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Electron beam induced modification of ZIF-8 membrane 
permeation properties
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Modification of the gas permeation properties of ZIF-8 membranes 
using electron beam irradiation is reported. 3.8 and 3.2 fold 
enhancements in ideal selectivity for CO2/N2 and CO2/CH4 can be 
achieved with less than 1 min exposure time.

Ionizing radiation, e. g. X-ray and electron beam (e-beam), can 
induce various physical and chemical effects in target 
materials.1-4 Radiation processing is widely applied in 
applications ranging from polymer modification and 
functionalization5,6 to medical equipment sterilization.7,8 
However, electron induced modification of metal-organic 
frameworks (MOFs) has hardly been explored except for the 
well-documented beam damage problem in high-resolution 
microscopy9 and as a means for surface activation and 
functionalization.10 Recent reports show that e-beam 
irradiation can induce changes in the solubility of several MOFs 
belonging to the zeolitic imidazolate framework (ZIF) family, 
holding promise for their development as new resists.11,12 In 
terms of the effects of ionizing radiation, X-ray induced 
amorphization of several ZIFs resulted primarily from photo-
oxidation of Zn and subsequent breakage of Zn–N bonds13 while 
gamma irradiation induced damage in MOFs depending on the 
type of metal in the framework.14 However, the use of 
irradiation for the modification of MOFs in gas separation 
applications has yet to be explored. Herein we show that 
electron radiation can modify the gas permeation properties of 

a prototypical MOF, ZIF-8, as demonstrated by improved 
CO2/N2 and CO2/CH4 selectivity. 
ZIF-8 membranes were prepared by a ligand induced 
permselectivation (LIPS) method as reported previously.15 The 
pores of a mesoporous γ-alumina support are first blocked by 
dense zinc oxide using an atomic layer deposition (ALD) 
process.16 The ZnO deposit is then converted to porous ZIF-8 by 
vapor treatment with 2-methylimidazole (2mIm). E-beam 
modification is accomplished by exposing the as-prepared LIPS 
membranes to the output of an electron flood gun operating at 
2 kV (Fig. 1 and S1). The irradiation time was varied between 10 
s and 100 min to study the effect of electron dose on gas 
permeation behavior. Irradiation times of 10 s, 1 min, 5 min and 
100 min correspond to electron dose of 0.017, 0.1, 0.5 and 10 
mC/cm2, respectively. At an incident energy of 2 kV, electrons 
can penetrate up to 200 nm in ZIF-8 and 60 nm in γ-alumina, as 
suggested by a Monte Carlo simulation using Casino software 
(Fig. S2).17 Since the thickness of the γ-alumina layer containing 
ZIF-8 is ca. 5 µm, the electron irradiation is therefore expected 
to be surface sensitive and affect only the topmost layers. 

Fig. 1. Schematic of electron beam treatment of ZIF-8 membranes, showing the 
irradiation induced modification of the topmost layer. 

The single gas permeation behavior of the membranes tested 
before and after e-beam exposure are shown in Fig. 2. CO2, N2 
and CH4 permeances of LIPS membranes before irradiation are 
1.9, 1.1 and 1.4×10-7 mol m-2 Pa-1 s-1, respectively, 
corresponding to an ideal selectivity of 1.64 for CO2/N2 and 1.33 
for CO2/CH4. After e-beam irradiation, a general trend of 
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reduced permeation is observed in all gases, among which CO2 
is least affected at short irradiation times. For example, the 
permeance of CO2 for a membrane exposed for 1 min slightly 
decreases to 1.5×10-7 mol m-2 Pa-1 s-1, while those of N2 and CH4 
drop to 2.4 and 3.6×10-8 mol m-2 Pa-1 s-1 respectively. The 
CO2/N2 and CO2/CH4 selectivity of 6.3 and 4.2 after e-beam 
irradiation marks a 3.8- and 3.2-fold increase, respectively. At 
longer irradiation times of 5 and 100 min, permeances of all 
gases decrease dramatically to ca. 1% of the original values, 
suggesting significant structural changes and pore blocking 
possibly due to e-beam induced crosslinking of the imidazolate 
ligands.
The permeation behavior of a membrane after e-beam 
exposure for 1 min was also tested at elevated temperatures 
(Fig. 2 (c) and (d)). The CO2 and N2 permeances measured at 80 
°C are 1.8×10-7 and 4.2×10-8 mol m-2 Pa-1 s-1, respectively, 
corresponding to a CO2/N2 selectivity of 4.2. The CO2/N2 
selectivity then returns to 7.0 upon cooling to room 
temperature (i.e., 23 °C), mainly due to the decrease in N2 
permeance. The temperature-dependent variation in N2 
permeance is observed again during a repeated heating/cooling 
process, and the recorded permeances and selectivities are 
reproduced at each temperature, confirming the stability of the 
e-beam treated membrane during 23-80 °C temperature cycling 
over the period of testing (ca. 2 weeks). 

Fig. 2. (a) Single gas permeances and (b) CO2/N2 and CO2/CH4 ideal selectivities of LIPS 
ZIF-8 membranes before and after electron beam exposure. (c) CO2 and N2 permeances 
at various temperatures in the 23-80 °C range of a membrane exposed to e-beam for 1 
min, and (d) the corresponding ideal selectivities for CO2/N2. Permeances for each gas 
are measured over a period of 24 h at each temperature, respectively. The data points 
in (c) are from stabilized permeances with less than 10% variation in each on-stream 
stability test. 

The surface morphology of e-beam irradiated membranes was 
examined by scanning electron microscopy (SEM). As shown in 
Fig. 3(a-c) and S3, variations exist from sample to sample and no 
significant change can be attributed to e-beam. X-ray diffraction 
(XRD) patterns also clearly show ZIF-8 peaks in all samples 
including the membrane exposed for 100 min, and provide no 

evidence for the formation of new crystalline species (Fig. 3(d)). 
Due to the small thickness and γ-alumina-confinement-induced 
disorder of LIPS ZIF-8 membranes, the relative intensities of ZIF-
8 reflections are low and vary significantly from sample to 
sample. Therefore, they cannot be used as a quantitative 
measure of structural changes induced by the e-beam. To 
further investigate the structural transformation induced by e-
beam treatment, grazing incidence small angle X-ray scattering 
(GISAXS) experiment was performed on fresh and irradiated 
100-nm thick ZIF-8 films prepared by 2mIm vapor treatment of 
ZnO deposited on silicon wafers.18 The peak intensity for the 
ZIF-8 film exposed to e-beam for 100 min is significantly reduced 
compared to those for fresh ZIF-8 and ZIF-8 treated for 1 min 
(Fig. S4), indicating dose-dependent amorphization induced by 
e-beam treatment. The difference in crystallinity of the well-
crystalized silicon-supported thin film samples after e-beam 
irradiation supports the idea that the changes responsible for 
the selectivity enhancement in LIPS ZIF-8 membranes do not 
affect the entire ZIF-8 deposit but are localized to the topmost 
surface layers. 
It has been reported that a small decrease in unit cell volume is 
observed in ZIFs irradiated by X-ray before they are completely 
amorphized, suggesting structure densification accompanied by 
increasing micro-strain.13 Structural transitions, such as lattice 
stiffening induced by an electric field, can significantly alter the 
permeation behavior of ZIF-8 membranes.19-21 Therefore, it is 
possible that low-dose e-beam irradiation causes small 
structural modifications in ZIF-8 that lead to the improved 
CO2/N2 selectivity, whereas in the case of high-dose irradiation 
the pores are mostly blocked due to densification. 

Fig. 3. (a, b and c) Top-view SEM images and (d) XRD patterns of LIPS ZIF-8 membranes 
before and after electron beam exposure. The insets in panels (a, b and c) are digital 
photographs of the corresponding membranes.

To investigate the changes caused by e-beam irradiation on the 
surface of ZIF-8, we collected X-ray photoelectron spectra (XPS) 
from ZIF-8 thin films irradiated by an in situ generated e-beam 
(Fig. 4). XPS of the non-irradiated film is consistent with 
literature reports.22-24 The N 1s spectrum shows a single peak at 
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398.8 eV that can be assigned to C-N/C=N bond in the imidazole 
ring.22 After irradiation, while no significant changes are 
observed in the binding energy of Zn 2p (Fig. S5), a small 
shoulder appears at 401.2 eV in the N 1s spectrum (Fig. 4(b)). 
This change indicates the formation of N-H bonds25 due to the 
electron induced cleavage of either the Zn-N bond12 or the C-
N/C=N bond26 in the imidazole ring. One possibility is that the 
breakage of bonds frees the transient nitrogen species to 
recombine with protons in a cascade of radical reactions 
induced by the e-beam, and the presence of N-H bonds in open 
pores increases the adsorption of CO2 in ZIF-8, leading to the 
improved CO2 selectivity in permeation measurements,27,28 
although the crosslinking of imidazolate ligands becomes 
dominant and causes pore blocking at increased doses. It should 
be noted that the area ratios of N-H bond relative to C-N/C=N 
with respect to Zn 2p is still very small (0.05 vs. 0.67 in Fig. 4(c), 
i.e., 8% vs. 92%) after an electron dose of 32.4 mC/cm2, much 
higher than the highest electron dose used in the permeation 
experiments. Therefore, it is likely that any modification to the 
chemical bonding in the ZIF-8 responsible for the significant 
change in permeation behavior is much less severe. 

Fig. 4. N 1s XPS spectra from ZIF-8 thin film before (a) and after (b) 54 min in situ e-beam 
irradiation, and (c) evolution of signals with time of e-beam exposure corresponding to 
the two nitrogen species with respect to the intensity of Zn 2p. Dashed line in (c) marks 
where the current is increased from 1 µA to 10 µA.

In conclusion, it is demonstrated that electron beam irradiation 
can be used to alter the permeation properties of MOF 
membranes. Low dose exposure for less than 1 min increases 
CO2 selectivity, while high dose exposure leads to reduced 
permeance and selectivity. 
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