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We have recently shown that aluminum formate [Al-
(HCOO)3], known as ALF, offers some distinct advantages
over many existing MOFs.28 Most importantly, its affordability
and scalability are striking, as its preparation is straightforward
and requires only two simple precursors, aluminum hydroxide
(Al(OH)3) and formic acid (HCOOH). ALF exhibits
outstanding CO2 uptake properties and high selectivity for
CO2/N2

23 and CO2/hydrocarbon separations.29 In addition, it
has great potential for noncryogenic air separation30 and
hydrogen storage.31 However, when ALF is exposed to
moisture at room temperature, it gradually undergoes
decomposition. Nevertheless, the cost of ALF is arguably
sufficiently low that a drying step before CO2 capture may
become a viable option. Alternatively, it should be possible to
develop moisture-stable ALF composites that preserve pore
size without compromising selectivity. In this regard, designing
a moisture-stable ALF by incorporating low-cost polymers is
an attractive strategy.

Polymeric materials with inherent hydrophobic character-
istics can act as protective coatings, shielding MOFs from the
detrimental effects of moisture.32 Motivated by the distinct
advantages of MOF-polymer composites in achieving high
humidity and chemical stability, we synthesized composites of
ALF and polyvinylidene difluoride (PVDF) by carefully
combining the components of the MOF precursors with the
polymer. The resulting ALF-PVDF composites capitalize on
the moisture-resistant properties of the polymer, thereby
improving the overall stability of the MOF under humid
conditions (e.g., under a relative humidity (RH) of 80%).
Although the ALF-PVDF composite exhibited a slight decrease
in CO2 uptake compared with pure ALF (from ∼3.9 to ∼3.4
mmol/g, at 298 K and 1 bar CO2 pressure), the CO2/N2
selectivity remained intact (387 of ALF-PVDF, compared to
368 of ALF for a 15/85 mixture of CO2/N2 at 298 K and a
total pressure of 1 bar). To further enhance the CO2 uptake
properties, various FexAl1−x-ALF compositions were prepared
by adjusting the ratios of the Al and Fe in the reaction solution.
For simplicity, we refer to these materials as Fe-ALF-PVDF.
Optimally, Al0.46Fe0.54-ALF-PVDF composite showed an
enhanced CO2 uptake of ∼4.6 mmol/g at 298 K and 1 bar
CO2 pressure, which is 1.2 times higher than that of pristine
ALF, with a superior CO2/N2 selectivity of 387. Notably, the
Fe-ALF-PVDF materials are highly stable in liquid water
(water contact angle: 112°) and water vapor (RH of 80%)

conditions, ensuring their wide applications under practical
situations.

This work primarily focuses on developing and optimizing
material compositions for practical, low-cost applications, with
a novel emphasis on systematically tuning the composition of
the Fe-ALF framework while preserving its performance within
the composite. By precisely adjusting the iron content and
incorporating hydrophobic polymers, we achieve notable
enhancements in gas adsorption capacities and environmental
stability�critical factors for real-world applications such as
CO2 capture and gas separation. This compositional
optimization not only elevates material performance but also
establishes a pathway for designing innovative materials with
tailored properties for specific needs. The demonstrated
approach offers a versatile framework applicable to other
materials, fostering further advancements in the development
of efficient and cost-effective adsorbents.

■ RESULTS AND DISCUSSION
Synthesis of ALF Derivatives and Their Behavior in

Water. The ALF and Fe-formate MOFs were synthesized
using a reflux method by following previously reported
procedures (Scheme 1, see details in Supporting Information
(SI)).23,33 Although manganese (Mn), indium (In), and
gallium (Ga) formates with the ReO3 structure are well-
documented in the literature, In and Ga formates are
significantly limited by their high costs, making them
unsuitable for practical large-scale applications. In addition,
we have yet to demonstrate that they can be successfully
activated. In the case of Mn-formate, it is only stable at low
temperatures (4 °C).34 Therefore, we selected Fe and Al
metals for MOF preparation due to their low cost and greater
stability. The phase purity of the resulting bulk metal formates
(Al/Fe) was confirmed by comparing the experimentally
collected powder X-ray diffraction (PXRD) data with the
simulated patterns of ALF (Figure S1). Note that ALF refers to
the activated material rather than the as-made aluminum
formate, which has guest species in its cavities. However, Fe-
formate collapsed upon activation due to the oxidation of
formate linkers by Fe3+.33 PXRD analysis indicated its
transformation into Fe2O3 upon activation (Figure S2), while
the disappearance of all the Fourier-transform infrared (FTIR)
peaks of Fe-formate confirmed the decomposition of the
framework (Figure S3).

Scheme 1. Synthesis Scheme of M(III) Formates (M = Al and Fe)a

aThe as-made samples were activated at 150 °C under vacuum for 12 h, and the structures of activated samples are depicted in the scheme. Note
that CO2 molecules are shown in the structure of Fe-formate, as CO2 removal via activation causes degradation. In contrast, ALF and Fe-ALF can
be easily activated at 150 °C under vacuum, forming stable, porous frameworks for CO2 sorption. See details in Supporting Information (SI).
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The crystal structures of activated ALF materials are of the
ReO3 type35 and exhibit several distinct types of ultra-
microporous cavities. ALF has two types of cavities: the
small cavity (SC) and the large cavity (LC). The SCs
constitute three-quarters of ALF total cavities, with the
remaining quarter being LCs. The SCs distinguish themselves
by having inward-facing hydrogens of the formate ligands.
During CO2 adsorption, these inward-facing hydrogens create
a hydrogen bond “hand-in-glove” association with adsorbed

CO2. The LCs have no inward-facing hydrogen. In terms of
cavity arrangement, there are two kinds of interpenetrating
channels. One channel is made up entirely of SCs (Figure 1a,
blue squares), while the other has alternating SCs and LCs
(Figure 1a, green ellipses). This unique cavity confinement by
hydrogen atoms makes ALF a promising candidate for selective
CO2 adsorption with good selectivity over N2 and hydro-
carbons.23,24 However, as noted above, ALF is unstable in high
humidity conditions. When subjected to immersion in water

Figure 1. (a) Crystal structure of ALF along c-axis. (b) Crystal structure of Al0.46Fe0.54-ALF along c-axis. (c) Representations of all cavities present
in Fe-ALF, where SC = smaller cavity, LC = larger cavity. For both (a) and (b), the green circles denote smaller cavity to larger cavity channels, and
the blue squares denote smaller cavity to smaller cavity channels.

Figure 2. (a) Pawley refinement fit of activated Al0.46Fe0.54-ALF-PVDF. (b) Thermogravimetric analysis of (i) Al0.46Fe0.54-ALF and (ii) Al0.46Fe0.54-
ALF-PVDF. FE-SEM images of (c) ALF, (d) Fe-ALF, and (e, f) Al0.46Fe0.54-ALF-PVDF. Water contact angle tests of (g) ALF, (h) Al0.46Fe0.54-ALF,
and (i) Al0.46Fe0.54-ALF-PVDF.
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under room temperature conditions (see details in SI), ALF
degrades, as observed by PXRD (Figure S1). The experimental
PXRD pattern corresponds closely to the simulated PXRD
pattern of Al(HCOO)2(OH), indicating that hydrolysis of
ALF occurs according to the reaction: [Al(HCOO)3 + H2O →
Al(HCOO)2(OH) + HCOOH] (Figure S1). The absence of
the carbonyl stretching frequency, along with the appearance
of a new O−H bending frequency in the hydrolyzed ALF,
confirms that the formate group has been replaced by a
hydroxyl (−OH) group (Figure S4). Additionally, formic acid
was detected in the 1H nuclear magnetic resonance (NMR)
spectra of liquid aliquots of the ALF filtrate, again indicating
that hydroxyl units have replaced some formate groups,
resulting in the formation of linear bridging groups (Figure
S5). Furthermore, the water contact angle measurement
revealed that ALF exhibited a contact angle of 39°, clearly
indicating its hydrophilic nature (Figure 2g). These experi-
ments collectively confirm that ALF is unsuitable for carbon
capture scenarios involving high humidity without a precapture
drying step.

Synthesis and Properties of ALF-Polymer Compo-
sites. To address the water sensitivity issue, we prepared ALF-
polymer composites using several hydrophobic polymers
(poly(vinyl formal) (PVF), perfluoropolyether (PFPE), and
polyvinylidene fluoride (PVDF)) during the synthesis of ALF
(Scheme 1). The nonfluorinated ALF-PVF composite proved
to be unstable in water over an extended period. After 24 h of
soaking in water, peaks corresponding to Al(HCOO)2(OH)
appeared, indicating material degradation (Figure S6).
Consequently, this polymer was excluded from further
consideration. Subsequently, PFPE was found to be completely
immiscible in formic acid, resulting in a nonuniform MOF-
polymer composite. However, the ALF-PVDF composite
appeared phase-pure with excellent crystallinity (Figure 2a).
The thermogravimetric analysis (TGA) analysis indicated the
presence of 6.7 wt % PVDF in the ALF-PVDF composite, as
well as enhanced thermal stability to almost 300 °C after
activating the as-made ALF-PVDF (Figure S7). Importantly,
ALF-PVDF exhibits high hydrophobicity, as evidenced by a
water contact angle of 114° (Figure S8). Comparatively, the
CO2 uptake of the ALF-PVDF composite decreased to 3.4
mmol/g (298 K, 1 bar), whereas pristine ALF showed a higher
CO2 uptake of 3.9 mmol/g under identical conditions (Figure
S9). Therefore, we attempted further chemical modification of
ALF to be moisture- and humidity-stable while preserving its
CO2 uptake and CO2/N2 selectivity properties.

Synthesis and Properties of Fe-ALFs and Fe-ALF-
Polymer Composites. To improve the CO2 uptake proper-
ties, iron was incorporated into the ALF network in a
controlled manner by varying the Fe and Al atomic ratio
during the synthesis, as outlined in Scheme 1 (procedure in
SI). These materials are generally referred to as Fe-ALFs
throughout the manuscript; however, we will denote specific
ratios, namely our most promising composition, Al0.46Fe0.54-
ALF, when pertinent. Notably, as the iron content increased
from 0 to 50%, the symmetry of Fe-ALFs decreased from the
space group Im3̅ to P23.25 The lower symmetry of certain Fe-
ALFs compared to ALF was confirmed by the presence of extra
Bragg reflections in the PXRD pattern, which can be attributed
to the loss of the body-centering symmetry (Figure 2a). Our
previous synchrotron X-ray powder analysis25 indicated that
iron and aluminum are ordered for compositions near the 50/
50 Al/Fe ratio, as opposed to forming a solid solution (Figure

1b). Structurally, the specific Fe-ALF Al0.46Fe0.54-ALF com-
prises both smaller cavities (where formate hydrogens point
more toward the center of the cavity) and larger cavities
(where formate hydrogens do not point inward). Like ALF, in
Al0.46Fe0.54-ALF, the smaller cavities constitute three-quarters
of the total cavities, with the remaining quarter being larger
cavities (Figure 1b). However, as Al0.46Fe0.54-ALF has lower
symmetry, there is a further distinction between the smaller
and larger cavities. Crystallographically, there are two small
and two large cavities, with the Wyckoff cavity centers being at
3d/3c and 1b/1a, respectively (Figures 1c, S10). The root of
this distortion of the cavities appears to be caused by the
mismatch of the Al and Fe ionic radii. As such, the formate
ligands are more angled, and the metal octahedra more tilted
(Figure 1b,c).

The phase purity of all bulk Fe-ALFs was confirmed by
comparing the experimentally collected PXRD data with
simulated patterns of Fe-ALFs (Figure S11). Inductively
coupled plasma-optical emission spectrometry (ICP-OES)
data revealed that the synthetic compositions of Fe-ALFs
with x = 0.25, 0.50, and 0.75 are in fact Al0.72Fe0.28-ALF,
Al0.48Fe0.52-ALF, and Al0.23Fe0.77-ALF, respectively. These
results are very close to the ICP-OES data for Fe-ALF-
PVDF with similar Fe/Al ratios: Al0.73Fe0.27-ALF-PVDF,
Al0.46Fe0.54-ALF-PVDF, and Al0.24Fe0.76-ALF-PVDF, respec-
tively.

Additionally, FTIR spectra of Fe-ALFs exhibited two distinct
characteristic peaks for carbonyl at 1597 and 1553 cm−1, while
ALF showed a single peak at 1603 cm−1, supporting the
alternating presence of Fe and Al (Figure S12). Moreover,
thermogravimetric analysis showed that Fe-ALF was stable up
to 180 °C (Figure 2b). Field emission scanning electron
microscopy (FE-SEM) analysis revealed that the Fe-ALF
compounds maintained their cubic morphology like ALF
(Figure 2c,d), and energy dispersive X-ray spectroscopy (EDS)
supported the presence of all the constitution elements Al, Fe,
C, and O in the Fe-ALF (Figure S13). In addition, the weight
percentages of various elements are well-matched with the
ICP-OES results (Table S1). The CO2 sorption tests found
that Al0.46Fe0.54-ALF exhibited a higher CO2 uptake of 5.1
mmol/g (298 K, 1 bar) compared to other Fe-ALFs, as well as
the pristine ALF (Figure S14). This could be attributed to
channels in the material having less pronounced formate
hydrogen gating between cavities (Figure 1). As the iron
content in ALF increases from zero to 50%, the symmetry
decreases from the space group Im3̅ to P23, as discussed above.
These structural changes enhance the CO2 uptake of the
framework. Additionally, the higher atomic number of Fe
compared to Al strengthens host−guest nonbonding inter-
actions, further improving adsorption performance. Based on
our previous work on O2/N2 separation, we demonstrated that
iron doping significantly enhances adsorption kinetics
compared to ALF alone.30 This improvement arises from an
increase in aperture size due to the substitution of Al with the
larger Fe ion. Furthermore, Al/Fe ordering at the 50:50
composition in this study induces a symmetry change, further
opening the framework windows and enhancing gas adsorption
properties.30 Although Al0.46Fe0.54-ALF demonstrates signifi-
cant potential for CO2 adsorption, it is still prone to instability
under humid and moist conditions, much like ALF itself. It
shows a water contact angle of 36°, clearly indicating its
hydrophilic nature (Figure 2h). Additionally, PXRD analysis of
water-soaked Fe-ALFs at room temperature revealed that the
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Fe-ALFs are relatively unstable in water, transforming into
Al(OH)(HCOO)2 upon water soaking (Figure S15).

We synthesized a Fe-ALF-PVDF composite to render it
hydrophobic and improve its stability in humid and moist
conditions. The PXRD analysis of the synthesized bulk
Al0.46Fe0.54-ALF-PVDF confirmed retention of crystallinity
after passivation with PVDF polymer (Figure 2a). Further,
FTIR spectra exhibited the characteristic peaks for the C−F
bonds of PVDF at 1182 and 1210 cm−1, supporting the
presence of PVDF in the composite material (Figure S16).
Moreover, thermogravimetric analysis confirmed that 5.8 wt %
of PVDF was incorporated in the framework. The composite
material remained stable up to 220 °C, after which
decomposition began (Figure 2b). A second weight loss near
325 °C, corresponding to the decomposition of PVDF,
matches the known decomposition temperature of PVDF
(316 °C). Under an air atmosphere, both the composite and
Fe-ALF decomposed further into metal oxide. After 500 °C,
the residue consisted entirely of metal oxide. Interestingly, the
residual weight loss aligns well with the polymer content (5.7
and 5.8 wt %), confirming the presence of 5.8 wt % PVDF in
the composite material. Notably, the incorporation of iron
reduces the lattice energy due to the larger size of Fe3+

compared with Al3+.30 This renders the iron-doped materials
slightly less stable than ALF itself. Note, too, that the pure Fe
analog of as-made Fe(HCOO)3 cannot be activated due to the
redox behavior of Fe. FE-SEM analysis revealed that Fe-ALF-
PVDF samples maintained their cubic particle morphology
(Figure 2e,f). The PVDF composite resulted in a polymer
coating visible on the Fe-ALF crystal surfaces (Figure 2f), and
the cubic crystals appear less monodispersed in the composite
(Figure 2e). EDS supported the presence of all the constitution
elements Al, Fe, C, O, and F in the composite (Figure S13).
The water stability of the composite was studied by soaking
Fe-ALF-PVDF in water for 1 week. The PXRD of water-
soaked material was well matched with activated Al0.46Fe0.54-
ALF-PVDF (albeit with a slight loss of crystallinity), revealing

the improved water stability of the stabilized framework
(Figure S17). The water contact angle measurement showed a
contact angle of 112°, confirming enhanced hydrophobicity
(Figure 2i). The humidity stability of the composite was tested
at 80% RH. It demonstrated good stability at room
temperature under these humid conditions (Figure S17),
indicating that the composite is well-suited for CO2 capture in
humid environments.

Gas Sorption Behavior of Fe-ALF-PVDF Composites.
The analysis of CO2 adsorption revealed that the Al0.46Fe0.54-
ALF-PVDF composite exhibited a CO2 uptake of 4.6 mmol/g
at 298 K and 1 bar, surpassing the uptake observed at 273 K
and 1 bar (3.8 mmol/g, Figures 3a, S18) due to improved gas
diffusion kinetics at higher temperatures. Furthermore, at 313
K and 1 bar, the CO2 uptake remained notably high at 4.58
mmol/g, which is very close to the CO2 uptake observed at
298 K and 1 bar (Figures 3a, S18). This consistency
underscores the stability and reliability of the composite’s
CO2 adsorption capabilities across a range of temperatures.
ALF and its Fe-doped analogues are examples of sorbents with
“Critical Gating Temperatures” (CGT) for CO2 adsorption.36

CGT refers to the temperature at which a material undergoes a
transition in its adsorption behavior, often linked to structural
flexibility or gate-opening mechanisms. While rigid micro-
porous MOFs generally show continuous adsorption, materials
with framework dynamics can exhibit temperature-dependent
structural changes. Below the CGT, the framework remains
“closed”, restricting CO2 access. However, as the temperature
rises, thermal energy triggers a structural transition, opening
the pores for adsorption. This interesting behavior is crucial for
optimizing gas adsorption in temperature-sensitive applica-
tions.36

Of significant note is the selective adsorption behavior
observed when comparing CO2 and N2 adsorption at 298 K
(Figure 3b). The composite exhibits a distinct preference for
CO2 over N2, as evidenced by its ideal adsorbed solution
theory (IAST) selectivity of 387 (298 K and 1 bar, Figure 3b

Figure 3. (a) CO2 adsorption isotherms of Al0.46Fe0.54-ALF-PVDF at various temperatures. (b) Comparison of the CO2 and N2 adsorption
isotherms at 298 K of Al0.46Fe0.54-ALF-PVDF. The inset shows the CO2/N2 sorption selectivity based on ideal adsorbed solution theory (IAST) for
a 15/85 mixture of CO2/N2 at 298 K. (c) Comparison of CO2/N2 selectivity for some chosen MOFs at 298 K and 1 bar (taken from reference
23,29−39). (d) Comparison of the H2O vapor sorption isotherms of (i) Al0.46Fe0.54-ALF and (ii) Al0.46Fe0.54-ALF-PVDF at 298 K. (e)
Breakthrough curves of a 15/85 CO2/N2 dry mixed gas experiment with Al0.46Fe0.54-ALF-PVDF at 298 K. (f) Breakthrough curves of a 15/85 CO2/
N2 humidified mixed gas (RH = 85%) for Al0.46Fe0.54-ALF-PVDF at 298 K.
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insert), which is even slightly higher than that of pristine ALF
(368) under the same conditions (Figure 3c). This selectivity
highlights the potential of the composite for efficient CO2
capture applications compared with Fe-ALF and other
benchmark materials such as CALF-20, UTSA-16, and Mg-
MOF-74 (Figure 3c).19,23,29,37−45 Notably, Al0.46Fe0.54-ALF-
PVDF demonstrates selective CO2 adsorption not only over
N2 but also over hydrocarbons such as CH4, C2H4, and C2H6,
highlighting its potential for applications like biogas upgrading
(Figure S19).

Furthermore, the CO2 adsorption isotherms were analyzed
using the Freundlich-Langmuir eq (Figures S20−S23). The
resulting values of heat of adsorption (Qst), determined using
the Clausius−Clapeyron equation,46 were found to be 42.8 and
39.6 kJ mol−1 for Al0.46Fe0.54-ALF and Al0.46Fe0.54-ALF-PVDF,
respectively (Figures S24, S25). This indicates a significant
affinity of the composite for CO2 molecules. The reduced
affinity of the Al0.46Fe0.54-ALF-PVDF composite for water
vapor, as observed in the adsorption isotherm (Figure 3d), can
be attributed to the hydrophobic nature of the PVDF coating.
This characteristic was further confirmed through differential
scanning calorimetry (DSC) measurements, which quantified
the binding energy for water adsorption. The measured
binding energy of 5.5 kJ/mol substantiates the hydrophobic
behavior of the composite (Figure S26).47 By limiting water
interactions with the MOF surface, the hydrophobic PVDF
layer serves as a protective barrier, enhancing the resistance of
the composite to moisture-induced degradation. This
improved stability not only preserves the gas adsorption
capacity but also optimizes water vapor uptake. As a result, the
Al0.46Fe0.54-ALF-PVDF composite demonstrates significant
potential for practical applications in gas separation and air
dehumidification. The water affinity of the composite was
found to be lower than that of well-known MOFs such as
MOF-74-Ni and UiO-66-(OH)2.

48,49

We have also performed density functional theory
calculations to estimate the heat of adsorption of CO2 and
several other small molecules into the P23 structure of
Al0.46Fe0.54-ALF (Table S2, Figure 4). The details of computa-
tional methodologies can be found in the SI. The heats of
adsorption in both the larger and smaller cavities are predicted
to be very similar to those in ALF (Table S2). In addition, the
calculated heats of adsorption in the two small cavities (48.3
and 48.4 kJ/mol) are in reasonable agreement with the

experimental heat of adsorption at low loadings, which is 42.8
kJ/mol (Figure S24). We conducted experiments to evaluate
the practical utility of the Al0.46Fe0.54-ALF-PVDF composite.
Recognizing that moisture is a common challenge in most
carbon capture processes, we first activated the Al0.46Fe0.54-
ALF-PVDF composite by purging it with helium at 423 K
overnight to remove any adsorbed water. Under these
circumstances, Al0.46Fe0.54-ALF-PVDF demonstrated notable
efficacy, as evidenced by the dynamic column breakthrough
experiments conducted at 298 K using a simulated feed
comprising a 15/85 mixture of CO2 and N2. Notably, the
progression of the CO2 concentration fronts experienced
considerable delay compared to that of N2 due to the selective
adsorption facilitated by the composite within the column
(Figure 3e; detailed experimental procedures are provided in
Materials and Methods).

The calculated dry CO2 coadsorption capacity amounted to
3.6 mmol g−1, contrasting sharply with the minimal N2
coadsorption capacity, which was less than 0.1 mmol g−1,
affording a CO2/N2 selectivity of 308. To evaluate the
performance of Al0.46Fe0.54-ALF-PVDF in the presence of
high humidity, a breakthrough experiment was conducted
under 85% RH conditions. The Al0.46Fe0.54-ALF-PVDF was
presaturated at 85% RH to assess the impact of moisture on
CO2 adsorption through a multicomponent dynamic column
breakthrough experiment. Interestingly, even with the
saturated humidity, Al0.46Fe0.54-ALF-PVDF could still effec-
tively separate CO2/N2, with a CO2 coadsorption capacity of
2.7 mmol g−1 at 298 K (Figure 3f). This increased water
resilience was attributed to the hydrophobicity of Al0.46Fe0.54-
ALF-PVDF. Although water impacted total adsorption,
selectivity performance remained robust (284). Further, to
validate the CO2 adsorption in the moisture-saturated
Al0.46Fe0.54-ALF-PVDF column, the CO2 desorption curve
was measured at 85% RH. After correcting for the dead
volume, the CO2 yield was 2.6 mmol g−1, which closely
matched the dynamic adsorption values (2.7 mmol g−1, Figure
S27).

Recognizing the importance of evaluating the material’s
performance with wet gas, we performed additional break-
through experiments by using a 15/85 mixture of CO2 and N2
at 91% RH. The results demonstrated that the Fe-ALF-PVDF
material effectively maintained CO2/N2 separation, achieving a
CO2 coadsorption capacity of 2.9 mmol g−1 at 298 K (Figure
S28). Additionally, recyclability is essential for industrial
applications, so we conducted four cycles of breakthrough
experiments at 85% RH (Figure 3f). The results showed that
Al0.46Fe0.54-ALF-PVDF exhibited excellent recyclability even
after multiple breakthrough tests in the presence of moisture
(Figure 3f). This indicates that Al0.46Fe0.54-ALF-PVDF not only
withstands repeated use but also remains effective in capturing
CO2 under humid conditions, which is critical for practical
applications in carbon capture processes. Breakthrough
experiments for a 15/85 CO2/N2 gas mixture were conducted
under both dry and wet conditions to assess the performance
of Fe-ALF. Under wet conditions, Fe-ALF exhibited a
significant reduction in CO2 capture capacity (from 2.5 to
0.8 mmol g−1) due to framework decomposition (Figures S29
and S30). In contrast, the polymer coating in Fe-ALF-PVDF
significantly improved stability and CO2 selectivity in the
presence of humidity, as evidenced by the retention of CO2
capture capacity under wet conditions (Figure 3f). These
results highlight the effectiveness of PVDF in mitigating

Figure 4. Adsorption energies from first-principles calculations. The
following cavities are computed for the P23 Al0.5Fe0.5-ALF structure:
LC1: corner, LC2: body center, SC1: face center, SC2: edge center.
Comparisons to Al(HCOO)3

23 and Fe(HCOO)3
25 in Im3̅ are also

shown.
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moisture-induced degradation, enhancing the material’s
practical applicability. We have also conducted two types of
recycling experiments under highly humid conditions. The first
experiment included exposing the sample to 85% RH at 298 K
for 12 h before activation at 120 °C and subsequent CO2
adsorption at 298 K. This experiment showed that the
Al0.46Fe0.54-ALF-PVDF material maintained its ability to adsorb
CO2 during 10 cycles over a period of 30 days (Figure S31).
Additionally, in situ TGA cycling studies of Al0.46Fe0.54-ALF-
PVDF under a wet CO2 atmosphere were conducted (Figure
S32). The graph illustrates 45 adsorption/desorption cycles
under humid CO2 with temperature swings between 313 and
353 K. For those 5 min cycles, the Al0.46Fe0.54-ALF-PVDF
showed sustained adsorption without a significant decrease in
capacity (<5%). Combined with the breakthrough experiments
under humid CO2 conditions, these findings highlight the
excellent water resistance and sustained CO2 capture capability
of Fe-ALF-PVDF in humid conditions.

■ CONCLUSIONS
In summary, this work showcases improving adsorptive CO2
capture by using advanced framework sorbents engineered for
high selectivity, stability, and ease of regeneration. Ultra-
microporous MOFs, specifically Fe-ALFs, were synthesized to
achieve this goal, with their moisture and humidity stability
enhanced by passivating with polyvinylidene fluoride (Fe-ALF-
PVDF). Gas adsorption tests on Al0.46Fe0.54-ALF-PVDF
revealed the composite’s exceptional CO2 adsorption capacities
(4.6 mmol/g at 298 K and 1 bar) and remarkable CO2/N2
selectivity (387). Compared to similar-performing MOFs,
ALF-like MOFs are expected to offer significant cost
advantages due to their simplicity, low cost, and streamlined
manufacturing characteristics. Overall, this design strategy has
created a superior adsorbent material for CO2 capture from
humid postcombustion flue gas streams, as well as other gas
streams containing CO2, surpassing ALF itself and boosting its
potential for utility in carbon capture technologies under
practical conditions. Further work examining optimum
humidity envelope conditions for sustained performance is
needed to verify long-term stability.
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