the present time, to be unreachable for purely carbonaceous
porous carbons or MOFs. Although in this report we have used
waste plastic (polyethylene terephthalate, PET) and sawdust as
starting materials (precursors) and KOH as activating agent, a
wide range of other precursors and activators can be used.
Furthermore, our concept and findings offer new insights that
are of wider relevance and application to the development of
porous materials for energy related gas (CH,, H,, CO,, etc)
storage.
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