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We report a new, simple and versatile method to obtain
highly active MOF structures by carefully controlled post-
synthesis thermal annealing. The active ZIF-8 structure
shows highly enhanced CO,/N, selectivity and stable cyclic
CO, uptake of >1.5 mmol g™ at 1 bar and 25 °C with a heat of
adsorption of >30 kJ mol™, which is over 100% greater than
the ~0.7 mmol g"' and =17 kJ mol, respectively in the ZIF-8.

Adsorption and separation of gaseous molecules by porous solids is
a critical issue in catalysis, sensing, energy storage, CO, capture and
pollutant removal.' In particular, nanoporous solids such as zeolites,
carbons and metal-organic frameworks (MOFs) are extensively
investigated for clean energy (H, and CH,) storage, and separation
and capture of pollutant gases (CO,, H,S, NO,, SO,, I, etc.)."* ZIFs
(zeolitic imidazolate frameworks) are a sub-family of MOFs with
zeolite-like framework topology, formed from transition metals and
imidazolate linkers, and well-known for their remarkable physical,
chemical and thermal stability.>* Among those, a prototypical ZIF-8
(Zn[MeIM], = ZnCgH,(N,; MeIM = methylimidazolate) is one of the
most studied. Its high BET specific surface area (SSA) (= 2000 m* g’
") and permanent porosity from its uniformly sized pore cavities (of
~ 1.16 nm and pore volume of = 0.60 cm® g') are particularly
desirable for many potential applications, such as molecular gas
storage,> separation by membrane sieving® or kinetic diffusion,’
caging,® templating,’ catalysis,*'® and shape-selective distillation''
and sensing.'? A large quantity of ZIF-8 can be readily synthesized
by simple mixing of precursors of zinc nitrate/acetate and 2-
methylimidazole in a water or methanol solvent at room
temperature.'® It is also commercially available from Sigma-Aldrich.

In addition to the synthesis of a variety of MOF structures,'®
considerable effort has also been devoted to post-synthesis
modifications of MOFs to obtain enhanced gas uptakes and
selectivity." For example, the enhanced CO, adsorption/selectivity
in ZIF-8 is achieved by the application of a relatively high

pressure,5b grafting basic groups via ammonia treatment,™
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incorporation of amine groups in pores®™¢ or amine-linkers with
partial ligand exchange,”™" and/ or making hybrid structures.'® Very
recently, the ZIF-8 is also used to reactivate deceased diatoms, a
diatomite composite composed of ca. 57.2 wt% ZIF-8 shows CO,
uptake of 0.80 mmol g at 298 K, 1 bar, which is ca. 20% greater
than that of pure ZIF -8.1% Herein, for the first time, we show a new,
simple but versatile approach to enhance the CO, uptake and its
binding energy with ZIF-8 by the creation of a locally defective
structure using a well-controlled post-synthesis thermal annealing
process close to its framework decomposition temperature. For
example, a giant enhancement in CO, uptake of over 100% at 25 °C
and 1 bar of CO, is achieved in the modified ZIF-8 structures
compared with the unmodified ZIF-8.

The ZIF-8 nanosized crystals were synthesized by a stirring
precipitation method in a methanol solvent at room temperature (see
experimental section in supporting information and Figure S1). As
shown in Figure 1(a), the thermogravimetric analysis (TGA) of ZIF-
8 under inert atmosphere with a continuous temperature ramping rate
of 5 °C per minute shows a framework decomposition /
carbonization temperature of ca. 580 °C, which is in good agreement
with early reports.?'% The continuous increase in temperature above
580 °C shows rapid decomposition and mass-loss by the evolution of
a considerable amount of volatile H,, hydrocarbons and C—N—H
species (Figure S2). During this process a disordered porous carbon
network with N-doping is observed but only at the expense of
significant sample mass-loss of (70-80)%."*¢'° However, a
controlled isothermal process between 400 °C and 550 °C, i.e., at the
verge of its framework decomposition / before carbonization, results
in a modified framework structure of ZIF-8 with interesting
properties and a minimal sample mass-loss of less than 15% (Figure
1). As represented by digital photographs in Figure 1 and S3, a
carefully controlled post-synthesis thermal annealing under flowing
argon between 400 °C and 550 °C results in a gradual transformation
of white ZIF-8 into a brown material. The decomposition and
carbonization of ZIF-8 above 550 °C can be observed through its
complete transition to black, presumably, carbon.
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Figure 1. Steps in the optimization of the thermal annealing process of ZIF-8
and its conversion from white to brown material. a). TGA plot with
continuous ramping rate of 5 °C per minute under argon flow showing a
framework decomposition/carbonization temperature of ca. 580 °C, indicated
by vertical arrow. Highlighted rectangular region between 400 °C and 550 °C
is selected for further isothermal annealing and structure optimization. b).
Shows the sodalite (SOD) cage of ZIF-8 before and after thermal annealing at
525 °C for 3h. For clarity, the actual 2-methylimidazolate ligand is shown in
one pore opening of the SOD cage, and rest is represented by wire frame with
light blue. The colour: white-H, blue-N, grey-C and orange-Zn tetrahedra. c).
Shows TGA plot of the controlled isothermal annealing at various
temperatures. At each temperature the sample is annealing for 3h. d). Digital
photographs of the thermal annealed powder samples in a 0.5 mm XRD glass
capillaries. The annealing temperatures, each for 3h, are shown on top. The
digital photographs of the actual as-obtained samples in its granular form in
poly bottle are also shown in TGA plots at respective processed temperatures.

The controlled thermal annealing by combined thermogravimetry
and mass-spectrometry (TG-MS) shows that the sample mass-loss is
due to release of mainly the methyl groups (see the corresponding
atomic mass unit (amu) signals at 12, 13, 14 and 15) on the
framework ligands (Figure 2 and S4). A much more intense CHj
mass peak is observed between 500 °C and 550 °C, specifically
around 525 °C with further mass-loss compared to the other
temperatures. Moreover if we assume that the TGA total mass-loss
of the sample at these temperatures is entirely due to the
decomposition of CHj, then the ca. 10% mass-loss at 525 °C
accounts for 75% release of the methyl groups on the
methylimidazolate ligands in a ZIF-8 unit cell formula unit,
Zn[MeIM],. Release of both methyl groups in the formula unit
accounts for a mass-loss of 13.2%. Other, but relatively weak mass
signals at 16, 26 and 30 can be attributed to the recombination of
fragmented free radicals in the gas phase. In contrary to the
decomposition in Figure S2, no evident mass signal is detected for
hydrogen and nitrogen. Furthermore, Figure 2¢c-d and S4 give a clear
picture of differences between a controlled thermal annealing over a
period of time and high temperature sample framework
decomposition. If incubated for enough time the sample mass-loss at
500 °C is more or less equals to the sample left at 525 °C. The two-
step TGA mass-loss behaviour with a mass-loss of ca. (6-7)% and
13% roughly corresponds to the evolution of one and two
equivalents of methyl groups. At or above 550 °C the more and rapid
mass-loss is directly attributed to the actual sample decomposition.

As shown in Figure 3, the powder X-ray diffraction (PXRD) patterns
of the annealed samples well support the TG-MS results. Most of
these structures reveal the retention of cubic /-43m structure of ZIF-8
up to 525 °C. As evidenced by the sharp XRD peaks at low angles,
the structures are still largely crystalline with long-range order, while
the diminishment of XRD peak intensities at high angle suggests
existence of local short-range disorder. More or less complete
framework decomposition is observed at or above 550 °C. Prolonged
annealing of the samples at 500 °C and 525 °C up to 24 h and 6 h,
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Figure 2. Combined TG-MS plots for controlled thermal annealing of ZIF-8.
a). TGA mass-loss at different annealing temperatures. b). MS signals
showing the evolution of various gaseous species represented by atomic mass
unit (amu; H, (2), C (12), CH (13), CH, (14), CH; (15), CH,4 (16), C,H, (26),
N; (28), C;Hg (30)) during the TGA process shown in (a). ¢). TGA mass-loss
for prolonged isothermal annealing process at 500 °C, 525 °C, 550 °C, and
600 °C. d) CH; MS signal for TGA in (c). A clear distinct difference is seen
for samples annealed at temperatures up to 525 °C and above. For the
samples at 500 °C and 525 °C the two-distinct mass-loss steps are roughly
equivalent to the evaporation of 1 and 2 equivalents of CH; groups in a ZIF-8
unit cell formula unit, the actual equivalent of mass-loss, 6.6% and 13%,
respectively, is represented by horizontal dashed arrows in light blue.
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Figure 3. Structural characterizations of thermal annealed ZIF-8 at various
represented temperatures for 3h. a). PXRD patterns showing a similar and
crystalline behaviour for samples up to 525 °C, above which the diffused or
amorphous nature indicates the sample decomposition. b). FTIR spectra
showing existence of all framework IR absorption modes for samples up to
525 °C. ¢) & d). XPS core level spectra of C 1s and N s, respectively.

respectively, show a significant XRD peak broadening (Figure S5),
which suggest a partly collapsed framework with disruption of long-
range translational symmetry. A more promising evidence for
retention of the ZIF-8 framework structure in the annealed samples
comes from the IR spectroscopic studies. As shown in Figure 3 and
S6 the FTIR spectra of samples annealed up to 500 °C and 6 h are
very similar to that of pure ZIF-8 except a considerably weakened &
CH; IR mode at 1384 cm™.* This implies that the main building
block of the ZIF-8 structure is unchanged with the removal of the
CH; on the ligand. However prolonged or higher-temperature
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annealing (i.e., 24 h at 500 °C and 525 °C, 550 °C) results in a clear
change in bonding/coordination among ligand C and N, and Zn
metal centres; particularly the strong IR mode at 422 cm™ of the
Zn—N stretching is considerably weakened or completely
disappears.”™ In addition there are several noticeable changes
observed; softening/broadening of the C=N stretch mode at 1584 cm’
! weakening and shifting of the entire ring stretching convoluted
bands at 1350-1500 cm™, and in-plane and out-of-plane bending of
the ring at 900-1350 cm™ and 650-800 cm’, respectively, all of
which indicate disordering-induced weakening of the ring-ring
ligand interactions within the ZIF-8 framework structure.*® This is
more pronounced in the 550 °C sample, where the extremely
broadened IR spectrum indicates a very disordered structure, as also
observed in PXRD patterns. At 525 °C and 550 °C, the new IR
modes at 904 cm™, 1041 cm™, 1251 cm™, 1886 cm™ and 2200 cm
can be assigned to disordering-induced bonding environments
between C and N.

The local structural bonding environment in annealed ZIFs is further
probed with X-ray Photoemission spectroscopy (XPS) (Figure 3 and
S7). The core level C 1s peak at binding energy (BE) of 285.4 ¢V in
ZIF-8 remains unchanged in most of the annealed samples, which is
in good agreement with the sp?> C=N bonding. At high temperatures
the complete decomposition (600 °C) to carbonization (800 °C)
shows a gradual shift in the C Is peak position from 285.4 eV to
284.6 eV, which indicates the transformation of sp> C=N to a pure
carbon.'” A shake-up satellite peak at ~ 292 eV in ZIF-8 is assigned
to the delocalized 7 conjugation (m—n*) in the network.'® A gradual
softening of this satellite peak at increased annealing
temperature/time indicates the transition to localization is induced by
disordering."® An evident disordering-induced C 1s peak broadening
is also observed by a growing shoulder above the BE at 287 eV. A
narrow symmetric peak at 399.4 eV in N 1s XPS spectra of ZIF-8
indicates there is only one form of nitrogen in the framework. The
peak shift to higher BE is observed for nitrogen when it is bound to
metal (Me), which is estimated up to = 1 eV with respect to the
position of N in a pyridinic environment (398.8 eV) of imidazole
structure.' This is well supported by a peak shift to 398.8 eV in a
decomposed sample at 600 °C. However, a peak shift of about 0.3
eV (399.4 eV t0 399.1 eV) in the annealed samples with a significant
overlap with ZIF-8 is in good agreement with the reported BE shift
for the transition of Me-N4 to Me-N2 (i.e., four N-coordination
metal to two N).'® This gives further evidence to the weakened Zn-N
stretching IR mode in Figure 3b. Furthermore, a low intense
shoulder at a higher BE above 400.5 eV in the annealed samples at >
500 °C is assigned to defect induced pyrrolic and quaternary
nitrogen environments.*’

All the above experimental data suggests the methyl dissociation and
partial Zn—N bond breaking in the annealed ZIFs have been
achieved without the loss of the overall framework connection. We
note that in a ZIF-8 crystal, the relatively weak chemical bonds are
the Zn—N coordination bond, and the C—C bridging bond between
the imidazolate ligand and the methyl group. Other bonds (on the
imidazolate ligand) are all notably stronger. At elevated temperature,
it is natural that the framework starts to break apart at the Zn—N and
C—C connections. To understand why the methyl dissociation takes
place first, we calculated the bond dissociation enthalpies of the C—C
bridging bond and the Zn—N coordination bond using density
functional theory (DFT). We obtained 321 kJ mol™" and 353 kJ mol™!
for the two, respectively. (In comparison, the calculated bond
dissociation enthalpies are =~ 410 kJ mol!, = 602 kJ mol™!, ~ 449 kJ
mol! for the C—H, the C=C and the C—N bonds on the imidazolate
ligand, respectively.) Also note that each Zn is coordinated with four
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N, and is sterically restricted within the framework, while the
terminal —CH; groups are sterically free. Consequently, upon
heating, the CH; group is able to break from the imidazolate ligand
and enter the gas phase first. A complete breakage of the Zn-ligand
connections would require higher temperature and/ or longer
annealing.
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Figure 4. Surface and pore characteristics of the thermal annealed ZIF-8
samples up to 600 °C, for 3h. a). 77 K N, adsorption-desorption isotherms of
thermal annealed samples showing a qualitatively similar isotherms. The
second uptake at high relative pressures represents external capillary
condensation effects in the gaps formed by nanosized particles. b). Pore size
distribution plots and cumulative pore volume plots (inset) obtained by
applying QSDFT model to 77 K N, desorption isotherms in figure (a). c-e).
TEM micrographs of initial ZIF-8, and 500 °C and 525 °C annealed samples,
respectively showing nanosized crystals. Inset of (c) shows average particle
size of 25 nm.

To understand further the annealed structures, their porosity
characteristics were assessed through measurement of N, isotherms
at 77 K. As shown in Figure 4 and S8, the N, adsorption-desorption
isotherms and corresponding pore volume plots estimate porosity
retention of over 60% (both the BET SSA and micropore volume) in
the annealed ZIFs obtained at temperatures up to 525 °C. The
isotherms and deduced quantitative data given in Table 1 clearly
suggest the framework structure is mostly unchanged up to 450 °C,
which is again in good agreement with the FTIR and XPS data. The
porosity starts to decrease in samples that are obtained at > 500 °C
and as expected the completely decomposed sample at 600 °C shows
the lowest, which only accounts for 18% porosity retention relative
to the starting ZIF-8. The reduced SSA and pore volume in the
annealed samples can be attributed to some degree of locally
disordered pore cavities. Thus apart from reduced SSA and pore
volume the annealed structures also show a reduced cavity size
below 1 nm (Figure 4 and S8). Here it is worth noting that the
identical plateaus of N, isotherms in the samples represent the
existence of uniform pores, which is also revealed by pore size
distribution and cumulative pore volume plots. The high N,
adsorption towards high relative pressures indicates the condensation
effect in the externally formed macropores between nanoparticles.'*
In fact the TEM micrographs in Figure 4 show a particle size of ca.
25 nm.
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Table 1. Sample preparation conditions; annealing temperature and time,
SSA, micropore volume, CO, uptakes at 298 K and IAST selectivity, S (see

SI) of COZ/NZ.

Sample SSA Vmicro CO, uptake (mmol g")  Scoun:
2 3
(m7g’) (m'g) T015bar 1 bar
ZIF-8 1567 0.517 0.09 0.70 10
3h@400 °C 1594 0.548 0.11 0.70 21
3h@450 °C 1549 0.541 0.14 0.82 19
3h@500 °C 1217 0.407 0.19 0.98 34
6h@500 °C 1200 0.405 0.22 1.08 30
24h@500 °C 942 0.319 0.40 1.79 20
3h@525 °C 931 0.307 0.34 1.49 18
6h@525 °C 917 0.293 0.39 1.66 21
3h@550 °C 711 0.237 - - -
3h@600 °C 316 0.092 - - -
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Figure 5. CO, uptake characteristics of thermal annealed ZIF-8 samples. a).
25 °C CO; (solid) and N, (open) uptake isotherms up to 1 bar in all the
annealed samples. The labels represent the sample annealing temperature and
period of annealing. b-c). CO, uptake isotherms of samples up to 2.5 bar at
25 °Cand 0 °C. (d) isosteric heat of adsorption against CO, uptake. The same
colour code and label is assigned to identify the sample in figures.

Finally the uptake isotherms of CO, and N, measured at 298 K are
shown in Figure 5. Undoubtedly the annealed samples obtained at
temperatures between 500 °C and 550 °C constantly show highly
enhanced gas uptakes, more than twice that of ZIF-8 at 1 bar of CO,
(Figure Sa and Table 1). A similar trend is also observed when
repeating the isotherm measurements at 0 °C (Figure 5¢) and 50 °C
(Figure S9), respectively. In the annealed samples it is also worth
noting the enhanced CO, uptake above 1 bar of CO,. On the
contrary, as shown in Figure 5c, a distinct effect of framework
decomposition in the sample obtained at 550 °C is clearly observed
by marked reduction in CO, uptake. Most importantly, when
considering the flue gas partial pressure region of 0.15 bar the
annealed samples shows up to 4 times enhanced CO, uptake
compared to the ZIF-8 (Table 1). Thus as shown in Table 1 these
optimized structures also show a highly enhanced CO, selectivity
over N, (see SI for details), which is again 3 times higher to the

4| J. Name., 2012, 00, 1-3

initial ZIF-8. The enhanced CO, uptake in the annealed structures is
well supported by highly enhanced isosteric heat of adsorption (Qy)
(Figure 5d), which is again nearly twice that of the original ZIF-8.
The calculated Qg of = 17 kJ mol™ in ZIF-8 is in good agreement
with the literature.’>*™' It is noted that the original ZIF-8 with its
coordinatively saturated metal centres show a relatively very weak
binding energy and low CO, uptake capacity in the pressure range of
interest.3‘5""d'g’15""°‘21

Here we also note that the observed enhancement in CO, uptake is
higher than any of the previously reported post-synthesis treatments
of ZIF-8. For example, a post-synthesis modified ZIF-8 using
etheylenediamine and ammonia shows about 52% and 25%
improved CO, uptake at 1 bar of CO, and 298 K.*¢ On per SSA
base, it is 10% and 32%, respectively. The grand canonical Monte
Carlo simulations study on amine functionalized structures, ZIF-8-
NH,; and ZIF-8-(NH,),, only predict enhancement in CO, uptake by
44% and 86%, respectively.’ T The others, ZIF-8/diatomite composite
and hybrid structure, Zn(mim),.(Hmim),,.(H,O);, showed 0.8
mmol g and 0.94 mmol g, respectively, compared with 0.7 mmol
g in ZIF-8.""*¢ As shown in Table 1, the present annealed ZIF-8
samples consistently show significant enhancement in CO, uptake, >
1.5 mmol g, more than doubling the 0.7 mmol g capacity of ZIF-
8; or 4 times (or 300%) higher than ZIF-8 on a per SSA basis. The
CO, uptakes in the annealed samples do not follow the usual trend
with the SSA and/or pore volume, i.e., increased CO, uptake with
increasing porosity as observed in most porous solids dominated by
physisorption. However, the enhanced CO, uptake in the annealed
samples with reduced porosity is consistent with the amine
functionalized MOFs.>*¢!* Furthermore, the Q, values for the
annealed samples are also comparable to the MOFs with open-metal
centres and / or amine functionalization.'**' It has been widely
investigated and accepted that the grafting of basic N-containing
functional groups on MOF pores always shows enhanced binding
and uptake for CO, due to the high affinity towards acidic CO,,
mainly through the interaction of the lone-pair electrons on nitrogen.
Thus the enhanced CO, uptake and binding energy behaviour in the
annealed samples can be directly correlated to the synergetic effects
of locally defective structures with active carbon and nitrogen on the

ligands, along with the exposed Zn sites (Figure 1b).2%4&!42!
AS-_ ——3n@s25°C i
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Figure 6. CO, uptake cyclic stability up to 22 cycles on ZIF-8 and thermal

annealed sample at 525 °C for 3h.

50

In addition, we also carried out cyclic CO, uptake tests in one of the
annealed samples followed by PXRD and FTIR characterizations to
show the structural stability. In a way, the repetitive uptake
isotherms (Figure 5 and S9) following a uniform trend is a strong
indication of high structural stability of the samples. Indeed, Figure 6

This journal is © The Royal Society of Chemistry 2012
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shows cyclic CO, uptake runs up to 22 cycles on both the ZIF-8 and
the annealed sample. These tests were carried out on the TGA with
repeating CO, adsorption (at 25.5 °C)-desorption (at 148 °C) under
flowing CO, at 1 bar. Both samples maintain stable and similar
cyclic performance and the uptake in the annealed sample more than
doubles that of the ZIF-8 throughout all the cycles. The following
PXRD and FTIR characterizations show excellent structural stability
of the annealed sample (Figure S10). Therefore, the annealed
samples can retain the robust framework structure with many
enhanced active sites. Such structures may also benefit various other
types of applications, such as catalysis, sensing and gas permeation
membranes.

Conclusions

We have shown that a low-cost and facile method of tailoring the
ZIF-8 structure to enhance the CO, uptake and CO,/N, selectivity by
a simple post-synthesis thermal annealing just below the framework
decomposition temperature. The controlled thermal annealing
selectively creates local defects but at the same time retains the
overall framework structure. The local defects arise from partial
dissociation of rotationally free methyl groups on the framework
ligands and partly broken coordination between Zn—N4. Thus the
optimized structures are highly active and show marked
enhancement in room temperature CO, uptake of > 1.5 mmol g™ at 1
bar and 25 °C with a heat of adsorption of > 30 kJ mol™', which is
over 100% greater than the ~ 0.7 mmol g' and =~ 17 kJ mol,
respectively for ZIF-8. These optimized structures also show very
good structural stability with no apparent reduction on the sorption
capacity after a number of uptake cycles. Thus our method
demonstrates a new direction of tailoring MOF structures, which is
relatively simple but very effective, compared with the other
extensive  post-synthesis chemical roots such as pore
functionalization, ligand exchange, and metal decoration. More
importantly, such a treatment may also be considered for enhancing
MOF-based catalytic reactions and membrane gas permeations.
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