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ABSTRACT: Separating oxygen from air to create oxygen-
enriched gas streams is a process that is significant in both
industrial and medical fields. However, the prominent technologies
for creating oxygen-enriched gas streams are both energy and
infrastructure intensive as they use cryogenic temperatures or
materials that adsorb N, from air. The latter method is less efficient
than the methods that adsorb O, directly. Herein, we show, via a
combination of gas adsorption isotherms, gas breakthrough
experiments, neutron and synchrotron X-ray powder diffraction,
Raman spectroscopy, and computational studies, that the metal—
organic framework, AI(HCOO); (ALF), which is easily prepared at
low cost from commodity chemicals, exhibits substantial O,
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adsorption and excellent time-dependent O,/N, selectivity in a range of S0—125 near dry ice/solvent (%190 K) temperatures.
The effective O, adsorption with ALF at 2190 K and ~0.21 bar (the partial pressure of O, in air) is ~#1.7 mmol/g, and at ice/salt
temperatures (2250 K), it is 0.3 mmol/g. Though the kinetics for full adsorption of O, near 190 K are slower than at temperatures
nearer 250 K, the kinetics for initial O, adsorption are fast, suggesting that O, separation using ALF with rapid temperature swings at
ambient pressures is a potentially viable choice for low-cost air separation applications. We also present synthetic strategies for
improving the kinetics of this family of compounds, namely, via Al/Fe solid solutions. To the best of our knowledge, ALF has the
highest O,/N, sorption selectivity among MOF adsorbents without open metal sites as verified by co-adsorption experiments..

Bl INTRODUCTION

Production of oxygen from air is an important commercial
process with upward of 50 billion dollars in global market value
annually. O, gas is widely used in numerous applications,
ranging from its large-scale use in steel production’ to medical
uses for the treatment of people with breathing problems and
other conditions.” These different applications require O, with
various levels of purity, ranging from 90% to greater than 99%.
During the COVID-19 pandemic, demand for medical O, has
increased dramatically since it is used to treat COVID-19
patients with breathing difficulties. Unfortunately, in many
parts of the globe where the O, purification infrastructure is
limited and COVID-19 caseloads are high, the demand for
medical oxygen has created situations where those in need of
treatment are unable to get it. In these circumstances, low-cost
O, purification technologies are highly desirable as they
provide a timely strategy for mitigating such shortages.

On a commercial scale, air separation is usually achieved
either through the cryogenic (<120 K) distillation of liquid
air,” since oxygen boils at 90 K and nitrogen at 77 K, or by the
preferential adsorption of N, from dry air using lithium-
containing zeolites in a pressure swing adsorption process at
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ambient temperatures.4’S Pressure swing adsorption with
carbon molecular sieves (CMS) has also been employed for
air separation, given the faster oxygen diffusion into CMS than
N,.° There are also membrane technologies based on
polymers’ and ceramics,® though the former have modest
selectivity and the latter require elevated temperatures. In the
last decade, there has been a significant effort to develop
metal—organic frameworks (MOFs) as selective sorbents for
the capture, storage, and release of oxygen.” There are two
primary strategies involving different adsorption mechanisms.
First, there are MOFs that adsorb oxygen via a redox
mechanism involving the binding of O, to open metal sites
or bridging ligands, 911 and second, there are size-selective
MOFs that adsorb O, in preference to the larger N,
molecule.'”"* The former approach is challenging because
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Figure 1. (a) O, adsorption isotherms of ALF. The inset graph shows the values for O, adsorption versus temperature at the partial pressure of O,
in air (~0.21 bar, dashed line in main figure panel). The y-axis units are the same as the larger graph. As shown in Figure S9, increased adsorption
occurs at temperatures below 250 K, but the hysteresis at these temperatures for O, adsorption/desorption grows more pronounced. (b) (Top and
bottom) Breakthrough curves of N, and O, in breakthrough experiments of 21/79 O,/N, mixtures through the ALF packed bed at (top) 195 K
and (bottom) 273 K. (c—f) ALF O,/N, adsorption profiles (kinetic curves) at 200, 250, 273, and 293 K. The pressures of O, and N, are ~0.21 and
~0.78 atm, respectively. Time-dependent ideal selectivity calculated from the corresponding O, and N, uptake is shown in inset graphs for each
temperature (violet circles). Figure legend from panel (c) applies to panels (c)—(f).

the binding of O, is often quite strong and O, release can be
difficult. The second strategy is also challenging, as the O, and
N, molecules are very similar in size (kinetic diameters: 346
and 364 pm, respectively). More recent studies in this area
include an evaluation of MOFs for O, capture using grand
canonical Monte Carlo simulations, which predicted and
validated excellent performance by HKUST-1 and NU-125,"*
and a novel Al-soc-MOF-1 framework that outperforms even
these materials."”

Given the challenges of O,/N, separation, materials that
have selectivities upward of 5 are considered effective. For
example, the commercially utilized Li-containing zeolites,'®
which adsorb N, over O, at room temperature, have
selectivities between 3 and 9, and any material that
demonstrates selectivities greater than 10 above cryogenic
temperatures is considered excellent. Examples of materials
that adsorb O, preferentially include the MOFs Fe-MOF-74,"”
which shows an O,/N, selectivity of =10 at 226 K, Co-
BDTriP, which has an O,/N, selectivity of ~100 at 195 K,"*
and Cr;(BTC),, with an O,/N, selectivity of ~20 at 298 K."
The aforementioned selectivities were derived from isotherm
values for dried O, and N, at 0.21 and 0.78 bar, respectively,
which correspond to the partial pressures of these gases in 1
bar of air. However, each of these materials has drawbacks;
Cr3(BTC), undergoes material degradation with unregulated
O, adsorption, while Co-BDTriP requires complex and
expensive ligands. In fact, most MOFs are too expensive for
commercial adoption compared with zeolites.

The recent review by Hill and co-workers” emphasized
several desirable requirements for MOFs that could be used for
air separation, including (i) reversible sorption without
collapse of the MOF structure and (ii) a composition that is
suitable for large-scale production at low cost. In this context,
we recently reported an earth-abundant, scalable, and highly
selective MOF material for CO, capture.” Aluminum formate,
AI(HCOO), (ALF), which has an ReOj-type structure’' is
capable of adsorbing CO, from CO,-rich flue gas streams with
high CO,/N, selectivity. As discussed in our previous study,”’
the structure of ALF contains two types of cavities, small and
large, which are differentiated by how the hydrogens of the
formates point toward or away from the center of each cavity,
respectively. The small cavity favors CO, adsorption relative to
the large cavity because the hydrogen bonding from the
formate hydrogens facilitates a “hand-in-glove” relationship
with CO,. Remarkably, ALF excludes N, from its cavities at
most temperatures despite the very similar kinetic diameters of
CO, and N, (330 and 364 pm, respectively). Based on these
previous results, we hypothesized that O, (kinetic diameter
346 pm), with its smaller size compared with N,, could also
access the cavities of ALF. In the present work, we confirm our
hypothesis and demonstrate that the affordable and easily
prepared metal—organic framework ALF, and its related Al/Fe
solid solutions, denoted here as ALF-Fe, exhibit excellent O,
adsorption and O,/N, selectivity at sub 1 bar pressures in a
temperature range of 190—250 K.
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Figure 2. Rietveld refinement results of in situ neutron and synchrotron X-ray diffraction experiments of ALF under constant O, pressures. (a)
Rietveld fit of the neutron dataset of ALF under 1.1 bar O, at 250 K after 6 h of equilibration. [NCNR, BT-1, 4 = 2.079 A] SG = Im3, a =
11.3808(1) A, R, = 2.81%, R, = 2.24%. Black circles = data, red line = fit, red ticks = predicted hkls, and gray line = difference. (b) Representative
fit of synchrotron X-ray diffraction data [APS, 17-BM, 1 = 0.24101 A] at 190 K under 1.45 bar O,. Shown data is for the 240 min dataset. SG =
Im3,a=11.3811(1) A, R,, =2.24%, R, = 1.40%. Black circles = data, blue line = fit, red ticks = predicted hkls, and gray line = difference. (c) and
(d) Results from sequential Rietveld refinements of 17-BM data, where ALF was exposed to 1.4S bar of O, at 190 K and monitored over the course
of 240 min. Data point sizes are commensurate with error bars (15). (c) Change in the unit cell parameter a as a function of time of ALF under
1.45 bar O, between 0 and 240 min. Black square denotes unit cell value of activated structure at 190 K. (d) Refined O, occupancy normalized to
mmol/g over the course of the experiment. There are 3 times as many small cavities as large cavities in the crystal structure. The red trace shows the
mmol/g for one small cavity and serves as a direct comparison between the large cavity mmol/g adsorption. Errors were propagated for the
combined total. (e) Structural depiction of the small cavity of ALF filled with O, from the Rietveld refinement results from the 240 min dataset.
The structure shows how, within the small cavity of ALF, hydrogen bonding exists between the formate hydrogens and O, molecules. There is one
oxygen per small cavity, but the disordered molecules illustrate how the oxygen may prefer one side of the cavity or the other. The distances
between the H of the formate ligand and each O of the O, molecule are 2.82(9) and 2.99(9) A. (f) Structural depiction of the large cavity of ALF
with a disordered O, molecule inside. There is one oxygen per large cavity, with the disorder denoting the many possible positions it may take.
There is no hydrogen bonding present in the large cavity. Representative refinement fits from the sequential fitting, as well as specific details of the
refinements, and all results can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Adsorption and desorption O, isotherms with ALF were
measured in the temperature range of 125-298 K, where
Figure la shows selected adsorption isotherms (Figure S9
shows both adsorption\desorption curves). ALF displays
effective peak O, adsorption at pressures between 0 and 1.2
bar at 190 K, with ~3.5 mmol/g being adsorbed at 1.2 bar. At

be determined in either the adsorption or desorption runs of
the breakthrough experiments. This very low adsorption of N,
at 195 K is consistent with our more detailed kinetic isotherm
experiments conducted at 200 K, which show that ALF slowly
adsorbs N, but at amounts of ~0.05 mmol/g over 2 h (Figure
Ic). Furthermore, the separation performances can be
maintained, even if the particle size varies (Figure $20).

~0.21 bar (the partial pressure of O, in air), effective peak O,
adsorption with ALF is also seen near 190 K with adsorption of
~1.5 mmol/g. This notable noncryogenic temperature O,
adsorption is even more impressive when coupled with ALF
high O,/N, selectivity at 200 K, which is illustrated in Figure
Lc. Figure 1b shows the air separation performance of ALF at
195 and 273 K probed using dynamic breakthrough experi-
ments with simulated dry air containing 21% O, with N, as the
balance. As shown, N, broke through the column before O,,
suggesting that ALF preferentially adsorbs O, over N, under
co-adsorption conditions at 195 K. Quantitative analyses of the
breakthrough curves show a pseudo-equilibrium O, uptake of
0.66 mmol/g at 195 K. During this breakthrough experiment,
the N, uptake in ALF was so low that no uptake capacity could

These results indicate that the cavities of ALF are mostly
inaccessible to N, and that the lower calculated O, uptake
from breakthrough experiments, when compared to isotherm
values, may result from unestablished sorption equilibrium
within the time frame of the breakthrough experiment. As
shown in Figure le, when the temperature was increased to
~273 K, dynamic O, uptake in ALF was reduced to ~0.2
mmol/g and ALF did not effectively separate O, from N, as
indicated by the reduced area between O, and N, break-
through curves. This is further shown in Figure le, where at
273 K, initial O, adsorption is fast but plateaus quickly.
Selectivity is initially #10 but drops to near unity after 30 min.
This drop in selectivity is contrasted by the O,/N, adsorption
behavior at 200 K, where ALF displays an O,/N, selectivity of
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~125 within § min of adsorption that slowly decreases to =75
after 30 min as O, adsorption begins to plateau. Given that
ALF has moderate sensitivity to moisture at temperatures
above 311 K,*° the sub-273 K O, adsorption temperatures
would account for a drying step in practical use. In addition,
CO;,‘2 0adsorption from air into ALF is known to be extremely
low.

To observe the behavior of ALF at the atomic level upon O,
adsorption, in situ neutron and synchrotron X-ray diffraction
experiments were conducted, and the results are shown in
Figure 2. Figure 2a shows the powder neutron diffraction
Rietveld refinement of ALF at 250 K and 1.1 bar of O,, and
Figure 2b—d shows the results of real-time in situ monitoring
via synchrotron X-ray diffraction of ALF at 190 K and 1.4S5 bar
O,. Though both experiments provide information about how
the crystal structure of ALF fills with O,, the synchrotron X-ray
diffraction experiment provided real-time monitoring via rapid
acquisition alongside simultaneous Raman spectroscopy
(discussed below). Figure 2b shows a representative fit of an
X-ray dataset of ALF at 190 K and a 1.45 bar (1100 Torr) O,
atmosphere. The specific dataset shown was collected after 240
min of O, exposure. Figure 2c shows how, over the course of
240 min under 1.45 bar of O,, the lattice parameter of ALF
increases slightly as O, is adsorbed. This contrasts with what
was seen when ALF adsorbs CO,, where the strong hydrogen
bonding between the small cavity formate hydrogens and the
CO, oxygen atoms causes a contraction of the framework.”
Further results from in situ X-ray monitoring are shown in
Figure S4 in the Supporting Information, including how the
B, (Debye—Waller factor) of the atoms of the ALF framework
change upon O, adsorption. Of note, one may expect that the
carbon B, would decrease if the formate C—H was engaging in
strong hydrogen bonding with the adsorbed O, molecule in
the small cavity. However, this does not appear to be the case.
The hydrogen bonding interactions between the formate
hydrogens and the O, molecules are relatively weak, having
interaction lengths almost ~0.5 A longer than the distance
seen between the formate hydrogen and oxygen atoms of CO,
(0, O—O—H distances 2.82(9) and 2.99(9) A compared to
the CO, O—C—O-H distance of 2.42(1) A).”° Figure 2d
illustrates how, when normalized for multiplicity, the large
cavity within ALF adsorbs O, at a faster rate/quantity than the
small cavity, which aligns with the density functional theory
(DFT)-calculated heat of adsorption for the cavities, as
described below. Note that hydrogen bonding is not possible
between O, and the framework in the larger cavities because
the C—H bonds of the formate ions point only to the small
cavities. In view of these observations, we believe that the
hydrogen bonding effect is not an important factor for O,
adsorption within the pores of ALF. Given the kinetic effects
present in ALF, we do not reach maximum O, adsorption for
1.45 bar O, at 195 K even after 240 min. However, when given
enough time to reach equilibrium, as during the in situ neutron
powder diffraction experiment shown in Figure 2a, the refined
value of adsorbed O, at 250 K under 1.1 bar is 1.22(7) mmol/
g, compared to the predicted isotherm value of 1.22 mmol/g
(Figure S9). The neutron diffraction refinement lends much
credence to our proposed structural model and provides
confidence that our molecular positions and occupancies are
accurate. Figure 2e,f shows how the O, molecule positions
were modeled for the small cavity and large cavity, respectively.

Raman spectra collected simultaneously during the in situ
synchrotron X-ray diffraction experiment monitored a large

spectral range between 150 and 3850 cm™'. Each scan was
time-stamped to a corresponding X-ray diffraction pattern.
Figure 3a—c, which cumulatively displays the range 150—3200
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Figure 3. Raw Raman data (collected with a 532 nm laser) taken
during the in situ O, gas dosing synchrotron X-ray diffraction
experiments at 190 K, 1.45 bar O, [APS, 17-BM]. (a) Spectral range
between 150 and 1200 cm™". (b) Spectral range between 1200 and
2200 cm™". (c) Spectral range between 2200 and 3200 cm™'. (d)
Spectral range between 3100 and 3850 cm™.

cm™!, shows that there is no appreciable change in most of the
observed peaks. However, one noticeable point of interest is
the growth of the oxygen Raman signal near 1550 cm™
(Figure 3b, denoted with a *), which grows more intense as
the oxygen concentration increases in ALE.'® In addition,
Figure 3d displays the range between 3200 and 3850 cm™'.
This spectral range is usually ascribed to hydroxyl or amino N/
O—H stretching frequencies. However, in ALF, the peaks
observed here are not water or other species, as they do not
match well-known frequencies which span over the entire
range of 3000—3600 cm ™, and the material was thoroughly
activated prior to O, dosing. Instead, these peaks are from a
sub percent Cr** contaminant present in the sample (the ALF
sample tested is actually AljgesCroo0s(HCOO)s; inductively
coupled plasma (ICP) results are in the Supporting
Information) and are anti-Stokes sidebands of the strong
field fluorescence of the Cr** atoms. We confirm the existence
of this fluorescence with accurate photoluminescence measure-
ments, as shown in Figure S6. This minor contaminant was
surprising and appeared to have been carried over from an
undisclosed impurity in a purchased precursor. Regardless, this
impurity proves to be serendipitously useful in terms of
monitoring oxygen adsorption. As the oxygen concentration
increases, the fluorescence in the 3000 and 3850 cm™" spectral
range decreases in intensity, with the most dramatic signal
decrease occurring after the first 25 min of exposure
(coinciding with the immediate O, adsorption in ALF). This
decrease in signal as a function of O, adsorption is due to the
quenching of Cr** fluorescence by paramagnetic O,.”* Though
the Cr’* contaminant at this level was unintended and has no
impact on the O, adsorption performance of the material, this
level of Cr** doping may suggest a relevant synthetic choice for
using ALF as a sensing material for O, adsorption.
First-principle density functional theory (DFT) calculations
have also been performed to understand the O, adsorption
mechanism in AI(HCOO),. The relative position energies of
O, in the small and large cavities of ALF are shown in Figure 4.

https://doi.org/10.1021/jacs.3c02100
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02100/suppl_file/ja3c02100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02100/suppl_file/ja3c02100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02100/suppl_file/ja3c02100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02100/suppl_file/ja3c02100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02100/suppl_file/ja3c02100_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02100?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

02
(100)
160

5

120 £
2
>
=

80 o
c
[0}
c
S

40 B
[o]
o

0

Figure 4. Relative position energies of O, within A[(HCOO); in
small (top) and large (bottom) cavities. The O, position energies at
cavity centers are set as 0. Positive energies (blue) suggest
energetically unfavorable locations.

The energy landscape of O, in ALF was probed as the
molecule was moved in the two cavities. Two main trends can
be observed: (1) the energy minima (red areas), which are
indicative of a favorable interaction of O, molecules with ALF,
are all located at the center of the cavities. (2) The energy
landscape of the larger cavity (bottom panels of Figure 4)
appears much flatter than the small cavity, which suggests that
O, molecules can favorably adsorb in ALF over a larger volume
of the cavity. The calculated adsorption energies for O, in the
small (—23.97 kJ/mol per O,) and large (—24.77 kJ/mol per
0,) cavities are similar, with a marginal difference of ~0.8 kJ/
mol per O,. The predicted adsorption energies agree well with
the measured heat of adsorption (Q,,) for O, in ALF (derived
from isotherms), which is initially #—21.5 kJ/mol and drops to
~—20.5 kJ/mol as O, loading increases (Figure S10).

The O, adsorption isotherms of ALF reveal an effective
adsorption maximum at ~200 K, which is atypical because
most MOFs adsorb more gas as the temperature is decreased.
However, similar behavior has been observed in other
microporous systems. This atypical phenomenon is attributed
to the fact that microporous materials have more subtle
framework—gas interactions and has been seen in at least two
well-known examples, namely, zeolite type-A>* and a non-
ReO;-type Mn(II) formate material.>> In the case of the
Mn(II) formate, the authors postulated that the material has a
“dynamic opening of the pore aperture and/or sufficient
kinetic energy of the adsorbates to overcome a diffusion barrier
above a critical temperature.” We believe that there is a similar
effect in ALF and that this effect is associated with the kinetics
of passing through the small apertures between ALF’s cavities.
Indeed, we also observed it in our work on CO, adsorption in
ALF,” and it seems likely that “critical gating temperatures”
exist that are dependent on the identity of the sorbate. This
critical gating temperature range, which likely follows a
thermally activated statistical distribution, also contributes to
the reduced O,/N, selectivity observed as temperature
increases above 200 K. With increased temperature, conditions
exceed those that are optimal for O, adsorption per the heat of
adsorption of O, (—21.5 kJ/mol). In addition, lattice
expansion and increased dynamics of the ALF framework
reduce discriminatory gating against N, (heat of adsorption in
ALF ~—28 kJ/mol).

Lastly, though the performance of ALF is excellent at
temperatures cooler than ~250 K, kinetic effects become more

pronounced and hysteresis between adsorption and desorption
increases (Figure S9). We discuss briefly here a chemical
strategy for creating Fe-substituted solid solutions with ALF to
increase initial O, adsorption. However, though we discuss Fe-
substituted solid solutions in this present work, the principle of
metal substitution within ALF applies to many viable 3+
metals, as appreciated by the doping of Cr(III) mentioned
above. The intended goal with other metal-aluminum ALF
solid solutions would be to adjust the pore gating within the
structure with larger/smaller ions, given the considerations of
the previous paragraph, altering adsorption as well as other
physical properties (like fluorescence) of the material. In the
present study, the material targeted was an Al/Fe compound
with a nominal 25:75 ratio, but from Rietveld refinement
(Figure S3) and energy-dispersive X-ray (EDX) measurements
(Figure S19), the material is, in fact, closer to an Al/Fe ratio of
40:60. We call this compound ALF-Fe. Interestingly, ALF-Fe
shows markedly similar behavior to ALF in terms of absolute
adsorption behavior (Figures S17 and S18) but with the
advantage of having approximately 3-fold faster O, adsorption
(Figures S14—S18). As explained in Figures S7 and S8, this is
not a particle size effect, as ALF-Fe has a larger particle size as
deduced from Brunauer—Emmett—Teller (BET) and pore-
volume analysis done with N, at 77 K. As shown in Figure S5,
the structure of ALF-Fe has a lowered symmetry (space group
195 instead of 204 for ALF) and has two metal sites alongside
two symmetrically distinct formate ligands. The two metal sites
are distinguished with one site being purely Fe and the other
being 80/20 Al/Fe. The metal—oxygen distances within the
pure Fe octahedra are 1.96(5) and 1.98(3) A, compared with
1.83(3) and 1.86(6) A for the mixed Fe/Al octahedra. The
lower symmetry of ALF-Fe relative to ALF was established due
to additional Bragg reflections in the powder pattern that can
be indexed through subgroup relationships to space group 195.
In effect, ALF-Fe is the first example of a doubled ReO;-type
formate.”'

The faster O, adsorption with ALF-Fe relative to ALF at all
temperatures is exciting and we believe it to be caused by
channels in the material that have less pronounced formate
hydrogen gating between cavities (Figure SS). However, given
the reduced formate hydrogen gating between cavities, we
would also expect that ALF-Fe would have different O,/N,
selectivity—which it does. As can be seen from Figure S18,
0,/N, selectivity with ALF-Fe drops consistently faster than
ALF at our examined temperatures/air pressure conditions,
although it shows up to 4-fold higher initial selectivity at 200
K. At 200 K, the very rapid O, adsorption in ALF-Fe
engenders an O,/N, selectivity between 400 and 100 for the
first minute, dropping to =50 after S min. At temperatures
above 200 K, ALF-Fe displays O,/N, selectivity beneath 10.
Considering that these selectivity results are approximations
derived from single component isotherms, the O,/N,
selectivity using a multicomponent mixture is likely higher,
particularly at 200 K, given the fast and substantial O,
adsorption. In general, ALF-Fe and related congeners would
likely lend themselves to rapid temperature swing processes for
O, separation if properly tuned. We believe that further
examination of the numerous metal solid solutions within the
ALF family will likely lead to useful behavior in several gas
separations/gas adsorptions.
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B CONCLUSIONS

A combination of adsorption, diffraction, spectroscopic, and
computational investigations have given a detailed insight into
the selective adsorption of O, from air into aluminum formate
(ALF). We have also demonstrated that metal substitution in
the ALF family is a viable tool for tuning the selectivity and
kinetics of the system. We wish to emphasize how ALF differs
from most prior MOF studies where open metal sites play
crucial roles in the selective binding of O,.”*” It appears that
the excellent O,/N, separation performance in ALF is due to
molecular sieving that takes advantage of the small difference
between the kinetic diameters of O, and N,. Our findings show
that pore-size engineering in MOFs is a powerful tool for
designing new materials for air separation. To the best of our
knowledge, ALF has the highest O,/N, sorption selectivity
verified by co-adsorption experiments among MOF adsorbents
without open metal sites.” With its great application potential
for noncryogenic air separation demonstrated, ALF also has a
significant advantage compared with all other MOFs in terms
of its ease of synthesis, low cost, and scalability.”
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