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Developing effective carbon materials for post-combustion CO2 capture (PCC) has received great

attentions over many recent years, owing to their desirable adsorption–desorption performance and

exceptional thermo-oxidative stability compared to virtually any other capture materials typically the

wide array of amine-based sorbent materials. However, due to the nature of physical adsorption, virtually

none of the carbon materials reported so far can be practically used for PCC applications without deep

flue gas cooling to ambient or even lower temperatures in order to achieve appreciable levels of CO2

uptake capacities at low CO2 partial pressures. Here, we present a category of 3D hierarchical molecular

sieving carbon architectures that are able to operate at realistic flue gas temperatures with exceedingly

high reversible CO2 capacities. The breakthrough CO2-sieving carbon materials are prepared from using

a cost-effective and commercially widely available precursor of polymeric polyisocyanurates with a facile

one-step compaction–activation methodology. Tested at sensible flue gas temperatures of 40–70 �C
and a low CO2 partial pressure of 0.15 bar, the best performing materials are found to have exceedingly

high reversible CO2 capacities of up to 2.30 mmol g�1 at 40 �C and 1.90 mmol g�1 at 70 �C. Advanced
characterisations suggest that the unique geometry and chemistry of the easily available precursor

material coupled with the characteristics of the compaction–activation protocol used are responsible for

the CO2-sieving structures and capacities of the 3D carbon architectures. The findings essentially change

the general perception that carbon-based materials can hardly find applications in post-combustion

capture due to their low CO2 uptake capacity at low CO2 partial pressures and realistic flue gas

temperatures.
1 Introduction

CO2 emissions from the consumption of fossil fuels have been
considered as the main cause of climate change. Over 40% of
the global anthropogenic CO2 emissions comes from large
stationary emission sources such as coal-red power plants.1,2

Despite the efforts over recent decades to speed up the devel-
opment and deployment of renewable energy technologies,
fossil energy will continue to dominate the energy consumption
landscape, giving rise to a continual increase in carbon emis-
sions from fossil fuels utilisation in the foreseeable futures.
Carbon capture and storage (CCS) has been widely regarded as
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being one of the most efficient and viable strategies in the short
to medium term to reduce the greenhouse carbon emissions
without threatening global energy security and socioeconomic
development.1,3,4 Typically, the ue gas from a coal-red power
plant contains CO2 (12–15%), N2 (73–77%) and H2O (5–7%) at
about 40–50 �C.5,6 Capturing CO2 from such kind of ue gas
streams can be very challenging in terms of cost and energy
penalty. Today's state-of-the-art aqueous amine scrubbing
technology, which is initially developed for use in oil and gas
industries,7 can facilitate high capture efficiencies and produce
high purity CO2 streams ready for storage and/or utilisation, but
its high energy penalty and CAPEX and OPEX requirements as
well as a range of associated environmental and operational
issues have been the well-known hard-to-overcome perfor-
mance barriers for implementation to post-combustion carbon
capture in power plants.8,9 Consequently, developing alternative
capture technologies have received enormous attention over
recent years.10–12 Among the alternative capture technologies
under development, adsorption-based or dry sorbent scrubbing
J. Mater. Chem. A
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technological systems have been the most investigated category
of capture technologies, offering potentially signicantly
improved process efficiency at much reduced energy penalty,
lower capital and operational costs and smaller plant foot-
prints. This has stimulated the development of a variety of CO2-
capturing adsorbent materials, such as zeolites,13–15 metal–
organic frameworks (MOFs),16–22 covalent organic frameworks
(COFs),23,24 microporous polymers (MOPs),25 zeolitic imidazo-
late frameworks (ZIFs),26 porous carbons27 and amine-
functionalized solid adsorbents.28–30

In recent years, carbon materials have gained the research
community's great persistent interest as a promising category of
materials for CO2 capture, due to their intriguing chemical,
physical and adsorptive properties that are usually not easily
possessed by the aforementioned materials, such as their easy-
to-achieve exemplar surface areas and porosities, fast adsorp-
tion kinetics, excellent thermal and chemical stability and
desirable surface re-addressability for specic target applica-
tions,31–33 However, due to the nature of physical adsorption, the
CO2 adsorptive properties of carbon materials are very sensitive
to both the CO2 partial pressure and temperature of a ue gas
stream, with their CO2 capacities usually sharply decreasing
with increasing ue gas temperatures or decreasing partial
pressures. Consequently, in order to achieve high capture
capacities with active carbon materials, this will essentially
require the ue gas streams to be deeply cooled down to
ambient temperatures or even lower, which is not only a slow
but also a very costly and energy-intensive process.34,35 There-
fore, numerous efforts have been made in recent years to tailor
the surface textural properties and modify the surface chemis-
tries of carbon materials in order to substantially improve their
performance for carbon capture at low partial pressures and
sensible ue gas temperatures. It has been found that ultra-
microporous carbon materials with pore diameters being
<0.5 nm, which are only slightly larger than the kinetic diameter
of CO2 molecule (0.33 nm), have been reported as the most
preferable for low partial pressure CO2 adsorption due to the
stronger adsorption potential produced by the adjacent pore
walls.31,36–40 It was found that the CO2 capacity of some ultra-
microporous carbons derived from carefully selected precur-
sors, such as potassium hydrogen phthalate,41 phenolic resin
spheres42 or ZIF-8,43 could reach 1.4 to 1.6 mmol g�1 at 298 K
and 0.15 bar CO2, being higher than those of general carbon
materials reported, which have CO2 capacities typically
#1 mmol g�1.44 However, it has proven to be very difficult to
further increase the CO2 capacity because of the limit of ultra-
microporosity that can possibly be achieved in activation.45

Surface modication by some heteroatom functional groups,
such as nitrogen or oxygen-containing functionalities that may
potentially increase the surface basicity and hence the CO2

affinity of carbonmaterials, has also been widely investigated as
a means to increase the CO2 capacity at low partial pressures
and relatively high ue gas temperatures.40,41,46–51 Different types
of heteroatom-functionalised ultra-microporous carbons have
been synthesized and the adsorption capacities of the ‘designer’
microporous carbons were further increased to 2.0–2.1 mmol
g�1 at 25 �C and 0.15 bar CO2, which was considerably higher
J. Mater. Chem. A
than those of their non-functionalised counterparts. For
instance, benzimidazole derived ultra-microporous carbon,
which have nitrogen contents varying from 7.9 to 17.6 wt% N,
was found to achieve the highest adsorption capacities of up to
2.10 mmol g�1 reported so far,31 whilst the zeolitic potassium-
intercalated ultra-microporous bio-carbons produced from
using nitrogen-free rice husk biomass waste were found to be
able to achieve 2.00 mmol g�1 at 25 �C and 0.15 bar CO2,40

however, none of these best-performing carbon materials re-
ported so far are able to achieve appreciable levels of capture
capacities at the realistic ue gas temperatures of 40–50 �C and
typical CO2 partial pressures of#0.15 bar, with capacities being
typically below 1.0 mmol CO2 per gram of sorbent.19,49,50,52–55

This essentially rule out the suitability of virtually any carbon
materials reported so far for post-combustion carbon capture
without the deep cooling of the huge volumes of ue gas
streams. CO2 has large electric quadrupole moment and high
polarizability but a smaller kinetic diameter than nitrogen
molecule, so abundance of ultra-micropores and strong polar-
ising surfaces are of great importance for carbon materials to
achieve high capture capacities at practical ue gas tempera-
tures. Bearing this in mind and using what could be a simplest
approach-integrated compaction–combined carbonisation–
activation, we have successfully developed a new category of
CO2-capturing carbon materials with unique 3D hierarchical
CO2-sieving carbon architectures and favourable surface
chemistries, which are able to achieve fully reversible and high
ow-through capture capacities at realistic ue gas tempera-
tures and low CO2 partial pressures. We think our research
essentially changes the general perception that carbon-based
capture materials cannot possibly nd their applications for
CO2 capture at practical ue gas temperatures and low CO2

partial pressures. Further importantly, compared to virtually
any other ‘designer’ capture materials reported so far, the cost
of producing this new category of carbon-based capture mate-
rials can be dramatically reduced as the precursors used can be
obtained from recycled waste as the hard-to-degrade precursors
are widely used in large quantities as packing materials and/or
insulation materials in different commercial and industrial
sectors.

2 Materials and methods
2.1 Synthesis of porous carbon

The polyisocyanurate (PIR) polymer obtained from local
merchant was pre-oxidized in horizontal tube furnace at
260 �C for 6 hours in 50 mL min�1 of airow. The oxidized
sample was then mixed with 20 mL KOH solution (KOH/
polyisocyanurate weight ratio of 1) for overnight and then
all samples were dried in an oven at 105 �C. The dried samples
were compacted into pellets with a diameter of 13 mm under
different loads of 2, 5 and 10 metric tons respectively; each
pellet was then heated in a horizontal tube furnace from
ambient to a pre-selected temperature at 5 �Cmin�1 under the
protection of N2 ow (1 L min�1) and maintained at the
temperature for one hour. The activated samples were washed
with DI water. The obtained samples were labelled in the form
This journal is © The Royal Society of Chemistry 2020
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of Pxy_z, where x, y, z represents the activation temperature
divided by 100, KOH/AC mass ratio and compaction load,
respectively.

2.2 Characterization

Scanning electron microscopy (SEM) was obtained using a FEI
Quanta 600 microscope with a 5 kV accelerating voltage and 25
pA current. Transmission electron microscopy (TEM) was per-
formed on a JEOL2100F. In addition, nanofocus Computed
Tomography (nano CT), GE Nanotom S, was employed to
analyze the 3D structure of selected sample. The pore structure
of each prepared sample was determined by nitrogen adsorp-
tion and desorption at 77 K on a Micrometrics ASAP 2420 using
ultrahigh purity grade adsorbates. Before each experiment, the
sample was degassed at 120 �C for 16 h. Brunauer–Emmett–
Teller (BET) method was employed to calculate the specic
surface area from the nitrogen adsorption isotherm in the
relative pressure range of 0.01–0.1. The total pore volume (Vtotal)
was determined from the amount of nitrogen adsorbed at
a relative pressure of 0.99. Because nitrogen molecule could not
get access to the narrow micropores, a combined analysis of N2

adsorption isotherms at�196 �C and CO2 adsorption isotherms
at 0 �C by non-local density functional theory (NLDFT) model
was used to calculate the volume of narrowmicropores and pore
size distribution (PSD). The X-ray photoelectron spectrum (XPS)
of all samples was measured by a Kratos AXIS Ultra DLD X-ray
photoelectron spectrometer. The XRADIA Versa XRM-500 was
used to non-destructively measure the 3D structure of the
selected samples at 0.5 mm resolution. Surface potential
measurements were performed on a Multimode 1 AFM (Bruker
Instrument) using AM-KPFM mode. An AFM probe (Bruker
RTESPA-150) with a spring constant of 6 N m�1 and a typical tip
radius of 8 nm was used for the imaging of morphology and the
surface potential. P81_2T and P81_2T_48H were characterized
by using the same tip and 3 different areas with a size (1 mm� 1
mm) in each sample were measured. Surface potential of the
sample was nally obtained as an average of the surface
potential of each area.

2.3 CO2 adsorption performance

Thermogravimetric analysis (TGA) has been employed as
a proven technique to study the effect of adsorption tempera-
tures, gas compositions and thermal regeneration of solid
adsorbents at simulated ue gas condition.9,22,49,52 In this paper,
CO2 adsorption tests were carried out on a thermogravimetric
analyser (TGA, Q500, TA instruments). In a typical test, the
sample was rst degassed at 150 �C for 30 min in N2 before
cooling down to the designed temperature, and then the
simulated ue gas (15%/85% CO2/N2) was introduced into the
sample chamber with a ow of 100 mL min�1 and the sample
was held isothermally for 60 min. The inuence of temperature
on the CO2 adsorption capacity of prepared samples was tested
as follows: aer 1 h exposure to simulated ue gas (15%/85%
CO2/N2) at 25 �C, the sample was heated up to 100 �C at
a heating rate of 0.5 �C min�1 with the same gaseous atmo-
sphere, allowing for equilibrium adsorption capacity to be
This journal is © The Royal Society of Chemistry 2020
attained at each temperature. Up to 40 adsorption–desorption
cycles were done to verify the stability and cyclability of the
samples. CO2/N2 selectivity of selected sample was also tested on
a thermogravimetric analyser (TGA, Q500, TA instruments). In
a typical test, the sample was rst degassed at 150 �C for 30 min
in helium before cooling down to the designed temperature, and
then the simulated ue gas (15%/85% CO2/He) or pure nitrogen
was introduced into the sample chamber with a ow of 100
mL min�1 and the sample was held isothermally for 60 min. In
addition, a TG-DSC instrument (Setaram SENSYS evo) was used
to measure the heat of adsorption.

3 Results and discussion
3.1 Preparation of the 3D hierarchical carbon materials

Heteroatom-doped carbon materials with 3D hierarchical
structure is desirable for CO2 capture,27 as the macroscopic
networks benet the CO2 diffusion with reduced mass-transfer
resistance while the ultra-microporous structure and strong
surface chemistry facilitate the CO2 adsorption at low CO2

partial pressure and high ue gas temperature. However, inte-
grating all those features together into one carbon material is
challenging to synthesize. Here, our strategy is to use a cost-
effective and commercially available nitrogen-rich poly-
isocyanurate foam with unique 3D connected pentagonal and
hexagonal ring structure as precursor to prepare carbon
adsorbents, using a facile one-step compaction–activation–
potassium intercalationmethodology (Fig. 1a). Themorphology
of the prepared samples was rst analysed by scanning electron
microscopy (SEM) and the results were shown in Fig. 1b–e. It
can be seen from Fig. 1b and c that the carbon sample prepared
from non-compacted carbonisation/activation (sample P71) has
highly interconnected porous macro-structures. To further
understand themicroporous structure, TEM analysis of selected
sample was also performed. As shown in Fig. 1f and g, slit-like
ultra-micropores can be clearly seen in the TEM images, and the
ultra-microporosity is dominantly distributed across the porous
network skeleton of the PIR carbon. The 3D micro-CT scanning
as shown in Fig. 1h and i reveals that the carbon network is
characteristically architectured with cross-linked pentagonal
and hexagonal ring structures, which are very similar to the
original molecular geometry of the precursor feedstock from
which the activated carbons are derived. As a result, the acti-
vated carbon prepared looks more like the ‘fossil’ or imprint of
the precursor chemical used. However, aer compaction, as
shown in Fig. 1c and d, the cross-linked ring structures were
forged to yield the much the smaller structural units that form
the new densely textured carbon networks with highly devel-
oped sub-nano porosity.

Fig. 2 shows the nitrogen isotherms obtained at �196 �C for
all samples. It can be seen that with a compaction load being
lower than 1.5 tons per cm2, the samples prepared at temper-
atures below 700 �C all show type I isotherms highly charac-
terised by the sharp knees observed at relative pressures (P/P0)
lower than 0.1 and virtually no additional adsorption of N2 took
place at higher relative pressures as indicated by the plateaus
observed, indicating the superior narrow ultra-microporosity of
J. Mater. Chem. A
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Fig. 1 Morphology of prepared PIR carbons: (a) schematic of the synthesis route of PIR carbons; SEM of sample P71 (b and c) and P81_2T (d and
e); TEM images of sample P71_2T (f and g); micro CT analysis of P71 (h and i).
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the materials. When the integrated carbonisation–activation
temperature increased to 800 �C or the compaction load
exceeded 5 tons, mesoporosity started to evolve in the resultant
carbon materials as shown by the emerging of the hysteresis
loops at higher relative pressures >0.4.

Table 1 shows the surface textural properties of the samples.
It can be observed that the carbonmaterials havemodest surface
areas ranging from 328 to 1906 m2 g�1 and total pore volumes
from 0.124 to 0.797 cm3 g�1, which both showed an increase
with the temperature and compaction load used in the
J. Mater. Chem. A
integrated compaction, carbonisation and activation protocol.
The pore size distributions shown in Fig. 2c exhibit that the
carbon materials derived from polyisocyanurates have excep-
tionally narrow ultra-microporosities with pore sizes centred at
0.37 nm, 0.53 nm and 1.2 nm, with the sample P61_2T having
a pure single pore size centred at 0.37 nm, which has been rarely
observed before for activated carbon materials. Previous inves-
tigations have revealed that the narrow ultra-micropores smaller
than <0.7 nm is of primary importance in CO2 adsorption of
carbonaceous sorbentmaterials.37,38 It can be found from Table 1
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Textural properties of the prepared PIR carbons: (a and b) N2 adsorption isotherms obtained at�196 �C; (c) NLDFT pore size distributions
for samples prepared at 700 �C with different compaction load.
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that increasing activation temperature and compaction pressure
led to an increase in the ultra-micropore volume calculated for
pores smaller than 0.7 nm. However, the ultra-micropore volume
as a fraction of total micropore volume decreased slightly with
increasing activation temperature, due to the pore widening
effect as a result of the enhanced activation.

3.2 CO2 adsorption and desorption performances

To evaluate the CO2 adsorption performance under simulated
ue gas conditions (15% CO2 in N2) at different temperatures
Table 1 Specific surface areas, pore structures of PIR carbons

Sample SBET (m2 g�1) Vtotal (cm
3 g�1) Vmicro (cm

P61_2T 328 0.124 0.124
P71 773 0.298 0.280
P71_2T 1407 0.535 0.511
P71_5T 1392 0.540 0.498
P71_10T 1606 0.715 0.572
P81_2T 1906 0.797 0.702
P81_5T 1514 0.622 0.557

This journal is © The Royal Society of Chemistry 2020
varying from 40 �C to 100 �C, temperature-programmed
adsorption tests were rst carried out at an extremely slow
heating rate of 0.5 �C min�1. The use of such a low heating rate
is to achieve the near-equilibrium CO2 uptake capacity at each
individual temperature in the temperature region examined. It
can be seen that the PIR carbon materials prepared under
compacted carbonization/activation conditions exhibited
extraordinary CO2-capturing performance at low CO2 partial
pressures across a range of favourable adsorption temperatures,
with adsorption capacities in 15% CO2/N2 reaching an
3 g�1) Vmicro <0.7 nm (cm3 g�1)

XPS

N (at%) K (at%)

0.124 3.6 5.1
0.254 1.8 6.5
0.378 1.6 4.8
0.372 1.2 5.7
0.407 1.1 4.0
0.342 0.5 8.7
0.297 1.3 8.9

J. Mater. Chem. A
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Fig. 3 CO2 adsorption profiles: (a) the change of CO2 adsorption capacity of PIR carbons with increasing adsorption temperature in simulated
flue gas condition (15% CO2 + 85% N2); (b) kinetic adsorption curves of different PIR carbons (adsorption at 40 �C and 0.15 bar CO2); (c) CO2

desorption profiles of P81_2T in N2 at different temperatures; cyclic temperature-swing adsorption–desorption performance of selected PIR
carbons in 15% CO2/N2 at 40 �C (d) and at 70 �C (e).
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unprecedented level of 2.30mmol g�1 at 40 �C, 2.13mmol g�1 at
50 �C and 1.90 mmol g�1 at 70 �C, respectively. As physical
adsorbents, the CO2 adsorption capacity of carbon materials is
usually expected to decrease sharply with increasing adsorption
temperatures, which limit their applicability at practical ue gas
temperatures. As shown in Fig. 3a and S1,† no such unfav-
ourable sharp deceases in adsorption capacity were observed for
the PIR carbon adsorbent materials prepared from the com-
pacted carbonisation/activation conditions, this indicating that
the use of compaction before activation helped to achieve the
high reversible CO2 capacities at high adsorption or ue gas
temperatures. Of all the samples, the PIR carbon (P81_2T)
prepared at 800 �C with a compaction load of 1.5 tons per cm2
J. Mater. Chem. A
showed the highest capacities at 40–70 �C. A comprehensive
comparison with virtually all the previously reported carbon
adsorbent materials, over 140 activated carbons (Table S1†), at
different adsorption temperatures shows that the adsorption
capacity of PIR carbons outperforms all carbons reported so far
particularly at high adsorption temperatures ($40 �C). At
adsorption temperature of 70 �C, the adsorption capacity of
P81_2T was found to be still able to accomplish a marvellous
CO2 uptake of ca. 1.90 mmol g�1, outperforming the solid-
supported polyamine chemical adsorbents which are generally
recognised as being the most suitable sorbents for use at
practical ue gas temperatures56,57 to guarantee the required
This journal is © The Royal Society of Chemistry 2020
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CO2 capture capacities. This indicates the extraordinary
favourable surface affinity of the PIR carbons to CO2 molecules.

Fig. 3b shows the adsorption and desorption proles of
selected carbon materials obtained from TGA at a temperature
of 40 �C and 70 �C (P81_2T) and CO2 partial pressure of 0.15 bar.
It can be found that all samples exhibit fast adsorption kinetics
with the times to achieve 80% and 90% of their equilibrium
capacities being just around 1 min and 5 min in the TGA
conditions, respectively. It is interesting to note that the sample
P81_2T, which shows the highest CO2 capacity, exhibits an
adsorption prole very similar to those of polyamine-based
chemical adsorbents, which usually require longer time to
reach their adsorption equilibria compared to physical adsor-
bents due to the effect of steric hindrance.21,58 To evaluate the
CO2 desorption properties of the PIR carbons, the CO2

desorption proles of a selected PIR carbon sample (P81_2T)
was examined at different desorption temperatures in N2, with
the results shown in Fig. 3c. It can be seen that while the
amount of desorbed CO2 increased with increasing temperature
and all the CO2 can be desorbed completely at a nal desorption
temperature of 130 �C, it is noteworthy that nearly 90% of the
adsorbed CO2 can be desorbed at a relatively low temperature of
110 �C, leading to potentially signicantly energy savings in
sorbent regeneration compared to the supported polyamine
chemical adsorbents that usually need considerably higher
temperatures to regenerate the capture materials or desorb the
adsorbed CO2.59,60 Fig. 3d and e presents the temperature swing
cyclic adsorption–desorption testing results for the PIR
carbons, which highlights the superior adsorption reversibility
and durability of the PIR carbon materials for CO2 capture.

It is generally believed that the narrow micropores and
surface heteroatoms of carbon materials favors the CO2

adsorption of carbon materials at high temperatures and low
partial pressures, due to the enhanced interaction force
between CO2 and carbon surface.36–38 It has been found previ-
ously that there exist critical pore sizes that determine the CO2

adsorption capacity of carbon materials at specic tempera-
tures and/or CO2 partial pressures, with the critical pore size for
CO2 adsorption decreasing with increasing adsorption
temperatures or decreasing CO2 partial pressures. For instance,
pores smaller than 0.44 nm are responsible for CO2 adsorption
at 0.15 bar and 25 �C 31,38,40 while they are reduced to 0.40 nm as
the adsorption temperature increases to 50 �C.31 Indeed,
a linear relationship was obtained between the ultra-micropore
(#0.40 nm) volumes and the CO2 adsorption capacity at 40 �C
and 0.15 bar (see Fig. S2†) for the PIR carbons prepared at 600–
700 �C, which agrees well with previous ndings on carbon
materials. However, similar relationship was not found the PIR
carbons prepared at 800 �C, which have the lowest ultra-
micropore volumes but showed substantially higher CO2

capacities, implying that the porous structures alone cannot
possibly account for the unusually high CO2 uptakes obtained
for the PIR carbons.

To understand the nature of the functional groups on the
carbons, XPS was performed. It can be seen from Table 1 and
Fig. S3 and S4† that nitrogen containing groups61–63 and surface
potassium oxide species64,65 exist in PIR carbons. Fig. S2† shows
This journal is © The Royal Society of Chemistry 2020
the correlation between CO2 adsorption capacities and the
contents of different heteroatom functionalities. Apparently, no
direct relationship is evident between the CO2 adsorption
capacity and the content of nitrogen or nitrogen-containing
functionalities but instead, the high adsorption capacity of
these PIR carbon materials appears to be directly linked to the
presence of potassium in the carbons, which is believed to
present in intercalated forms within the carbon matrices. For
instance, sample P81_2T and P81_5T, which have the highest
potassium contents, was found to have the highest CO2 uptakes
among all the PIR carbons. To verify the role of the intercalated
potassium on CO2 adsorption, sample P81_2T, P71 and P71_5T
were subjected to Soxhlet extraction with hot water for 48 h as
a means to enhance the removal of the intercalated potassium.
As shown in Fig. 4, the CO2 capacity of the Soxhlet-extracted PIR
carbons at 40 �C in 15% CO2/N2 was found to decrease drasti-
cally by >50%, from 2.30 to 1.05 mmol g�1 for P81_2T_48H and
from 1.96 to 0.75mmol g�1 for P71_48H (Fig. 4b), as the content
of intercalated potassium was reduced sharply from 8.70 to 2.13
at% for P81_2T and from 6.45 to 1.7 at% for sample P71. Similar
trend was also observed for sample P71_5T. This highlights the
vital importance of the intercalated potassium in determining
the unusually high performance of the ultra-microporous PIR
carbons for CO2 adsorption.

It is believed that the vital role of the intercalated potassium
in CO2 adsorption observed for the PIR carbons is accomplished
via the presence of extra framework potassium ions, which
appears to be signicantly enhanced due to the ultra-
microporous structure and hence the density of the edge sites
in the PIR carbons, rather than a mechanism via the formation
of carbonate and/or bi-carbonate. This is because the formation
of carbonate is obviously irreversible at such low desorption
temperatures whereas the carbonate–bicarbonate cycle cannot
possibly proceed under the dry ue gas conditions. Previous
studies tend to suggest that a signicant proportion of the
intercalated potassium present in alkali-activated carbon
materials may present in the form of extra framework ions,40,51

similar to those commonly observed in MOFs and zeolite
materials that essentially determine their adsorptive properties
for CO2.66–68 The extra-framework ions can create strong local
electric elds that can polarize adsorbate molecules and hence
provide either additional active adsorption sites and/or enhance
the interaction of the adsorbate with the adsorption surface. As
a result, gases like CO2 with large electrical quadrupole moment
will be preferentially polarised and adsorbed onto the surface,
thus giving rise to enhanced performance for selective CO2

adsorption. However, no direct evidence has been revealed so
far regarding the presence of the extra framework ions in
carbon materials as a result of potassium intercalation during
alkali-activation. Therefore, kelvin probe force microscopy
(KPFM) was used in this investigation to examine the presence
of extra framework ions and hence their role in CO2 adsorption
by measuring the electric surface potential of the PIR carbons,
which is obtained as the potential difference (CPD) between the
probe tip and the carbon surface (Fsample � Ftip).69,70 Fig. 4c–e,
S5 and Table S2† show the measurement results for the selected
P81_2T carbon sample before and aer the 48 hours'
J. Mater. Chem. A
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Fig. 4 The underlying role of surface chemistry and porous structures of the PIR carbons in CO2 adsorption: (a) the surface textural properties of
selected PIR carbons (P81_2T and P81_2T_48H); (b) CO2 adsorption profiles of selected PIR carbons before and after the 48 h Soxhlet extraction;
KPFM electric surface potential map of selected PIR carbons before and after enhanced removal of intercalated potassium (c) P81_2T carbon, (d)
P81_2T_48H; (e) the variations of surface potential distribution of selected PIR carbons along the selected horizontal line.
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continuous Soxhlet extraction. It is evident that the P81_2T and
P81_2T_48H carbons both exhibit high levels of heterogeneities
in electric eld distribution both on the basal surfaces and
along the edges of the textured structures, with the degree of
electrical heterogeneity along both the lateral and vertical
directions being signicantly greater for the non-extracted
P81_2T carbon. More importantly, it was found that the over-
all electric surface potential of the P81_2T sample, which has
a signicantly higher content of intercalated potassium, was
signicantly greater than that of the Soxhlet-extracted
P81_2T_48H carbon by as much as 153 � 20 mV. This high-
lights the vital role of the intercalated potassium in the PIR
carbon materials in creating strong local electrostatic elds,
which are well known for their importance in CO2 adsorption
due to their strong preferential polarizing effect on CO2 over N2

molecules.66–68

In order to better understand the interaction strength
between CO2 and the carbon surface with the existence of
potassium heteroatoms, the heat of CO2 adsorption of the PIR
carbons was measured by TG-DSC under a simulated ue gas
J. Mater. Chem. A
condition at 40 �C and 15% CO2/85% N2, and the results were
shown in Fig. S6.† It can be found that the heat of adsorption for
the prepared samples ranged from 33.0 kJ mol�1 to
40.7 kJ mol�1 and showed a general decrease with increasing
activation temperatures, which corresponds well to the
increased porosity development and hence the increased role of
surface textural properties in adsorption. The adsorption heat
obtained by TG-DSC, which represents the average heat of
adsorption, differs from the isosteric heat of adsorption oen
used in previous studies, which is a function of surface coverage
usually calculated from using adsorption isotherms. It was
found that the heat of adsorption of the best-performing PIR
carbons, which varied from 36 to 40.7 kJ mol�1 CO2, is clearly
signicantly higher than those of any other carbon mate-
rials,19,40,50,51 and many zeolites and MOFs reported so far,14

being indicative of the strong interaction strength of the
adsorbed CO2 phase with the carbon surface. As shown in
Fig. S6†, the 48 hours' Soxhlet extraction with hot water led to
a decrease in the heat of adsorption by nearly 15%, from ca.
36 kJ mol�1 to 31 kJ mol�1 for samples P71 and P71_5T,
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Evaluation of CO2/N2 selectivity: (a) the adsorption curves of P81_2T in simulated flue gas (15% CO2 + 85% He) and pure nitrogen at 40
and 70 �C, respectively; (b) CO2/N2 selectivity of P81_2T at 40 and 70 �C.
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indicating the contribution of intercalated potassium. However,
the heat of the adsorption does not appear to correlate directly
with the bulk intercalated potassium contents but instead
linearly with the density of the surface distribution of the
potassium, which is dened as the ratio of the bulk potassium
content to the surface area of the PIR carbons (Fig. S6†). This
suggests that for a given potassium content, the interaction
strength of CO2 molecules with the intercalated potassium
atoms in the PIR carbons is stronger in smaller pores than in
larger pores. The y-intercept of 31 kJ mol�1 CO2 obtained from
the linear relationship, which indicates the contributions of the
surface textural properties, is also signicantly higher than
those of other microporous carbon materials reported
(15 kJ mol�1 to 25 kJ mol�1),44 being indicative of the stronger
adsorption force eld created by the exceedingly high ultra-
microporosity of the PIR carbons. In general, it is evident that
the high unimodal ultra-microporosity structure coupled with
the surface chemistry arising from potassium intercalation is
responsible for the high CO2 capacities achieved by the PIR
carbons at high ue gas temperatures and low CO2 partial
pressures.

To be a desirable candidate sorbent for CO2 capture, the
sorbent must also have both high selectivity in addition to
adsorption capacity. In this work, the dynamic CO2/N2 selec-
tivity of selected carbon sample P81_2T at 40 and 70 �C was
evaluated by using 15% CO2 in helium and pure nitrogen as
feed gas on TGA and the results were shown in Fig. 5. The CO2/
N2 selectivity was calculated as the ratio between CO2 adsorp-
tion capacity in 15% CO2/N2 and nitrogen adsorption capacity
in pure nitrogen. The calculations demonstrate that in addition
to the record high CO2 capacities at low CO2 partial pressure
and high ue gas temperatures, the best-performing PIR carbon
(P81_2T) also achieved high CO2/N2 selectivites of up to 115 : 1
and 117 : 1 at 40 and 70 �C in the rst minute, respectively. With
increasing adsorption time to 50 min, the CO2/N2 selectivity
continuously decreased to about 40 : 1, due to the fact that the
nitrogen adsorption capacity linearly increased with adsorption
time whereas the adsorption rate of CO2 was much faster than
This journal is © The Royal Society of Chemistry 2020
that of N2. A comparison with previous investigations on carbon
materials for CO2 capture shows that showed that the CO2/N2

selectivity of P81_2T was among the highest ever reported for
carbon materials.27,31,50 A careful examination of the results
suggest that the high selectivity of the PIR carbon materials
originates from a combination of their narrow ultra-
microporosity, which have the pore sizes close to the dynamic
molecular diameter of CO2 molecules, and highly CO2-prefer-
ential polarising surfaces as a result of the enhanced formation
of surface extra-framework cations, which occurred as a co-
benet of the integrated carbonisation and alkali-activation
under the compacted conditions.
4 Conclusions

Activated carbon materials able to achieve high CO2 capture
capacity and selectivity at high ue gas temperatures and low
CO2 partial pressure have been developed via a facile integrated
compaction–combined carbonisation–chemical activation
protocol, using waste PIRmaterials available in large quantities.
The PIR carbon materials for carbon capture are highly char-
acterised not only by their essentially high ultra-microporosities
but also by their highly CO2-preferential polarising surfaces as
a result of the enhanced formation of extra-framework ions
within the ultra-microporous carbon networks, which occurred
naturally as co-benet of the integrated carbonisation and
alkali-activation protocol under compacted conditions. At a low
CO2 partial pressure of 0.15 bar and high ue gas temperatures
of 40–70 �C, the materials exhibit extraordinary reversible CO2

uptake capacities of up to 2.3 mmol g�1, which represent the
highest CO2 uptakes ever reported for any activated carbon,
MOF andmany polyamine-based chemical adsorbent materials.
In addition to the exceedingly high capacities, thematerials also
show high CO2/N2 selectivities, which can reach up to 115 : 1
and 117 : 1 at 40 and 70 �C, respectively. The results highlight
the importance of a combination of the ultra-microporosity and
surface chemistries in determining the performance of carbon-
based capture materials at high ue gas temperatures and low
J. Mater. Chem. A
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CO2 partial pressures. The performance of the PIR carbon
materials essentially changes the perception that active carbon
materials as physical adsorbents cannot be used for highly
efficient CO2 capture at low CO2 partial pressures and high ue
gas temperatures.
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J. Phys. Chem. C, 2009, 113, 2928–2935.

68 L. Valenzano, B. Civalleri, S. A. C. H. I. N. Chavan,
G. T. Palomino, C. O. Areán and S. Bordiga, J. Phys. Chem.
C, 2010, 114, 11185–11191.

69 V. Palermo, M. Palma and P. Samor̀ı, Adv. Mater., 2006, 18,
145–164.

70 J. Lv, L. Eng, R. Bennewitz, E. Meyer, H. J. Güntherodt,
E. Delamarche and L. Scandella, Surf. Interface Anal., 1999,
27, 368–373.
J. Mater. Chem. A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ta01417f

	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f

	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f

	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f
	Design and development of 3D hierarchical ultra-microporous CO2-sieving carbon architectures for potential flow-through CO2 capture at typical practical flue gas temperaturesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta01417f


