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Zeolitic imidazolate frameworks (ZIFs) have emerged as promising candidates for high O, adsorption capacity,
O,/N, selectivity and cyclability due to their tunable chemical and structural properties governed by the
selection of organic ligands, metal centres and synthesis methods. Therefore, this research engineers ZIF-7,
ZIF-8, ZIF-62 and their mixed-metal derivatives containing cobalt (Co) or iron (Fe) (ZIF-8-derived Fe-miIM
where applicable) to improve O, adsorption. Because performance metrics trade off, no single ZIF maximised
all objectives, and application-specific leads were identified. The highest O, capacity was delivered by ZIF-
8(Zn:Co = 90:10)-MS, reaching 0.35 mmol g~ with selectivity of 2.01, and 9.9% decrease over 3 cycles. The
greatest selectivity was achieved by ZIF-8-derived Fe-mIM material (Zn:Fe = 0:100)-MS, giving selectivity of
2.60 at a low adsorption of 0.09 mmol gt and 9.6% loss over 3 cycles. The most robust 3-cycle performance
was observed for ZIF-8-US, which retained capacity with 0.5% loss while providing 0.26 mmol g~ and
selectivity of 1.06. For a balanced generalist over 3 cycles, ZIF-62-US offered the strongest overall
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DOI: 10.1039/d6ma00271d combination, providing 0.34 mmol g~ selectivity of 1.01, and 1.3% loss. These results underscore the delicate

balance among O, adsorption performance with structural integrity, coordination chemistry, adsorption

Open Access Article. Published on 17 April 2026. Downloaded on 6/21/2026 10:23:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

Introduction

Oxygen (O,) plays a crucial role in various industrial and envir-
onmental applications.™* Therefore, the efficient capture, sto-
rage, and separation of O, from mixed gas streams has attracted
significant interest from both academic and industrial sectors.>™
The development of advanced adsorbent materials that are
capable of selectively adsorbing O, has the potential to consider-
ably improve process efficiencies and decrease energy
consumption.®”® For example, zeolites are scaffolds for gas
molecular sieving,'®'" due to their cost-effective production,'?
exceptional thermal and chemical stability,"* and ordered micro-
porous structures.'* However, their rigid frameworks and limited
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characteristics, and cyclability in ZIFs shaped by organic ligand, metal centres, and synthesis method choices.

tunability limit their potential.">'® Moreover, many zeolites are

N,-selective because N, typically interacts more strongly with
charged sites than O,, making O,-selective adsorption more
challenging.'” These restrictions drive exploration of materials
that maintain zeolite-like stability while providing enhanced
structural and chemical flexibility.

Zeolitic imidazolate frameworks (ZIFs), a Zn-based subclass
of metal-organic frameworks (MOFs), can efficiently integrate
the thermal and chemical stability of zeolites with the tunabil-
ity of MOFs, enabling precise control over pore size, shape, and
surface chemistry.'®'® This tunability arises from flexible
organic ligand design and the incorporation of bimetallic
centres into the framework via various synthesis methods,
resulting in versatile structures customised for targeted adsorp-
tion and separation applications.>*® These characteristics
position ZIFs as viable candidates for efficient O,-selective
processes.”” For example, O, adsorption on ZIF-8 shows a
distinct gate-opening mechanism, indicating adsorption-
induced framework flexibility linked to organic ligand
motion.”” Neutron total scattering combined with Empirical
Potential Structure Refinement (EPSR) modelling further
indicates that following gate opening, the additional O, is
mainly accommodated by redistribution towards pore aperture
regimes.?® In another study, multigas (N,/O,/Ar/CO) adsorption
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measurements reveal that deformation and multistep adsorp-
tion in ZIF-8 are gas-dependent, highlighting the importance of
framework flexibility in adsorption behaviour.”® However, a
fundamental question remains: to what extent do organic
ligand identity, metal composition, and synthesis method each
govern O, separation performance?

The organic ligand in ZIFs plays a major role in defining the
framework’s structure, stability, and adsorption characteristics.***"
Organic ligand selection adjusts the pore size, shape, and surface
chemistry, thereby regulating O,-framework interactions and
enabling O,-selective adsorption.**® On the other hand, bime-
tallic ZIFs introduce synergistic metal-metal interactions that
improve adsorption capacity, selectivity, and stability compared
to monometallic systems.>” *° Transition metals with unpaired
d-electrons such as cobalt (Co) and iron (Fe), often demonstrate
strong O, chemisorption that leads to enhanced adsorption and
selectivity."***" Adjusting the relative metal content provides an
extra parameter to optimise performance for certain
applications.** Finally, the synthesis method controls crystal-
linity, porosity, and surface chemistry, and thus O, adsorption,
with each method offering distinct property/scalability trade-
offs.**** A variety of synthesis methods are available, including
magnetic stirring (MS), overhead stirring (0S),*>** ultrasonica-
tion (US),** a combination of OS and US (OS & US),*>*® ball
milling (BM),"” and microwave synthesis (MW).*® Collectively,
these three factors (organic ligand, metal, and synthesis) provide
a rational design space for optimising O, separation in ZIFs.

To date, no systematic comparison has been reported that
identifies the individual effects of organic ligand chemistry,
mono- versus bimetallic centre, and synthesis route while
maintaining a constant framework topology within each frame-
work series. Therefore, the field lacks clear guidance on the
selection of the optimal composition and scalable strategy that
yields the most effective O,-selective material. This study
addresses this gap by elucidating how organic ligand chemistry
and metal composition govern O, adsorption, selectivity, and
cyclability under a controlled synthesis, and evaluating synth-
esis methods on the best-performing compositions. Addition-
ally, understanding the relationship between material
properties and synthesis conditions provides essential insights
for the industrial-scale production of ZIFs. Therefore, ZIF-7,
ZIF-8, and ZIF-62 synthesised using the MS method were used
to investigate the effects of organic ligands and metal centres
on O, adsorption capacity, selectivity, and structural stability.
These three ZIFs exhibit diverse organic ligand chemistries and
flexibility/aperture regimes, which serve as a controlled con-
trast set for assessing the effects of organic ligand identity and
framework response on O, adsorption, O,/N, selectivity, and
cycle stability. This selection was not only based on maximising
BET surface area or pre-selecting materials that were known to
be the most O,-selective a priori, but rather on enabling a
controlled comparison of ligand identity/flexibility and metal-
centre chemistry relevant to O,/N, separation. Additionally,
they were selected as widely used benchmark frameworks that
are easily synthesised and modified via scalable methods. The
primary metal ion in all three ZIFs is zinc (Zn), but their organic
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ligand selection varies. ZIF-7 utilises benzimidazole (bIM), ZIF-
8 employs 2-methylimidazole (mIM), and ZIF-62 uses a combi-
nation of imidazole (IM) and bIM. Furthermore, mixed-metal
derivatives of ZIF-8 incorporating Co and Fe (ZIF-8-derived Fe-
mIM where applicable) were investigated, using different molar
ratios of Zn: Co and Zn: Fe to assess the influence of bimetallic
systems on O, adsorption performance. The research extends
to bimetallic ZIF-7 and ZIF-62 systems with Zn:Co and Zn:Fe
mol% of 90:10, and similar assessments were carried out.
Finally, to evaluate scalability and processability, a variety of
synthesis methods including the MS, OS, US, OS & US, BM, and
MW methods were examined on a selected group of candidates.

Experimental

The synthesis of ZIF-7 (Zn(bIm),), ZIF-8 (Zn(mIM),), and ZIF-62
((Zn(IM),_x(bIM)x] where X =~ 0.25) (Fig. la-c) and their
bimetallic derivatives with Co and Fe (Fig. 1d and e) was
conducted using various synthesis methods, including the MS,
0S, US, 0OS & US, BM, and MW methods (Fig. 1f-k). Initially, the
impact of different organic ligands with similar metal centres,
then mixed metal centres of varying compositions on crystal-
linity, porosity, structural integrity, and ultimately, O, adsorption
performance has been explored. The influence of various synth-
esis methods on these properties of the chosen samples was
studied systematically. The synthesis methods followed the
established procedures, as outlined in the SI, Section S2. A
comprehensive characterisation was conducted to assess the
structural, chemical, thermal, and morphological aspects of

Fig. 1 Structural representations of ZIFs: (a) ZIF-7, (b) ZIF-8, and (c) ZIF-
62; schematic structural rearrangements of ZIFs via metal substitution: (d)
Co incorporation, and (e) Fe incorporation; various synthesis methods of
ZIFs: (f) MS, (g) OS, (h) US, (i) OS & US, () BM, and (k) M

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the synthesised materials. The methodologies utilised encom-
passed powder X-ray diffraction (PXRD) for crystallinity and
phase identification, Fourier-transform infrared spectroscopy
(FTIR) for evaluating functional group preservation, low-
pressure gas adsorption for determining Brunauer-Emmett-
Teller (BET) surface areas and pore size distributions (PSDs),
thermogravimetric analysis (TGA) for investigating thermal sta-
bility, and scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX) for analysing the
morphology and elemental composition (see SI, Sections S3-S7
for detailed methodologies and results). Gas adsorption mea-
surements, including O, isotherms over multiple cycles, N,
isotherms, and O,/N, selectivity assessments, were conducted
using a Micromeritics 3Flex gas adsorption analyser (see SI,
Sections S8 and S9). These investigations resulted in critical
insights into the gas adsorption capabilities and selectivity of
ZIFs and their bimetallic variations with respect to the organic
ligand and metal centre types, mixed metal centres with varied
compositions, and different synthesis methods, highlighting
their potential for separation applications. The naming conven-
tion used in this manuscript is as follows: ZIF-No. (Zn: Co or Fe =
x:xx) — Y, where No. can be one of 7, 8, or 62; the variable x
represents the molar percentage of Zn, xx denotes the molar
percentage of Co or Fe, and y indicates the synthesis method. For
example, ZIF-8 (Zn: Co = 90:10) - MS represents ZIF-8 including
90 mol% Zn and 10 mol% Co synthesised via the MS method. In
this work, the term ZIF-8 is reserved for samples that retain the
characteristic ZIF-8 PXRD reflections; samples that lose long-
range order (Fe-rich) are denoted ZIF-8-derived Zn/Fe-mIM mate-
rials rather than ZIF-8.

Results and discussion

Effect of organic ligands on O, adsorption performance

As illustrated in Fig. 2 (detailed in Fig. S11), the adsorption
capacity follows the order of ZIF-62 > ZIF-8 > ZIF-7, whereas
0,/N,, selectivity follows ZIF-7 > ZIF-8 > ZIF-62 (Table S3). This
behaviour primarily highlights how organic ligand chemistry
controls pore size, framework flexibility, and host-guest
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Fig. 2 Effect of organic ligands on O, adsorption, O,/N; selectivity, and
cyclability of ZIFs, synthesised using the MS method.
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interactions, in addition to surface area.*® ZIF-62 features a
mixed organic ligand composition of imidazole (IM) and bulk-
ier benzimidazole (bIM).*® This mixed-organic ligand composi-
tion exhibits Type-I isotherms with an adsorption-induced gate-
opening (narrow-to-expanded-pore) mechanism associated
with IM and bIM organic ligands motion and framework
distortion,*® with an average BET surface area and ultramicro-
pore dominated PSD of 7-10 A (Fig. S5 and Table $1). This is
consistent with a balanced rigidity-flexibility that may tempora-
rily expand the effective pore size, thereby increasing accessible
pore volume and diffusion pathways.’® Meanwhile, it preserves
confinement and improves O,-framework interactions without
preventing diffusion, because stronger O, interactions can
promote access to/expansion of the framework and O, equili-
brates faster than N,.”° These factors are consistent with the
high O, adsorption capacity observed for ZIF-62. Interestingly,
ZIF-62 also shows the highest N, adsorption capacity likely
owing to similar factors of optimal pore size and framework
flexibility. Its selectivity of 0.98 (Table S3) which slightly favours
N,, is consistent with the interplay of pore size, kinetic limita-
tions, interaction strength, and molecular sieving.>® In ZIF-8,
gas-induced motion of the mIM organic ligand increases flex-
ibility and pore accessibility,>" with higher BET surface area
and a micropore-dominated PSD of ~10-16 A (Fig. S5 and
Table S1). Even so, its O, adsorption capacity is lower than ZIF-
62, probably because the larger pores may reduce confinement-
driven O,-framework interaction strength (i.e., poorer ‘fit’),
even if diffusion is facilitated.’>** Its N, adsorption capacity
is also lower than ZIF-62, suggesting that the larger pore
environment may provide weaker confinement-driven interac-
tions and/or earlier saturation effects for N,.*>** This trend also
suggests that pore size and interaction strength matter more
than surface area for gas adsorption.*” The selectivity of 1.07
(Table S3) still reflects a preference for O,, as slight differences
in interaction strength and diffusion kinetics in the flexible
framework favour O, over N,.”! In contrast, ZIF-7 is more
aperture-constrained owing to its bulkier bIM organic ligand
with phenyl rings and its sorption behaviour is governed by
guest-responsive gate-opening driven by organic ligand
motion.>*™> It exhibits a lower BET surface area and a PSD
peaked at ~17-27 A (Fig. S5 and Table S$1) which likely reflects
larger PSDs, while gas adsorption remains controlled by a
comparatively restrictive pore aperture and a higher gate-
opening barrier associated with the bIM organic ligand.>® As
a result, it shows the lowest O, adsorption capacity. Similarly,
its N, adsorption capacity is the lowest, indicating that
restricted access (diffusional limitations and higher-pressure
gate-opening) limits adsorption under the measurement con-
ditions, despite the larger apparent PSD features.® The
observed selectivity of 1.42 (Table S3) suggests a stronger
preference for O,, which may reflect differential diffusional/
kinetic constraints and/or specific interactions within the
narrow-pore form.>*>*

Regarding cyclability and structural stability (Fig. 2, detailed
in Fig. S15), ZIF-62 and ZIF-8 demonstrate significant stability
and consistent adsorption capacity across multiple cycles,

Mater. Adv., 2026, 7, 4541-4550 | 4543
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whereas ZIF-7 exhibits a gradual decline in performance. ZIF-
62’s mixed organic ligands enable an adsorption-induced gate-
opening response,’ with minimal irreversible deformation.>®
This flexibility can help maintain performance despite ZIF-62’s
comparatively lower surface area.”**® Similarly, ZIF-8 adapts to
repeated adsorption-desorption cycles due to its framework
flexibility arising from mIM-driven organic ligand motions that
help maintain pore accessibility.>”*® In contrast, although ZIF-
7 also undergoes gate-opening,”>* its transition occurs at
higher pressures than ZIF-62,*° supporting cycling stability
for gas adsorption applications.>* ZIF-7 experiences a decrease
in adsorption capacity across cycles which may be associated
with the steric constraints of the bIM organic ligand that limit
flexibility and structural adaptability and with a less compliant
response compared with ZIF-62 under these conditions.*® This
may result in accumulated structural fatigue under cyclic
stress. These findings underscore the importance of organic
ligand-mediated flexibility of ZIFs in ensuring long-term
cycling stability for gas adsorption applications.

Effect of mixed metal centres of varying compositions on O,
adsorption performance

Incorporating Co or Fe metal ions into the ZIF framework
enables isovalent metal substitution that induces structural
rearrangements.’>® These rearrangements change the gate-
opening energy barrier,’® pore sizes and interconnectivity,®*
thereby affecting framework stability,>® and O, adsorption
capacity.®” To investigate these effects, ZIF-8 was selected for
its moderate O, adsorption and selectivity, whereas ZIF-7
demonstrates low adsorption but strong selectivity, and ZIF-
62 displays the inverse trend.

The introduction of Co into ZIF-8 at low content (Zn:Co =
90:10) significantly improves O, adsorption (0.35 mmol g~ )
and selectivity (2.01) (Fig. 3a; detailed in Fig. Sila and
Table S3). This enhancement is likely associated with Co>"’s
partially occupied d-orbitals, which may improve O,-frame-
work interactions and affect the gate-opening which leads to
preferential O, adsorption.*' Moreover, its ionic radius (Co*" =
0.58 A) and preference for tetrahedral coordination align closely
with Zn** (0.60 A).°* Therefore, the ZIF-8 framework experi-
ences minor distortion at low-level substitution as evidenced by
retention of the framework with small lattice changes reflected
in PXRD peak shifts without phase change (Fig. S1), along with
minor FTIR band shifts (Fig. S3) and similar bimodal degrada-
tion profiles in TGA with modest shifts across the Co series
(Fig. S7). As a result, the structure appears stable, with no clear
evidence of major framework disruption at low-level
substitution.”® Thus, the primary cause of the increase in O,/
N, selectivity in this regime is the local adsorption environment
and changes in adsorption-site chemistry (Co-associated O,-
framework interactions), rather than a change in pore struc-
ture. However, as the Co content increases beyond Zn:Co =
90: 10, both O, adsorption and selectivity gradually decrease. At
Zn:Co = 0:100, these values fall below those of monometallic
ZIF-8. This trend suggests that progressive Co incorporation
can change the flexibility of the aperture-opening process and
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Fig. 3 Effect of mixed metal centres of varying compositions on (a) O,
N,, and O,/N; selectivity of ZIF-8 and Zn/Fe-mIM material series, and (b)
O, Ny, and O,/N, selectivity of ZIF-7 series, and (c) O, N, and O,/N,
selectivity of ZIF-62 series (Zn:Co series shown with solid line; Zn:Fe
series shown with dash line), synthesised using the MS method.

may accumulate local distortions that diminish the effective
accessibility of pore windows and thereby alter gas-framework
interactions.®! Consequently, the contribution of the most O,-
favourable sites may be diluted and/or less selective adsorption
domains may increase, despite the BET surface area rising to
1667 m> g " at Zn : Co mol% of 0:100 (Table S1). Because ZIF-8

© 2026 The Author(s). Published by the Royal Society of Chemistry
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is flexible, BET surface area derived from N, at 77 K does not
necessarily represent dynamic pore accessibility at 298 K.>” Thus,
the selectivity trend does not correspond to the BET surface area
trend, which means that surface area alone is not the governing
descriptor for O,/N, selectivity in the Co series. Simultaneously,
N, adsorption at a Zn:Co = 90:10 is initially lower than ZIF-8,
suggesting that minimal Co substitution preferentially enhances
O, adsorption over N,, perhaps owing to particular Co-associated
O,-framework interactions (Fig. S13a). At higher Co contents, N,
adsorption increases and ultimately exceeds ZIF-8, suggesting
that structural or chemical modifications enhance the affinity for
the more polarizable gas such as N,,°> which contributes to the
observed reduction in O,/N, selectivity even when overall BET
surface area remains high.

Whereas, the introduction of Fe into ZIF-8 at a low content
(Zn: Fe = 90:10) slightly enhances O, adsorption (0.20 mmol g™ )
but results in the lowest selectivity (0.61) (Fig. 3a; detailed in
Fig. S11b and Table S3). This behaviour may arise from Fe**’s
unpaired d-electrons, which may change O,-framework inter-
actions and the gate-opening barrier,***! and thus less prefer-
ential O, binding. Moreover, a slightly larger radius and
coordination mismatch (Fe** = 0.63 A versus Zn** = 0.60 A;
(Fe** is more coordination-flexible than Zn**))** that introduces
local strain, promotes defect formation, and drives framework
distortion even at low substitution levels.”>*' These defects can
introduce additional less-specific adsorption domains that
preferentially increase N, adsorption relative to O,, in turn
suppressing selectivity at low Fe loading.®* This is supported by
PXRD peak broadening (Fig. S1), a less-faceted particle mor-
phology (Fig. S9), and TGA evidence of earlier mass loss with
reduced thermal stability (Fig. S7). As Fe content increases, O,
adsorption decreases to 0.09 mmol g~ ' with 9.6% loss in the
ZIF-8-derived Fe-mIM material (Zn: Fe = 0:100), but selectivity
increases to 2.60, indicating its peak value among these sam-
ples. Fe substitution, with Fe®* being more coordination-
flexible than Zn**, perturbs the intrinsic tetrahedral Zn-mIM
node environment characteristic of ZIF-8, resulting in a sig-
nificant reduction in BET surface area (Table S1) and com-
pounding strain from the Fe*"/Zn*" size mismatch.>**® High Fe
contents (ZIF-8-derived Zn/Fe-mIM (Zn: Fe = 75:25-0: 100)) can
lose ZIF-8 long-range order and promote significant structural
disorder or partial amorphisation, thereby compromising
structural stability,*>°® consistent with the extensive distortion
needed to accommodate less compatible Fe nodes.>”*' While
increased Fe distorts the structure and diminishes overall
capacity, Fe-centred local chemistry and steric constraints can
still favour O, over N,, thereby gradually improving
selectivity.>®®” In the high-Fe regime, the increase in selectivity
correlates with the diminished accessible porosity/pore-window
restriction (Table S1), which likely restricts N, adsorption more
than O,, resulting in a selectivity-capacity trade-off.>®®' At a
Zn:Fe = 90:10, N, adsorption surpasses monometallic ZIF-8,
indicating that early-stage Fe substitution improves overall
adsorption capacity, preferentially for N, owing to the defects
(Fig. S13b). As the Fe content rises, the accumulation of size/
coordination mismatch narrows pore size and reduces

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1 This leads to a transition from non-

accessible porosity.
specific defect-assisted adsorption at low Fe to more O,-
selective environments at high Fe, resulting in decreased N,
adsorption.®" This trade-off presumably indicates both chem-
istry and steric changes resulting from framework deformation
and partial amorphisation.®® Simultaneously, the higher selec-
tivity at greater Fe contents supports the idea that partial Fe
substitution can enhance specific gas-framework interactions,
though overall adsorption capacity declines.

Across the ZIF-8 (Zn:Co) series, all compositions show a
gradual reduction in O, adsorption over consecutive cycles,
likely due to partial pore obstruction or framework degrada-
tion. Among them, monometallic ZIF-8 and bimetallic ZIF-8
(Zn:Co = 90:10) combine favourable adsorption capacity,
selectivity, and cycling stability. This is due to the limited
disruption of Zn-organic ligand bonds, which preserves struc-
tural integrity (Fig. S15a). The Zn:Fe series shows a similar
trend, with each composition exhibiting a slight decline in O,
adsorption over cycles. However, formulations with low Fe
content, such as a Zn:Fe = 90:10, attain an effective equili-
brium of adsorption and selectivity, coupled with comparatively
steady cyclic performance, indicating their suitability for prac-
tical applications (Fig. S15b).

To expand the parametric space where functional bimetallic
ZIF can be synthesised, the Zn:Co = 90:10 and the Zn:Fe =
90:10 in ZIF-7 (Fig. 3b), and ZIF-62 (Fig. 3c) were also assessed
(detailed in Fig. S11ic and d, along with Table S3). The replace-
ment of Zn with either Co or Fe in ZIF-7 lowers both O,
adsorption and selectivity. This is attributed to the relatively
aperture-constrained structure of ZIF-7, which is less capable of
accommodating metal substitution, resulting in a lower num-
ber of effective O, binding sites.>® Concurrently, the enhanced
N, adsorption indicates that the modified pore shape generates
new pore environments that are more suited to the larger N,
molecule (Fig. S13c). Both ZIF-7 variations exhibit reduced
adsorption beyond the first cycle, suggesting partial pore
obstruction or framework deformation induced by metal sub-
stitution (Fig. S15c). In ZIF-62, the mixed-organic ligand (IM/
bIM) framework tolerates low-level substitution better.”® ZIF-62
(Zn:Co = 90:10) demonstrates a minor decrease in O, adsorp-
tion with a slight increase in N, adsorption which results in
reduced selectivity. These trends suggest that Co substitution
in ZIF-62 slightly changes the pore environment and weakens
0, physisorption relative to N,.*>°" However, the overall impact
remains small due to the flexible framework’s ability to dilute
local distortions.>® The Zn:Fe (90:10) derivative exhibits a
larger drop in both O, and N, adsorptions, with N, decreasing
a bit more, leading to a modest increase in selectivity
(Fig. S13d). This is ascribed to Fe-induced defects/size-
mismatch that constrict windows and reduce accessible poros-
ity, preferentially excluding N, over 0,.°>%* ZIF-62 (Zn:Fe =
90:10) has good stability likely due to the flexible framework
accommodating Fe-induced strain without catastrophic rear-
rangement, whereas Zn:Co reveals a gradual decrease in O,
adsorption, indicative of slow framework deformation or emer-
ging pore obstruction around Co sites (Fig. S15d).
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Effect of synthesis methods on O, adsorption performance

The impact of various synthesis methods on the structural
stability, adsorption capacity, and degradation resistance of ZIFs
was assessed by evaluating the changes in adsorption perfor-
mance over multiple cycles. ZIF-8 and ZIF-62 were selected as
monometallic frameworks covering organic ligand flexibility and
baseline O, capacity, along with ZIF-8 (Zn: Co = 90:10) and ZIF-
62 (Zn:Fe = 90:10) to isolate metal centre effects. Together,
these four materials include the extremes in capacity, selectivity,
and stability, thereby enabling a sensitive evaluation of how
synthesis methods translate O, adsorption performance.

The US method achieves the highest initial O, adsorption
capacity for ZIF-8 at 0.26 mmol g~ " (Fig. 4a; detailed in Fig. S12a
and S14a, along with Table S4), demonstrating remarkable
stability with just a 0.5% decrease over three cycles (Fig. S16a).
This exceptional performance likely arises from improved
nucleation and more homogeneous dispersion of nuclei under
sonochemical conditions,** along with cavitation-induced shock
waves and microjets that intensify local mixing and mass
transfer during coordination formation.®® US-assisted ZIF synth-
eses are also widely associated with smaller crystals and
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Fig. 4 Effect of synthesis methods on O, adsorption, and O,/N, selec-
tivity of (a) ZIF-8, and ZIF-8 (Zn:Co = 90:10), along with (b) ZIF-62, and
ZIF-62 (Zn:Fe = 90:10).
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narrower PSDs,*° consistent with the observed PSD (~10-16 A)
and increased surface area (1506 m* g~ ' vs. 1402 m> g ), as
confirmed by SEM images (Fig. S10) and gas adsorption mea-
surements (Fig. S6 and Table S2). The MS method yields an
initial capacity of 0.19 mmol g~* with a slight decline of 2.0%,
which suggests good stability, but a lesser capacity compared to
the US method. This is consistent with the MS method achieving
uniform bulk mixing through a rotating magnetic field, though
with weaker shear fields. In contrast, the OS method yields a
reduced starting capacity of 0.17 mmol g~ ' and a more signifi-
cant 4.7% decline, indicating worse stability relative to MS, likely
attributable to less uniform crystallite formation despite intense
mixing, good control over shear forces, and dead zones preven-
tion. The OS & US method produces 0.18 mmol g~ * but shows a
significant 16.1% decline, suggesting a surprising lack of stabi-
lity that could reflect inadequate synthesis conditions rather
than a synergistic effect between the methods. This lack of
synergy is expected because intensive agitation can disrupt stable
cavitation clouds and redistribute bubbles, resulting in a
reduction in local ultrasonic intensity and the formation of
generally nonuniform nucleation and growth.®® The resulting
morphological heterogeneity is in accordance with the SEM
observations and may result in a lower cyclability than the most
effective single-field method. The BM method yields the lowest
capacity of 0.13 mmol g, reflecting an 10.9% decrease; attri-
butable to high-energy milling inducing defects that undermine
the microporous structure.**®* This milling-induced disorder,
arising from direct mechanical treatment of the precursors, is
evidenced by additional and broadened PXRD peaks (Fig. S2a),
FTIR band broadening (Fig. S4a), severe BET surface area loss
(401 m* g " and Table S2), and a higher low-temperature mass
loss (~200 °C; Fig. S8a). These changes reflect the typical BM
method trade-off: rapid processing and particle-size reduction at
the cost of coordination defects and a partial loss of long-range
order,***® which leads to the collapse of N,-accessible micro-
porosity and an increase of non-selective adsorption domains
(Table S2). This results in fewer well-defined micropore adsorp-
tion sites for O, adsorption are available,’® leading to decreased
0,/N, selectivity (Table S4). The MW method achieves 0.19 mmol
¢~ ' with an 7.8% decline, equivalent to the MS method in
capacity but exhibiting much worse stability. This is likely owing
to rapid heating and fast kinetics that can shift nucleation and
growth balance,”® resulting in defective structures with altered
adsorption,”® as supported by SEM images showing rod-like and
less homogeneous crystals (Fig. $10).

For ZIF-8 with a Zn : Co mol% of 90 : 10, framework retention
with minor lattice changes is confirmed by PXRD and FTIR
(Fig. S2, and S4). The MS method delivers the maximum initial
0, adsorption capacity of 0.35 mmol g~ ' (Fig. 4a; detailed in
Fig. S12b and S14b, along with Table S4), which may reflect that
partial Co substitution can modify adsorption energetics and
0,-framework interactions in ZIF-8."°> The MS method exhi-
bits the highest O,/N, selectivity (Table S4), despite similar
surface area and PSD (Table S2). This suggests that method-
dependent variations in the effective adsorption landscape,
such as Co incorporation uniformity*® and a reduced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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proportion of non-selective defect domains®* (Fig. $10), rather
than surface area, are the primary factors. This maximises the
availability of Co-associated O,-favourable sites while minimis-
ing N, adsorption. A 9.9% decline across cycles indicates
potential instability (Fig. S16b), perhaps due to distortions that
reduce pore accessibility. The US method demonstrates a
modest capacity of 0.26 mmol g~', accompanied by a 10.8%
decline, suggesting poorer stability than expected. The OS
method produces a reduced capacity of 0.17 mmol g~ * with a
3.9% decline, indicating better stability than the MS or US
methods. The OS & US method yields 0.19 mmol g~ " with a
7.5% decrease, demonstrating enhanced stability compared to
the MS and US methods, but with lower capacity, as the
combined fields can improve reactant dispersion via simulta-
neous acoustic and mechanical effects.®®*®® The MW method
reaches 0.19 mmol g~ ' with only a 1.2% reduction, which
implies that rapid crystallisation stabilises the Co-substituted
framework. This is consistent with MW’s potential for rapid
reaction kinetics and potentially more uniform nucleation
control.®® In contrast, the BM method exhibits poor perfor-
mance at 0.13 mmol g~ ', with a significant 34.8% decline,
indicative of rapid degradation resulting from mechanical
stress. High-energy milling is expected to introduce coordina-
tion defects and partially disrupt long-range order,****"" as
reflected by changes in PXRD and FTIR (Fig. S2 and S4) and
porosity (Table S2). In the mixed-metal Zn : Co framework, node
heterogeneity can further increase local strain, making the
material more susceptible to persistent defect formation and
pore blockage under the BM method.*>** This reduces acces-
sible Co-associated O,-favourable sites and accelerates capacity
degradation (Table S4).

For ZIF-62, method-dependent porosity variations are evident
from BET surface area and PSD, while the BM method exhibits
defect/secondary-phase signatures in PXRD and FTIR (Fig. S2c
and S4c). Across syntheses, TGA indicates relatively similar
thermal stability (Fig. S8c). The US method significantly
outperforms other methods. It achieves an initial capacity of
0.34 mmol g~ * (Fig. 4b; detailed in Fig. S12¢ and S14c, along with
Table S4), and shows a negligible 1.3% decline (Fig. S16c¢).
These results underscore that the US method can intensify
mixing, accelerate nucleation, and tune crystal size in ways that
improve accessible porosity and reduce performance-limiting
heterogeneity.”> The MS method shows a capacity of 0.31 mmol
g " and a 1.9% decrease, which indicates robust performance in
both capacity and stability. The OS method produces 0.27 mmol
g ! with a 6.1% reduction, while the OS & US method yields
0.28 mmol g ' with a 3.8% decrease. The MW method yields
0.26 mmol g~ ' with a 4.7% drop. This intermediate stability is
consistent with the MW method generally providing rapid,
relatively homogeneous heating and shortened crystallisation
kinetics, which can alter defect densities and adsorption
outcomes.®® Although BM introduces defect and secondary-
phase signatures in PXRD and FTIR (Fig. S2c and S4c), ZIF-62
maintains a comparable initial O, capacity (0.28 mmol g™ ). This
is likely because milling is followed by a thermal treatment phase
that can partially restore the framework connectivity. Indeed, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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extent and consequences of disorder are strongly chemistry- and
process-dependent.”’ Consequently, any residual defects appear
stable over 3 cycles and do not produce measurable capacity loss,
and BM does not translate into the same loss of micropore
functionality or O,/N, selectivity observed for directly milled
frameworks (Tables S2 and S4).

For ZIF-62 with a Zn:Fe mol% of 90:10, the US method
reaches the highest initial capacity of 0.32 mmol g~ * (Fig. 4bj;
detailed in Fig. S12d and S14d, along with Table S4); however, a
12.6% decline suggests low stability (Fig. S16d). The OS method
yields 0.30 mmol g~ ' with a 16.7% reduction, suggesting that Fe
incorporation may increase the framework’s sensitivity to local
distortions and accessibility losses during cycling, consistent
with mixed-metal node effects reported for ZIFs.>* The MW
method yields 0.29 mmol g~ with a 3.6% reduction, achieving
a favourable balance between capacity and stability despite a low
surface area that underestimates O,-accessible ultramicroporos-
ity in this flexible structure,”® presumably owing to the fast and
more homogeneous heating that stabilises the Fe-substituted
structure.®® This is consistent with PXRD and FTIR evidence of
framework preservation (Fig. S2d and S4d). The MS method
yields 0.24 mmol g~" with a 0.9% decrease, which implies
increased stability but reduced capacity. The OS & US method
yields 0.23 mmol g, reflecting a 9.5% decrease, which is
modest in every aspect. The BM method yields the lowest
capacity (0.08 mmol g~') and the largest decline (18.0%). For
the mixed-metal ZIF-62 (Zn: Fe = 90:10), this stronger detrimen-
tal impact is consistent with milling-induced disorder reducing
accessible porosity and adsorption sites,** as well as in mixed-
metal ZIF-62, additional heterogeneity at Zn/Fe nodes can
amplify local strain,>® while the Zn-Fe ionic-radius and coordi-
nation mismatch can further bias the structure toward persistent
disorder and partial pore blockage.® that are not fully mitigated
during the subsequent thermal treatment phase. As a result, the
number of accessible adsorption sites is substantially reduced
(Table S2), leading to poor capacity retention (Fig. S16d) and
more pronounced defect and secondary-phase signatures in
PXRD and FTIR (Fig. S2d and S4d).

Mechanistic framework and design rules

O, adsorption performance is governed by a coupled balance
between (i) adsorption-site chemistry (metal-O, interactions
and the availability of O,-favourable sites), (ii) effective pore
accessibility under operating conditions (gate-opening/aperture
dynamics and restrictions caused by defects or strain), and (iii)
structural integrity under cycling (resistance to irreversible
disorder and pore blockage). The dominant contribution
depends on the regime: in monometallic ZIFs, flexibility gov-
erned by organic ligands and aperture response mainly dictate
capacity and cyclability; in bimetallic ZIFs with low substitu-
tion, selectivity enhancements are mostly influenced by
changes in local site chemistry while maintaining the frame-
work, whereas at higher substitution levels or during defect-
prone processing, limitations in accessibility and non-selective
domains can dominate, resulting in trade-offs between selec-
tivity and capacity. Synthesis methods modulate these same
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factors by controlling crystallinity, defect density, and composi-
tional uniformity, which explains why materials with similar
BET surface area and PSD can still exhibit different O,/N,
selectivity and stability. To place these design rules in context,
a representative literature benchmarking summary of O,
adsorption, O,/N, selectivity, and recyclability for closely
related adsorbents is provided in Table S5.

Among the synthesis methods, the US method improves O,
adsorption capacity and stability in monometallic ZIFs through
optimised nucleation and pore accessibility. Whereas in partial
metal-substituted ZIFs, it increased initial capacities, particu-
larly in ZIF-8 (Zn:Co = 90:10), but sometimes compromises
long-term stability. The MW method demonstrates potential,
attaining a robust equilibrium of capacity and stability in
bimetallic ZIFs. The OS and OS & US methods provide depend-
able durability with modest performance, appropriate for long-
term operations; however, the OS & US method falls short of
expectations in ZIF-8. The BM method shows framework- and
protocol-dependent behaviour: direct milling can induce per-
sistent disorder and pore blockage, whereas BM followed by
thermal treatment phase (as in ZIF-62) can partially recover
framework connectivity, though mixed-metal systems may
remain more susceptible to milling-induced heterogeneity.
These results highlight the need to customise synthesis meth-
ods to particular ZIF compositions to optimise O, adsorption
and provide insight to develop scalable ZIFs for industrial gas
separation and storage.

Conclusions

This study evaluated ZIFs for efficient and sustainable O, capture
and separation. O, adsorption performance in ZIFs is governed
by the interplay of organic ligands, metal centres (including
secondary metals in bimetallics), and the synthesis method, so
a holistic design strategy is required to maximise adsorption
capacity, selectivity, and cyclability. In monometallics, gate-
opening was enabled by the mixed IM + bIM organic ligand set
in ZIF-62 and the highest adsorption was recorded (e.g,
0.34 mmol g~ ' for ZIF-62 - US), whereas in ZIF-8 with mIM a
flexible but slightly larger pore was obtained (moderate adsorp-
tion, 0.19 mmol g~ for ZIF-8 - MS), and in ZIF-7 with bIM the
more aperture-constrained pores were produced with the highest
selectivity of 1.42 at lower capacity. Furthermore, Co”" incorpora-
tion into ZIF-8 increased O, adsorption and selectivity at low
loading (Zn: Co = 90: 10 - MS: 0.35 mmol g~ '; selectivity of 2.01)
but a higher 3-cycle loss was incurred (9.9%). Fe** substitution
was shown to reduce capacity at high loading (ZIF-8-derived Fe-
mIM material (Zn : Fe = 0: 100): selectivity 2.60 but 0.09 mmol g~ ),
yet in ZIF-62 a modest Fe level improved the balance (Zn:Fe =
90:10 - MW: 0.29 mmol g~ %; selectivity 1.15; 3.6% loss over 3
cycles). Finally, the capacity and cycle stability were generally
improved by the US method in monometallics (ZIF-62 - US:
0.34 mmol g '; selectivity 1.01; 1.3% loss; ZIF-8 - US:
0.26 mmol g~ '; selectivity 1.06; 0.5% loss). In bimetallics,
stability was better preserved by the MS or MW methods
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(e.g., ZIF-62 (Zn:Fe = 90:10) - MW: 0.29 mmol g~ '; selectivity
1.15; 3.6% loss). Therefore, considering balanced performance
across three cycles, ZIF-62 - US emerged as the lead candidate.
These results clarify the essential roles of organic ligand design,
metal substitution, and synthesis optimisation in customising
ZIFs for improved O, adsorption and separation.
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