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A new type of hierarchically porous carbon (HPC) structures of
simultaneously high surface area and high pore volume has been
synthesised from carefully controlled carbonization of in-house
optimised metal—organic frameworks (MOFs). Changes in synthesis
conditions lead to millimetre-sized MOF-5 crystals in a high yield.
Subsequent carbonization of the MOFs yield HPCs with simulta-
neously high surface area, up to 2734 m? g~%, and exceptionally high
total pore volume, up to 5.53 cm® gfl. In the HPCs, micropores are
mostly retained and meso- and macro- pores are generated from
defects in the individual crystals, which is made possible by structural
inheritance from the MOF precursor. The resulting HPCs show a
significant amount of CO, adsorption, over 27 mmol g~ (119 wt%) at
30 bar and 27 °C, which is one of the highest values reported in the
literature for porous carbons. The findings are comparatively analysed
with the literature. The results show great potential for the develop-
ment of high capacity carbon-based sorbents for effective pre-
combustion CO, capture and other gas and energy storage
applications.

As fossil fuels will continue to dominate the ever increasing
energy demand in the coming decades, CO, emissions are likely
to rise considerably.”” Thus there is a great urgency in cutting
down the emissions by carbon (CO,) capture at anthropogenic
point sources'™ and effective sorbent materials and methods are
highly needed.>® A wide spectrum of materials has been consid-
ered for carbon capture by adsorption and/or separation.’™
Recently, the physical adsorptive removal of CO, by porous solids,
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Broader context

Several energy and environmental technologies require the advance of
highly stable porous nanostructures to enhance the performance of core
devices, such as in chemical energy storage, purification/separation of
gaseous molecules, and pollutant removal in water and air. Particularly,
there is great urgency in cutting down the emission of CO, from
concentrated sources. The adsorptive removal of carbon (CO,) by nano-
porous solids is considered one of the most promising approaches to
fulfilling the short-term goals of CCS (carbon capture and sequestration).
Control and optimization of pore geometry, size, volume and surface area
are crucial to achieve efficient CO, capture at pre- or post- combustion
power stations. In this study, we describe a method of obtaining highly
hierarchical porous carbons (HPCs) with simultaneously high surface area
(up to 2730 m”g™") and ultra-high total pore volume (up to 5.5 cm’g™")
from selected and relatively large MOF crystals. HPCs show significantly
enhanced CO, adsorption (e.g:, over 27 mmol g~ * at 30 bar and 27 °C) at
high-pressures and temperatures up to 75 °C, compared with their MOF
counterparts and other porous carbons reported in the literature. Given
their rich pore property, the HPCs are also potential candidates for further
pore optimization/functionalization for energy storage, e.g. as electrode
materials and methane storage.

such as porous carbons and metal-organic frameworks (MOFs)
has attracted much attention.'®*® Quite a large number of MOFs
have been tailor-made and studied extensively for clean energy
and environmental applications, including H, and CH, sorption,
storage and separation."****?¢ Given their structural flexibility
and thermal stability, light-weight porous carbons have also
emerged as promising adsorbents.'" 422”41 A variety of porous
carbons, such as activated,'®'>'#21,2331-33  templated,'®>*>>%3538
carbide derived,"”** polymer derived'******® and recent graphene-
oxide derived******* carbons have been investigated with the aim
to improve their energy storage (electrode materials, as well as H,
and CH, storage) and carbon capture performances. The key
porous parameters that determine if the adsorbents have poten-
tial in being used in practical applications are surface area and
pore volume together with pore size. Thus the current research is
actively focused on enhancing the pore properties of the
adsorbents.
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Here, we describe the synthesis and characterisation of
highly hierarchical porous carbons (HPCs) for enhanced carbon
dioxide capture at high pressure and temperature, up to 30 bar
and 75 °C, respectively. This new class of HPCs (HPC5, HPC74,
HPC53) are derived from the direct carbonization of three
different MOF structures (MOF-5, MOF-74, MIL-53, respec-
tively).'»>*4>%* The carbonization process of one of the MOF
precursors, MOF-5 is schematically shown in Scheme 1. HPCs
essentially consist of local defective carbon structures with
mainly sp> bonding. We also show that these new materials
exhibit simultaneously high surface areas, up to 2734 m> g,
and hierarchical pores (micro, meso (>2 nm) and macro (>50
nm)) with very high total pore volumes, up to 5.53 cm® g~ *,
achieved by controlling synthesis conditions of the MOF
precursors. Such porosity characteristics of simultaneously
high surface area and pore volume are seldom found in the
family of highly porous carbons. Due to the exceptional porous
properties, the HPCs exhibit high CO, adsorption capabilities,
particularly at high-pressure, compared with their parent MOFs
and other high surface area porous carbons. Thus the HPCs are
ideal sorbents for pre-combustion CO, capture.

The prototype framework structures of the MOF precursors
are schematically shown in Fig. 1. In our study, all the MOFs
were synthesized by the solvothermal method according to the
literature and the references therein (see the ESIT for detailed
experimental procedure).**** As shown in Fig. 1, in the case of
MOF-5, a modification in the synthesis conditions resulted in
millimetre-sized crystals (batch 2) with enhanced yield (~140
wt%) compared to the micron-sized crystals from the regular
method (batch 1) (Fig. S1f). The powder X-ray diffraction
(XRD) patterns (Fig. S2af), and N, adsorption isotherms
(Fig. S2bt) measured at liquid nitrogen temperature on the
MOFs reveal well ordered, and crystalline pore structures, in
very good agreement with the earlier reports.™** The surface
area and pore volume values are summarized in Table 1.

(600-800) °C

(25-400) °C >900°C

(1) (2) (3) (4)

Scheme 1 Schematic illustration for steps in fabricating HPCs from a
precursor MOF-5; (1) MOF framework/crystal structure (up to 400 °C)
with well-defined pore structure in the micropore region, (2)
decomposition, and metal-oxide formation, ZnO and carbon between
600 and 800 °C yielding poor pore development, (3) at >900 °C, ZnO
reduction and evaporation of Zn and CO yields highly porous carbon
with a hierarchical pore structure and (4) surface morphology of HPCs
by TEM & SEM.
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Fig. 1 Top: schematic representation of MOF-5,42 MOF-74 and MIL-
53 framework structures. Middle: digital photographs of MOF-5 and its
carbon (carbonized at 1000 °C) crystals: (a) batch 1, (b) batch 2, (c)
HPC5b1-1000 and (d) HPC5b2-1000. Bottom: mechanism involved in
the carbonization process of Zn-MOF-74. The plot represents the
MOF mass change vs. carbonization temperature.

The HPCs were obtained by the direct carbonization of
MOFs at temperatures between 600 °C and 1100 °C under N,
atmosphere. The carbonization process and mechanism for
Zn-MOF-74 is schematically presented in Fig. 1 and is shown
through state-of-the-art simultaneous thermogravimetric
analysis (TGA) and mass spectroscopy (MS) (Fig. 2a and S3a-
S3ct) for all of the MOFs. The first mass-loss, below 150 °C, is
due to the evaporation of adsorbed/terminal water molecules
within the pores and the second mass-loss between 400 °C
and 600 °C, is attributed to the framework decomposition
leading to a major release of carbon containing gaseous
products (mostly CO,, CO, C¢Hs and a small amount of H,
and C,H, hydrocarbon mixtures) and formation of metal-
oxides (ZnO and Al,0;) occurs. The third mass-loss seen in
MOF-5 and MOF-74 starting at ~900 °C is due to further
release of CO, and CO with Zn through the reduction of ZnO
by carbon via ZnO + C — Zn(g) + CO.

The carbonization yields materials with either a featureless
XRD pattern (Fig. 2b) or very weak and broad XRD peaks
between 20° and 25°, and at ~45° of two-theta (Fig. S47),

This journal is © The Royal Society of Chemistry 2014
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Table 1 The surface area, total pore volume, and CO, adsorption performance of HPCs and the MOF precursors at PSA (pressure swing
adsorption) and VSA (vacuum swing adsorption) conditions for pure CO, (PSA: between 6 bar and 1 bar, VSA: between 1.5 bar and 0.05 bar) and
flue gas CO, (20%; PSA: between 1.2 bar and 0.2 bar, VSA: between 0.3 bar and 0.001 bar). All are obtained from the 27 °C CO, adsorption

isotherms
Pure CO, Flue CO,
BET surface Total pore volume

Sample area (m> g™ ") (em® g™ PSA (mmol g ™) VSA (mmol g %) PSA (mmol g7) VSA (mmol g )
HPC5b2-1100 2734 5.23 7.33 3.78 2.44 1.4
HPC5b2-1000 2517 5.53 7.01 3.93 2.52 1.5
HPC5b2-900 2495 5.41 6.97 4.00 2.60 1.5
HPC5b1-1000 2462 3.79 6.62 3.79 2.49 1.4
HPC5b1-900 2109 3.26 5.36 3.23 2.12 1.4
HPC74-1000 1900 1.00 5.59 3.88 2.52 1.6
HPC74-900 1828 0.95 5.37 3.76 2.37 1.5
HPC74-800 1574 1.48 4.50 3.67 2.29 1.7
HPC74-600 1269 1.31 4.82 3.12 2.00 1.5
HPC53-1000 1260 2.47 3.49 1.96 1.29 0.7
MOF-5-b1 3224 1.31 4.52 1.16 0.77 0.2
MOF-74 1000 0.40 3.83 5.60 3.67 2.8
MIL-53 1193 0.44 2.57 1.98 1.42 1.2
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Fig. 2 (a) TGA plots for the MOF precursors; and (b) powder XRD
patterns, (c) C 1s core level XPS spectra, (d) Raman spectra for the
HPCs (HPC5b1-1000, HPC74-1000, HPC53-1000).

indicating the disorderly oriented tiny graphenic type frag-
ments in the structures. It is worth noting that the reduction of
ZnO by carbon during carbonization yields a pure porous
carbon, whereas MIL-53 (Al) derived carbon always contains
metal particles (Fig. S3 and S41). The X-ray photoemission
spectroscopy (XPS) C 1s core level spectra shown in Fig. 2c
indicate that the HPCs are graphenic in nature with a majority
of sp” carbons.?® Clearly no Zn is detected in Zn 2p core level
XPS spectra in samples obtained at =900 °C carbonization or
after acid treatment (Fig. S4ct). The broad and highly intense
disorder-induced D-band and featureless second-order bands
between 2600 cm ™' and 2900 cm ' in the Raman spectra
(Fig. 2d and S4dt) represent the highly disordered/defective or
porous nature of the HPCs.”*** The SEM images and digital
photographs presented in Fig. 1, 3, S1 and S57 reveal that the

This journal is © The Royal Society of Chemistry 2014

HPCs retain mostly similar crystallite shapes and surface
structures to their MOF precursors. It is also noted that the
parent MOF crystallites shrink after carbonization as evident
from the microcracks and the sponge-like surface
morphology.** Furthermore, the transmission electron micros-
copy (TEM) images shown in Fig. 4 clearly reveals the highly
defective, randomly oriented graphenic type porous carbon.

Fig. 3 SEM images of (a) MOF-5b1, (b) MOF-74, (c) MIL-53 and their
HPCs; (d) HPC5b1-1000, (e) HPC74-1000, (f) HPC53-1000.

Energy Environ. Sci., 2014, 7, 335-342 | 337
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The BET surface area and pore volume values for the HPCs
and MOFs were obtained from the nitrogen adsorption-
desorption isotherms (Fig. 5a, S2 and S6-S81) and are listed in
Table 1 and S1.7 The qualitative behaviour of the isotherms
(Langmuir or type- I for micropores and S-shaped or type-II for
micro-meso-macropores) represents hierarchical pores with
dominant microporosity in HPC74 and a large fraction of
mesopores in HPC5s. Figs. S6-S81 represent the pore size
distribution and cumulative pore volume plots, obtained by the
QSDFT and BJH methods. It is worth noting that the HPCs show
a considerable enhancement in their total pore volumes
compared with their MOF precursors. The total pore volumes
between 5.23 cm® ¢! and 5.53 em® g~ ' in HPC5b2s are some of
the highest values reported so far for porous carbons.?3*3%46-33
It is important to note that the HPC5b2s also show simulta-
neously high surface areas between 2495 m” g ' and 2734 m>
g~ *. Such combination of properties (simultaneously large total
pore volume and high surface area) is unique for MOF derived
porous carbons and has not been observed yet in any other type
of porous carbons. A few of the carbons show pore volumes over
5 cm® g~ ! but with surface areas limited to well below 2000 m>
g~ ! or vice versa.*******3 We also note that the measured total
pore volumes of over 5 cm® g in HPC5b2s are the highest
among MOF derived porous carbons reported so far (Table S2+
and references therein).******* The highest reported values
were 4.3 cm® g ' and ~4 cm® ¢! in AI-MOF and MOF-5 derived
carbons, respectively.*”**** However, the surface area and total
pore volume of HPC5b1s are well within the range of literature
values (Table S27).

The hierarchical pore formation in the HPCs is under-
standable from their pre-defined well-ordered pore structures of
MOF precursors and combined TGA-MS measurements. During
the carbonization process (=900 °C), considerable C and O
mass-loss occurs from the framework ligands through the
reduction of ZnO that leads to the evolution of Zn, CO and CO,,
leaving a more defective or hollow carbon network. This process
is a simple self-activation for the carbon, similar to the well-
known physical or chemical activation of the carbonaceous

Fig.4 TEM images of HPC5b2-1000 (a and d), HPC74-1000 (b and e)
and HPC53-1000 (c and f). (a—c) and (d-f) represent low and high
magnification respectively.
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Fig. 5 (a) N, adsorption—desorption isotherms of HPCs measured at
—196 °C. Inset shows the QSDFT pore size distribution plots. (b) CO,
adsorption isotherms of HPCs measured at 27 °C. The numbers
between 600 and 1100 represent the carbonization temperature in °C.
HPC74-600, HPC74-800, and HPC53-1000 are after acid treatment.

precursors with either CO, or KOH to achieve porous activated
carbons.*>*** The simultaneously enhanced surface area and
pore volume in HPC5b2 are attributed to the large, millimetre-
sized crystallites of the MOF precursor, that leaves more void
space due to the extended pores within the crystals after
carbonization, compared with the smaller crystals in HPC5b1.
The influence of the crystallite size of the MOF-5 precursor
on the porosity parameters is clearly observed in Fig. S61 and
Table 1. Similarly, the framework structure, metal-centres and
initial porosity properties of the MOF precursor plays a crucial
role in developing desirable porosity in HPCs. The low-density,
spherical pore structure and cubic crystallites of the MOF-5
precursor always yield high porosity in the HPCs. However, the
carbons derived from Zn-MOF-74 of densely packed, one

This journal is © The Royal Society of Chemistry 2014
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gassing, there

dimensional

fore the adsorption capacity is underestimated.

pore channels and lower surface area contain a

high proportion of micro and mesoporosity. Thus designing
and developing of desirable HPCs is not straight forward. The
best example in this case is carbons obtained from the MIL-
53(Al and Fe) (Fig. S8t). The MIL-53(Fe) derived carbon exhibits

very poor porosities with a surface area of only 138 m

2 —1

g "anda

pore volume of 0.22 ecm® g~'. Clearly the MOF framework

This journal is © The Royal Society of Chemistry 2014

structure acts as a self-template, thus the microporosity from
the MOFs is mostly retained in the derived HPCs and the meso-
and macro-pores are generated by reduction of ZnO with carbon
and by evolution of Zn, CO and CO,. In the case of MIL-53(Fe),
the high solubility of carbon in the reduced Fe particles even-
tually results in growth of graphitic fibre-like structures with
poor porosity (see Fig. S8df for XRD and SEM images).

Energy Environ. Sci,, 2014, 7, 335-342 | 339
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The CO, adsorption-desorption isotherms were measured at
several different temperatures between (—53-47) °C and pres-
sure, up to ~30 bar on HPCs (Fig. 5b and S9-S107) and on their
MOF precursors (Fig. S117). The isotherm data obtained on the
MOFs is in good agreement with the results published in the
literature.**** HPCs with their hierarchical pores (micro, meso
and macro) and large pore volumes clearly show enhanced CO,
uptake at high pressures, up to 30 bar without any indication of
saturation. The HPCs also show considerable enhancement of
CO, uptake in the low-pressure region, compared to the coor-
dinatively saturated MOF-5 and MIL-53 precursors due to their
small slit-pores.'”?***5* The uptake values at low-pressure in
MOFs and HPCs correlate well with the initial heat of adsorp-
tion (Fig. S11t+ and ref. 43). The isosteric heat of adsorption in
HPCs shows moderate to strong interaction energies. The large
mesopore fraction in HPC5 and HPC53 shows a low heat of
adsorption.

As shown in Fig. 5b and 6, the measured high-pressure
CO, uptake capacities of over 25 mmol g~ and a maximum
of 27.4 mmol g~ " at 30 bar and 27 °C in our HPCs is one of
the highest uptake values reported for highly porous
carbons.'*161821-23,31,323755 pyrthermore, the room temperature
CO, uptake in the HPCs at 30 bar show a more or less linear
relationship with their BET surface area: a CO, uptake of 10 mmol
g~ ' forevery 1000 m* g~ ' of surface area. A linear relation between
CO, uptake at moderate pressure (6 bar) and the micropore
volume is also observed (Fig. S1271). In addition, we also show a
comparison of 27 °C CO, uptake at 1 bar and 30 bar in the present
HPCs and other highly porous carbons with surface areas of
=2000 m*> g~ ' (Fig. 6a) and CO, uptake isotherms in a wide
pressure range for porous carbons with surface areas of =3000 m*
g~ ' in Fig. 6b.14161821-23,27,31323755 Clearly, the HPCs show superior
CO, uptakes over other porous carbons. Moreover, the CO,
adsorption in the HPCs with surface areas between 2000 m* g~ "
and 2700 m> g~ " are better than or comparable to the porous
carbons with surface areas higher than 3000 m* g~ . It is also
worth noting that no correlation is found between BET surface
area and CO, uptake at 30 bar for various types of other carbons.
This can be primarily attributed to the large differences in their
porevolumes as listed in Table S3.1 The best example for this case
is gas uptake in the well-defined pore structure MOFs (see
Fig. S117). The limited pore volume and pore-filling effect leads
no further gas uptake at high pressure. In the HPCs, the hierar-
chical mesoporosity could play an additional role in obtaining
higher CO, adsorption in the high-pressure region by multilayer
adsorption within the pores (see ESIt). Furthermore, it is antici-
pated that the carbons with a higher micropore volume perform
better for CO, adsorption at 1 bar, because of a large caging effect,
particularly those smaller than 1 nm."”*>*® For example, highly
microporous carbon spheres show good CO, capture perfor-
mance, over 4 mmol g~ at 1 bar and 25 °C.*®* However, HPCs
dominated by hierarchical mesoporosity show CO, adsorption of
~3.0 mmol g~ ' at =1 bar and 27 °C, but their much superior
performance at relatively high CO, pressures makes them a
preferred choice for pre-combustion PSA applications.***” We
listed the adsorptive capacities for both the MOF precursors and
the HPCs, along with other high surface area carbons, in Table 1
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and S3t for possible PSA/VSA conditions in the case of pure CO,
and flue gas (20% CO,) at 27 °C.***® In Table S3,T we also list the
surface areas, total pore volumes and high-pressure PSA
adsorption values for similar materials reported in the literature.
Here it is noted that the total pore volumes between 3.26 cm® g~
and 5.53 cm® g~ ! in our HPCs are the highest among the listed
carbons.

As pre- and post-combustion CO, capture temperature
conditions fall between 40 °C and 75 °C,°® we show high-pressure
pure component CO, and N, adsorption performance of the
HPC5b2-1100 above room temperature, (0-100) °C in Fig. 6c.
Fig. 6d and S137 also compare the 50 °C and 75 °C isotherms of
the HPCs with commercial carbons; such as maxsorb with a BET
surface area of 3250 m> g~ ', Norit R1 (1450 m* ¢~ ') and BPL (1150
m?g '), etc.”’* Clearly the present HPCs still absorb considerable
amounts of CO, and outperform the commercial activated
carbons at elevated pressures. We also note that the CO,
adsorption of 5.7 mmol g~ in the HPC5b2-1100 sample at 75 °C
and 7.4 bar is much higher than the recently reported highest CO,
adsorption of 4.3 mmol g ' under identical experimental
conditions in polyethyleneimine impregnated sandwich-like
graphene-silica sheets.*®

Conclusions

A new group of highly hierarchical porous carbons with high
surface areas up to 2734 m* g~ * and high total pore volumes up to
5.53 cm® g~ ! have been synthesised by tailored carbonization of
various MOFs. The HPCs are highly sp>-bonded graphenic in
nature with a high portion of defective carbon structures. In most
cases, the CO, uptakes in HPCs are higher than in their MOF
counterparts. The high pressure CO, uptake of over 27 mmol g~
at 30 bar and 27 °C in HPCs is one of the largest reported in the
literature for porous carbons. There seems to be a direct rela-
tionship between the CO, adsorption capacity and the surface
area: a CO, uptake of 10 mmol g~ * for every 1000 m® g~ * increase
of surface area under 30 bar and 27 °C. Due to their thermal/
chemical stability and enhanced CO, capture performance the
HPCs are preferred over their counterpart MOFs for the PSA/VSA
applications. Finally we note that the selection of a MOF structure
and the process conditions play a critical role in obtaining the
desirable porosities in the carbons. The present results also
suggest that MOF derived hierarchical porous carbons may be
favourably considered for other energy related applications, such
as lithium-ion adsorption-desorption in battery and super-
capacitor electrodes, as well as in methane storage.
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