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Aluminum framework MIL-53(Al) acquires uniform, one-
dimensional crystal growth when produced from insoluble metal
sources. Pyrolysis of this structured MIL-53(Al) forms new alumina-
based nanorods that extend up to 5um in one dimension without
external templates or structure-direction and serve as growth
templates for regenerative MOF production.

Nanoscale structural control has experienced decades of
interest in the scientific community.® Particularly in catalysis
and adsorption applications, textural property control (e.g. pore
size distribution, accessibility, and surface chemistry) over
employed porous substrates and composites directly dictates
process performance and applicability.2* Similarly,
dimensional structural control has yielded significant
enhancements in material development related to optics and
electronics.>? Ideally, methods for enacting geometry, pore
chemistry, and structure control over commonly employed
porous substrates such as metal oxides can generate broad
impacts in materials science. The extensive library of exotic
microstructures provided by metal-organic frameworks (MOFs)
lends strong potential to transition many unique architectures
to derived metal oxide-based composites across the periodic
table. Previous reports discuss the “structural memory” of
MOF-derived oxide formation—selecting framework precursors
of desirable metal composition and morphology easily transfers
MOF structures onto resulting metal oxides/carbonaceous
materials.10-12 Benefits of utilizing MOFs derived from insoluble
metal precursors, such as metals, carbides, and hydroxides, are
not as prevalent in literature however. Frameworks created
from such media adapt unconventional morphologies, and are
easily patterned and positioned onto substrates without the use
of modulation or structure-directing methods.*3 1 Scientists
may consequently generate and transfer a host of new
structural templates onto metal oxide-based materials, while

one-
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simultaneously positioning them on hierarchical supporting
substrates. Here, we extend the application of the subset
“insoluble metal precursor-synthesized MOFs” to their derived
oxides. Highly accessible aluminum oxide microstructures are
developed from our previously reported Al;Cs-derived MIL-
53(Al),*> which exhibits self-supported microneedle structures.
The newly produced metal oxide composite allows for new
applications in the field of both MOF chemistry and
conventional catalysis/adsorption processes common for metal
oxide composites—both of which are discussed here.
Previously reported aluminum carbide and metallic
aluminum sources for structured MIL-53(Al) formation were
utilized as growth precursors.'* 15 In contrast to conventionally
MIL-53(Al),
perpendicularly from the underlying insoluble metal precursors,
densely-packed
microneedles. Figure 1 illustrates the synthesis of converting

synthesized these crystallites extend

forming a monolayer of crystalline
insoluble aluminum-based media to MIL-53(Al), and then into
nanorod-shaped Al,03 composite media. MIL-53(Al) thermally
degrades at temperatures >400°C in inert atmospheres.'®

Accordingly,
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Figure 1. Schematic of metal organic framework (middle) and
subsequent MIL-53(Al)-oxide (right) formation using insoluble
metal precursors (left). Dark blue rectangle represents the
insoluble metal precursor, where the lighter blue region is
intended to illustrate the uppermost monolayer in which
structure formation occurs. Grey geometries represent the
MOF and resultant oxide-based composite.
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MOF precursors were pyrolyzed at 600°C (see S| for further
details) to destroy the framework and produce a MIL-53(Al)-
derived aluminum oxide-based composite. The composite
material obtained from pyrolysis of Al,Cs-derived MIL-53(Al) is
named MIL-53(Al)-oxide in this report hereafter for brevity. It
should be noted that a templating procedure was not utilized in
either step; the one-directional growth inherent of using the
insoluble precursor is passed down to the MOF, and then MIL-
53(Al)-oxide.

Before and after pyrolysis images of the porous materials
are depicted in Figure 2. MIL-53(Al) precursors grown on Al,Cs
and aluminum foil are shown for reference in Figures 2a and b,
respectively. MIL-53(Al) microneedles transform into porous
nanotubes after pyrolysis. Figures 2c & d reveal the formation
of elongated, rod-like particles in MIL-53(Al)-oxide.
Supplementary Figures S1 & S2 show the same result for
pyrolyzed MIL-53(Al) grown on and from aluminum alloy mesh.
EDS data in Figure S2 reveals the existence of a carbonaceous
surface dispersed throughout the mesh-based composite.
Carbon deposition is expected from previous MOF degradation
studies in inert environments, and results from the pyrolysis of
terephthalate linkers.'* Needle apexes of the MOF precursor
truncate after pyrolysis, suggesting they were composed
primarily of terephthalate molecules in MIL-53(Al). The
orientation of the alumina rods on MIL-53(Al)-oxide suggests
that the one-dimensional aluminum oxide backbone of MIL-
53(Al) extending along the a axis grows perpendicular to the
insoluble precursor surface. Evolved aluminum oxide-based
nanorods showcasing the same orientation accordingly exhibit
the “structure memory” presented in Figure 1 that is uniquely
afforded by MOF-derived oxide/carbon production.

Large square-shaped openings of approximately 220nm are
positioned at the outer ends of the tubular structures. The large
central cavity in Figure 2d appears to penetrate downwards
through the tube and connect the inner free space. Li and
coworkers remarked that a lack of order and interconnectivity
is a frequent limitation of MOF-derived porous media.l®
Therefore, this observation constitutes an important
advancement in migrating the order and connectivity of MOFs
to their respective derived composites, in addition to
morphology. Distinguishable ridge-like features and openings
along the sides of the nanorods in Figures 2c and d indicate a
heterogeneous pore structure, which is characterized later in
this report through porosity measurements. Figure 2e
generalizes the dimensionality of MIL-53(Al)-oxide, where
nanorods extend a few microns from the underlying surface,
and retain uniform shape and size across studied particle
aggregates. Framework destruction results in a 78% decrease of
accessible BET surface area and 44% decrease in total measured
pore volume (Figure 2f). This is due to the evacuation of bridging
framework ligands that generate large adsorption surfaces
throughout the MIL-53(Al) precursor. The residual BET surface
area of 250.9 m?2 g shows MIL-53(Al)-oxide still possesses
microporosity on the upper-end of what is typically observed
for alumina-based materials, while maintaining a broad
spectrum of pore sizes.'72° A mass loss of 61% is observed after
pyrolysis, which agrees well with the reported 64% mass loss
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from TGA data of Al;Cs-derived MIL-53(Al)
atmosphere.

Many reports exist for the structured growth of aluminum
oxide. MOF-derived oxide templating methods however offer a
uniform synthesis methodology for creating these materials, as
the same general steps can be taken to produce carbon/metal
oxide-based materials for a variety of frameworks that may
possess similar morphologies. Yamauchi and coworkers
exemplify this in their development of similar fibular structures
through carbonizing Al-PCP rod-shaped crystals.'! However, the
templated nature of the composite presented here enables
unique material modification opportunities. Two possible
applications of MIL-53(Al)-oxide presented here exemplify the
possible uses of MOF-derived oxides from insoluble precursors:
(1) MOFs can be regrown onto derived-oxide structures, and (2)

in an inert

mixed-metal oxide composites can be generated by
manipulation of the MOF precursor.
MOF repair and regrowth strategies can generate

interesting material property solutions. For instance, the
SACRed procedure for healing ZIF-8 crystals by Nair and
coworkers?! was hypothesized to possibly enhance the lifetime
of ZIF-based filtration and membrane media employed in
corrosive environments. Multiple MOF growth cycles were also
employed to create stable and selective catalyst media, by

mig")
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~220nm
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MIL-53(A1)-Derived Oxide

Figure 2. Characterization of MIL-53(Al)-oxide. SEM images of
MIL-53(Al) precursor derived from (a) aluminum carbide (Al4C3)
and (b) metallic aluminum (foil) are presented for reference, (c-
d) shows derived alumina-based nanorod structures from
pyrolysis of Al;Cs-derived MIL-53(Al), (e) cartoon depicting
average dimensions of evolved nanorod structures, (f) changes
in porosity from Al;Cs-derived MIL-53(Al) precursor and
subsequent MIL-53(Al)-oxide, calculated from N, physisorption
data at 77K.
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“sandwiching” encapsulated active sites between framework
layers.?? 23 Through such studies, one can envision simple
processes to recycle MOF materials and significantly extend
their usable lifetimes, or add further complexity to MOF-based
products, in a facile and stepwise manner.

Structured aluminum oxide tubes examined on MIL-53(Al)-
oxide uniquely serve as a scaffold and aluminum metal center
source for MIL-53(Al) regrowth. The regenerability of MIL-53(Al)
was demonstrated by repeating two steps (1) thermal
degradation of Al,Cs-derived MIL-53(Al) to produce MIL-53(Al)-
oxide, and (2) regrowth of MIL-53(Al) on and from MIL-53(Al)-
oxide via hydrothermal reaction. The reaction used for MIL-
53(Al) regrowth is the same used to make the original Al;Cs-
derived MIL-53(Al) precursor, but assumes the derived oxide
has the stoichiometry of Al,O; to determine linker and DI water
amounts (further description in Sl). A general scheme of cyclic
MOF production is presented in Figure 3a. MIL-53(Al) growth
was cycled twice in succession, where resulting products are
named Cycle 1 and Cycle 2, respectively. Micrographs in Figure
S3 provide evidence of reformed MIL-53(Al) crystals after one
and two pyrolysis-growth cycles. Regenerated microneedles in
Cycles 1 and 2 are uniform in appearance with each other and
the original AlsCs-derived MIL-53(Al). Impressively, N,
physisorption measurements at 77K (Figure 3b) show the Cycle
1 and Cycle 2 completely recover porosity. BET surface areas

(a)

Al,C,-derived MIL-53(Al)
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Reaction
Pyrolysis

MIL-53(Al)-oxide

(b) (c)

. - -

800 | MIL-53(A)) Growth C: t | I

L b rowth Cycles . Regrowth Cycle 1

wo | G Deried MILSS(AY | ! M,fﬁm Al Precursor
[ —+— Regrouth Cycle 1 o]

—&— Regromth Cyele 2

500 | »'c

i eeb
wf ,,:ntfﬁ:f:f:..a,.s

200 | 4 MOF-derived oxides
100 . b miLsaAn - “""W«...Wy

P Rt
~derived oxide B ——
k! .

Wolume N, Adsorbed (cc g')
h
©

L L L L L L . L L L
00 0z 04 08 o8 10 10 20 30 40 S0 &0
PIP, 20(7)

Figure 3. Characterization of MIL-53(Al) growth cycle products
and derived oxides. (a) Scheme of growth cycle reactions, (b) N,
physisorption at 77K, and (c) powder X-ray diffraction
measurements of regeneration cycle materials.
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derived from the N, adsorption data in Table S1 are likewise
consistent for regenerated MOFs amongst each regrowth cycle
and with Al,Cs-derived MIL-53(Al). A modest increase in surface
area is even observed, which may be attributed to accumulation
of microporous materials between pyrolysis runs. In addition,
mesopores in regenerated MIL-53(Al) samples are qualitatively
apparent by capillary condensation behavior in N, adsorption
curve slopes in Figure 3b, as compared to the strictly
microporous original MIL-53(Al) precursor, and quantified by
increased pore volumes for Cycles 1 and 2 in Table S1.24 Residual
mesoporous  structures from  MIL-53(Al)-oxide  growth
precursors manifest in regenerated MOFs, uniquely instilling
mesoporosity in resulting composites. PXRD data in Figure 3c
confirm reappearance of the MIL-53(Al) crystal phase for Cycle
1 and Cycle 2. Crystalline microstrain is clearly visible in the
patterns for the regenerated products. Because MOF growth
localizes on alumina nanorods, ligand accessibility and
coordination hindrance from particle aggregation and surface
heterogeneity likely introduce lattice strain in the final
products. Diffraction measurements show the existence of
pyrolytic carbon (JCPDF no. 01-083-6084) and aluminum (JCPDF
no. 00-001-1180), but do not reveal any long-range order for
the aluminum oxide structures. The Al,O3 phase is subsequently
assumed to be amorphous, as was seen through previous
thermogravimetry measurements on MIL-53(Al) prepared from
insoluble metal precursors.?>

Several MOF regeneration reports already exist in the
literature. Earlier investigations on MOF-5 and HKUST-1 by Han
and Lah?® also recover the porosity of their original frameworks
after regeneration, as seen for MIL-53(Al) here. Several critical
differences are noted here however. Hazardous acidic and/or
alkaline modulators used in previous MOF regrowth literature
are not necessary for the multiple MIL-53(Al) growth cycles
shown here. More importantly however, because architectures
are supporting these materials, the spatial positions of
microneedles and rods are affixed when cycling between MIL-
53(Al) and MIL-53(Al)-oxide, respectively. In contrast, previous
reports only examine non-supported MOF regrowth. This allows
framework regrowth to be localized on the same oxide
nanorods formed from original MIL-53(Al) growth from
insoluble metal precursors. Truly invariable MOF regeneration
results, where microneedles are forced to reconstruct on the
same locations from which they were destroyed during
pyrolysis. Memory of growth location is inherently not possible
with non-supported MOF growth techniques but is attained
here without structure direction or templates during regrowth
cycles. This allows the progression of MOF recycling to MOF-
based composites, devices, and hierarchical media, where
spatial growth is consistent between cycles. By extension, this
methodology allows the generation of consistent and
homogeneous porous structures.

Hydrogen sulfide (H,S) is a pervasive contaminant in many
fuel streams.?” The vapor is oftentimes encountered at low
concentrations (< 1%), but still complicates processes due to its
high toxicity and corrosive nature.?® 2° Development of H,S
scavengers which function effectively at low gas concentrations
can greatly facilitate energy-related remediation operations.

CrystEngComm., 2022, 00, 1-3 | 3
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Methods of leveraging the well-known chemical degradation of
H,S over inexpensive iron oxide (Fe,Os3) are explored in
literature, and the oxide is commonly integrated into
commercial desulfurization media.3° Moreover, adsorption-
based H,S removal can offer a simpler and more cost-effective
method than common amine-based scrubbing technologies.3%
31 As with other catalyst/adsorbent-support composites, the
efficient integration of iron oxide chemisorbents can form H,S-
removal products capable of high active site accessibility while
stabilizing the Fe,O5-impregnate particles.

Accordingly, iron oxide composites were formed with the
MIL-53(Al)-oxide. Al,Cs-derived MIL-53(Al) was first utilized as
the precursor for impregnation and subsequently pyrolyzed
(sample preparation is detailed in the Supplementary
Information). The hierarchical pore structure of impregnated
MIL-53(Al)-oxide is characterized by pore size distributions in
Figure 4. Well-defined micropores between 10-13A are
apparent for parent and impregnated MIL-53(Al)-oxide. In
addition to the 220nm macropore in MIL-53(Al)-oxide
discovered via electron imaging, N, data reveals an array of
mesopores ranging from under 5nm to around 30nm. The
mixture of macropores, mesopores, and micropores together is
rare; Bruce and coworkers only developed the first reported
material (an a-MnO, solid) to display such behavior in 2013, and
not many more have been reported thereafter.3% 33 For
aluminum oxides specifically, meso- and micropores are
typically only observed for y-Al,O3; phases, and bimodal
macroporous-mesoporous aluminas require surfactants and/or
growth templates.3% 3> MOF-derived oxides easily achieve these
qualities however, as Mounfield Ill et al. also noticed similar
attributes in MIL-125(Ti)-derived titania.3® Multimodal pore
systems are highly desirable in applications dictated by mass
transfer limitations, sieving effects, or material accessibility
issues. These textural insights highlight the novelty and intricacy
of MIL-53(Al)-oxide and other structure MOF-derived oxides.
Pore accessibility unsurprisingly decreases after impregnation.
Microporosity is largely retained, but mesopores from 10-20nm
become absent. These differences may result from the iron
oxide aggregates simply occupying larger pore spaces. The
impregnate can additionally change how MIL-53(Al) pyrolyzes—
minimizing the propagation of certain mesopores throughout
the substrate. Decorated pores along the sides of the MIL-
53(Al)-oxide tubes, as discussed in Figure 2c facilitate guest
molecule accessibility throughout the bulk. SEM micrographs in
Figure S4 confirm the morphology of the impregnated samples
is consistent with unmodified MIL-53(Al)-oxide presented in
Figure 2.

Humid hydrogen sulfide exposures were conducted on MIL-
53(Al)-oxide both with and without iron oxide impregnation
(see Supplementary Information for experimental details).
SEM-EDS measurements of the iron-oxide impregnated
composite in Figure 5a validate even dispersion of iron across
the sample. Average weight percent of iron and aluminum from
EDS data is 15.4% and 28.4%, respectively. Sulfur is also
detected fairly homogeneously across the particle surfaces. This
distribution is likely a result of the large iron oxide loading and
dispersion across the sample, supplying numerous adsorption

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

sites for H,S. High resolution S2p XPS data in Figure S5 confirms
the reactive degradation of H,S over iron oxide. Species around
168-170eV correspond well with iron sulfates (FeSO,, Fe,(S04)s3)
formed via oxidation of H,S.37 A small presence of iron(ll) sulfite
is detected at 162eV, while significant detection of elemental
sulfur (Sg) in S2ps/,, S2p1/; scans at 164eV is consistent with H,S
decomposition over iron oxides.3” 32 Figure S6 provides a
Fe2p,,, information from 724eV-726eV and a Fe2p;/, peak at
711eV supporting the existence of iron sulfates, as observed in
the sulfur scan in Figure S5.37 Existence of non-converted iron
oxide(s) in Fe2p;;, measurements around 720eV may suggest
some amount of the iron oxide surfaces were inaccessible to
H,S, or simply arise from oxide detection underneath the
sulfated monolayer. It should be noted the elemental mapping
and XPS information may not be representative of the bulk
distribution due to depth resolution limitations.

Variance in desulfurization performance across evaluated
iron oxide impregnated MOF-derived alumina composites
become apparent however after determining iron and sulfur
loadings via ICP-OES. Figure 5b illustrates repeatable iron
loadings across the various batches of impregnated MIL-53(Al)-
oxide. ICP and previously mentioned EDS data both estimate
average iron loadings of around 15 wt% among investigated
samples. This is expected, as impregnate amounts are restricted
by available substrate pore volume in the incipient wetness
method, which is uniform in the highly ordered Al,Cs-derived
MIL-53(Al) precursor. Sulfur loadings on the non-impregnated
sample range from 0.93-1 mmol S g?. Sulfur loadings are
conversely quite different among the four iron oxide
impregnated MIL-53(Al)-oxide batches. One of the tested
samples even has a lower sulfur uptake than the non-
impregnated control sample. Figure 5b clearly demonstrates
that H,S degradation is not a function of iron oxide loading. It is
more likely dictated by the relative accessibility of the iron oxide
active sites sample-to-sample. Homogenous distribution and
size of iron oxide aggregates is not controllable across batches
through impregnation. So, the relative difference in accessibility

1.0x10% T T T T T T T T T
MIL-53(Al)-oxide
—— MIL-53(Al)-oxide,
8.0x10° - impregnated with |
iron oxide
"o 6.0x10° [ i
<
[&]
° )
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>
o
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00 .
1 L 1 i 1 N 1 " 1 1 1 1
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Figure 4. Pore size distributions from N, measurements at 77K
for unmodified and impregnated MIL-53(Al)-oxide.
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of iron oxide adsorption sites likely caused the disparity in sulfur
uptake. Still, the apparent sulfur activity of the composite shows
the propensity to easily produce materials with highly
accessible chemical reaction sites through this mixed metal
oxide production scheme.

Analysis of impregnated MIL-53(Al)-oxide illustrates a facile
methodology of imbuing heterogeneous surface chemistry into
aluminum oxide support structures. High impregnate
infiltrations are achievable by loading the MOF precursor
instead of the aluminum oxide support directly—taking
advantage of the markedly greater pore volume inherent of
MOFs. Furthermore, composites integrate directly onto
supported structures without further modification when
insoluble metal precursors are used for MOF growth. As a
result, this method may be extended to any desired impregnate
species for loading onto alumina support

(a) AlKal

T00um
Fe lal 2

Particle Surface

100pm

t
+ ]
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Fe:Al Mass Ratio (g/g)

Sulfur Loading {(mmol g-1)
o
T
.

T00um

Figure 5. Elemental analysis of iron oxide-impregnated MIL-
53(Al) oxide following H,S exposure. (a) SEM-EDS mapping of
aluminum, iron, and sulfur across particle surface and (b) sulfur
loadings on unmodified and impregnated MIL-53(Al), as
determined by ICP-OES.

Conclusions

This report demonstrates the facile construction of MIL-53(Al)-
oxide: a supported composite containing self-oriented aluminum
oxide-based nanorods. Importantly, the structure was transitioned
from MIL-53(Al), which naturally acquires one-dimensional crystal
growth when produced from insoluble metal precursors—not
afforded by conventional synthesis. Derived nanorods retain growth
orientation, relative size dimensions, and support structure
(carbonized Al,Cs, metallic aluminum, Al,03, etc.) from which the
MIL-53(Al) precursor was grown. Produced architectures display a
wide range of macro, meso, and micropores, and acquire new
material characteristics that enable several interesting uses.

This journal is © The Royal Society of Chemistry 20xx
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The supported nature of MIL-53(Al)-oxide instilled unique
capabilities for MOF regeneration. MIL-53(Al) microneedles were
regrown twice from MIL-53(Al)-oxide with full recovery of porosity.
Spatial regrowth control that is not possible in previous regrowth
strategies using non-supported MOFs is demonstrated here for the
first time. This control is due to insoluble metal precursor supporting
structures, which support the alumina-based nanorods that serve as
regrowth templates between multiple MOF growth cycles.
Additionally, mixed-metal oxide synthesis was explored through
pretreatment of the MIL-53(Al) precursor. Accessible and well-
dispersed iron oxide was easily attained, where Fe,03 active sites
displayed reactivity with hydrogen sulfide at low concentrations. This
result affirms the applicability of the MOF-derived composite as
potential support media for impregnate-based adsorption/catalysis
media. Although these applications have been explored similarly in
prior work, the unique MOF-derived composite here affords unique
advances in material control for both cases. This hierarchical support
structure manufacturing strategy can enable construction of a
platform towards integrating Al,0; media onto devices, monoliths,
membranes, and other media relevant to catalysis and separations.
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