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Metal-Organic Frameworks as Catalyst Supports: Influence of
Lattice Disorder on Metal Nanoparticle Formation

Miguel Rivera-Torrente,” Matthias Filez,” Rifan Hardian,” Emily Reynolds,
Beatriz Seoane,” Marie-Vanessa Coulet,” Freddy E. Oropeza Palacio, Jan P. Hofmann,™
Roland A. Fischer, Andrew L. Goodwin, Philip L. Llewellyn,”" and Bert M. Weckhuysen*!

(Abstract: Because of their high tunability and surface area,
metal-organic frameworks (MOFs) show great promise as
supports for metal nanoparticles. Depending on the synthe-
sis route, MOFs may contain defects. Here, we show that
highly crystalline MIL-100(Fe) and disordered Basolite® F300,
with identical iron 1,3,5-benzenetricarboxylate composition,
exhibit very divergent properties when used as a support for
Pd nanoparticle deposition. While MIL-100(Fe) shows a regu-
lar MTN-zeotype crystal structure with two types of cages,
Basolite® F300 lacks long-range order beyond 8 A and has a
single-pore system. The medium-range configurational

\_

linker-node disorder in Basolite® F300 results in a reduced
number of Lewis acid sites, yielding more hydrophobic sur-
face properties compared to hydrophilic MIL-100(Fe). The
hydrophilic/hydrophobic nature of MIL-100(Fe) and Basolite®
F300 impacts the amount of Pd and particle size distribution
of Pd nanoparticles deposited during colloidal synthesis and
dry impregnation methods, respectively. It is suggested that
polar (apolar) solvents/precursors attractively interact with
hydrophilic (hydrophobic) MOF surfaces, allowing tools at
hand to increase the level of control over, for example, the
nanoparticle size distribution.
/
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Introduction

Metal-organic frameworks (MOFs) are a relatively new family of
porous compounds, which consist of metal nodes intercon-
nected by organic linkers forming a crystalline network with
potential voids." By varying the metal and linker type, the
MOF properties can be altered and their pore space modified
according to functional and diffusional needs. This tunability,
together with exceptionally high specific surface areas and
very rich post- and pre-synthetic chemistries, has generated
keen interest within the scientific community, and MOFs have
become the target of intense research. One particular function
for which MOFs show strong potential is as hosts for metal
nanoparticles in a diverse set of applications, ranging from
chemical sensing,”’ to gas storage,” and catalysis.” Indeed,
MOFs have emerged as an attractive alternative to classic het-
erogeneous metal oxide or carbon supports, owing to their
structural variability, opening the way for the synthesis of ap-
plication-tailored supports.”’ However, despite the potential of
MOFs as porous supports, the initial solvent wettability, trans-
port, and anchoring of the metal precursors on the MOF sur-
face, as well as subsequent metal nanoparticle (NP) formation,
are not well-understood and impede control over the nanopar-
ticle properties and stability.”

Defect engineering is becoming an increasingly important
discipline in MOF science.”” Whether it is by targeted introduc-
tion or natural occurrence, the presence of disordered domains
may perturb the original MOF framework, thereby influencing
the pore structure.™ When it comes to the use of MOFs as sup-
ports, the presence of these disordered domains has the po-
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tential to play a key role.”’ For example, the introduction of
disorder may result in mesopore formation, which allows for a
more rapid diffusion of liquids or gases. Furthermore, Lewis
(M"*) and Brgnsted acid -OH and -COOH groups can arise
from linker defects or adsorbed molecules on exposed metal
sites.”'” Nonetheless, up to now, the effect of disorder when
using a MOF as a support for metal nanoparticles has not
been investigated in great detail, hampering the use of defect
engineering as a synthetic tool for the rational design of NP
deposition.

In this study, our goal is to gain insight into the impact of
the lattice disorder on metal deposition and NP formation in
MOF hosts. In particular, our study focuses on the use of two
different supports: 1) defect-free MIL-100(Fe), possessing the
MTN (named after Socony Mobil Thirty-Nine) zeolite framework
type, and 2) its non-crystalline Basolite® F300 analogue,” con-
taining structural defects (such as kinks, grain boundaries,
cracks, or voids) owing to the synthesis protocol used for its
preparation."? In order to understand how structural spatial ar-
rangement modifies physico-chemical properties, a wide varie-
ty of spectroscopic and textural characterization methods have
been applied on both defect-free MIL-100(Fe) and disordered
Basolite® F300. Based on this, a more complete picture, as
schematically shown in Figure 1a, emerges on the structure
and properties of these two materials. Thereafter, impregnation
of different Pd metal precursors, as well as deposition of colloi-
dal nanoclusters, has been carried out, so as to shed light on
the effect of MOF lattice disorder on metal NP deposition.

Linker P o Metal
(a) + .FeJ’»

Lab-synthesized Fes(u-O) trimer Commercial
building block process
-

K0

— BASOLITE F300™
Stir each support with

Pd nanocrystals for 24 h in MeOH

Figure 1. (a) Schematic representation of the different materials obtained
from a Fe** source and trimesic acid (H;BTC). Depending on the synthesis
conditions, either highly crystalline MIL-100(Fe) or disordered, porous iron
(1) 1,3,5-benzenetricarboxylate can be obtained, with the subsequent
change in properties. (b) Schematic representation of the colloidal deposi-
tion experiments resulting in different Pd/Fe-BTC materials.
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It will be shown that the disordered framework of MOF ma-
terials, that is, non-periodic ordering of metal nodes and or-
ganic linkers, has a strong impact on surface polarity. Thus, the
Pd content, the Pd NP size, and related distribution within the
MOF material can be rationalized accordingly, and is shown to
be dependent on the precursor- and solvent-type, as a result
of support surface polarity, as outlined in Figure 1b.

Results and Discussion

To gain new insight into the role of disorder on the use of
MOFs as catalyst supports, two MOFs have been selected as
hosts to deposit Pd NPs, namely, 1) lab-synthesized non-defec-
tive MIL-100(Fe) and 2) commercial non-crystalline Basolite®
F300 iron 1,3,5-benzenetricarboxylate. As described below,
these materials have similar iron 1,3,5-benzenetricarboxylate
composition (although the molecular formula of Basolite®
F300 remains unknown), yet their properties differ significantly.
Thereafter, Pd nanoparticles are introduced following: 1) incipi-
ent wetness impregnation, and 2) colloidal deposition, as
shown in Figure 1b.

Materials characterization

Crystallinity. Powder X-ray diffraction (PXRD) of MIL-100(Fe)
and Basolite® F300 supports shows a sharp contrast in struc-
tural order at longer length ranges. In the case of MIL-100(Fe),
that crystallizes in a face-centered cubic FCC structure of the
Fd3m group, XRD displays sharp diffraction peaks at 2.4°, 3.9°,

a (2200  —Simulated MIL-100 (Fe)
(a) () 4 a11) —MIL-100 (Fe)
—Basolite F300
3
s
2 110’ a.u.
1 VT
g
B e x5
2 4 6 8 10 12 14 16 18 20
26 (degrees)
1
(b) —MIL-100(Fe)

—Basolite F300

-1 .5 L} T T T
0 5 10 15 20 25 30
r(A)

Figure 2. (a) PXRD and (b) normalized probability D(r) obtained from X-ray
total scattering of (green) MIL-100(Fe) and (red) Basolite® F300 supports.
Inset shows first, second and third coordination shells together with the cor-
responding assigned bonds.
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and 4.6°, corresponding to the (111), (220), and (311) crystal-
lographic planes of MIL-100(Fe), respectively (Figure 2a). This
indicates that the synthesized material indeed has the MTN-
zeotype architecture. On the other hand, Basolite® F300 pres-
ents a smooth pattern, in contrast to previous literature,*?
characteristic of non-crystalline solid, thus preventing the as-
signment to a given crystalline structure. To further understand
MIL-100(Fe) and Basolite® F300 structure at the short and inter-
mediate range, X-ray Pair Distribution Function (XPDF) analysis
was conducted on both materials. The local environment of Fe
atoms in MIL-100(Fe) and Basolite® F300 show very similar first
(Fe—0), second (Fe—C), and third (Fe—Fe) coordination shells
(Figure 2b). The lengths of the Fe—O bond are 2.08 and 2.12 A
for MIL-100(Fe) and Basolite® F300, respectively. Further, Fe—C
and Fe—Fe distances were measured to be 3.4 and 3.2 A; and
4.6 and 4.5 A, for MIL-100(Fe) and Basolite® F300, respectively.
These similar atom distances suggest minor structural changes
between both materials in the first 3 coordination shells
around Fe atoms."

However, the structural arrangement at intermediate and
long ranges differs strongly from one support to the other.
Beyond ca. 8 A, Basolite® F300 shows very low PDF intensity,
which corroborates the lack of long-range order, as observed
in PXRD. MIL-100(Fe) on the other hand shows intense signal
features. Collectively, these results show that both MIL-100(Fe)
and Basolite® F300 possess, at the local scale, oxo-centered
trimers of iron octahedra. These, however, are assembled
through BTC ligands into a disordered lattice, with structural
amorphization at length scales beyond the trimer building
block. Therefore, we can conclude that Basolite® F300 is struc-
turally perturbed compared to the highly ordered MIL-100(Fe).
Additional Raman spectroscopy reveals that the band intensity
ratio of 1606 cm™' 1(C=C) to 1550 cm™" ¥(O—C—O).gymmetric IS
higher for Basolite® F300 compared to MIL-100(Fe) (Figure S1
in Supporting Information)." This suggests that O-C-O bond
vibrations are less intense for disordered Basolite® F300, as a
consequence of increased O-C-O bond disorder due to struc-
tural perturbation. This further suggests that structural disorder
affects bond vibrations.

Porosity. MOF framework crystallinity, or the lack thereof,
has a potential impact on the pore network geometry. N, iso-
therms acquired at 77 K (Figure 3a) showed a type | behavior
for both crystalline MIL-100(Fe) and disordered Basolite® F300,
typical of microporous materials. This implies that no meso-
and macroporosity is introduced in Basolite® F300 due to per-
turbed metal-linker organization. Aside from their similar iso-
therm type, multiple differences are present between both ma-
terials. First, the MIL-100(Fe) and Basolite® F300 BET surface
areas amount to 1040 and 685 m?g~', respectively. Owing to
the difference in synthetic protocols, the surface area of MIL-
100(Fe) differs from the one reported by the group of Férey,
suggesting not as well crystallized material (also observed in
XRD peak broadness).” Even though Férey and co-workers
have reported MIL-100(Fe) with even higher crystallinity, here
we aim to compare MIL-100(Fe), obtained by simple and scala-
ble synthesis protocols that do not involve the presence of HF,
to Basolite® F300.
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Figure 3. (a) N, adsorption isotherm at 77 K (inset shows the low-pressure p/
po <0.015 range with different steps indicated by the arrows) and (b) pore
size distribution of both materials derived from the N, adsorption data by
the NLDFT method, that was used here to get a simple estimate of the pore
size distribution. Arrows indicate each type of cage in the structure corre-
sponding to the steps in the isotherm.

In addition, their respective pore volumes differ from
0.45 cm®g™' for MIL-100(Fe) to 0.29 cm®*g™" for Basolite® F300.
Therefore, the overall loss in crystallinity observed for Basolite®
F300 relative to MIL-100(Fe) causes a decrease in the porosity
of these microporous materials. This porosity loss is also re-
flected in the maximal N, uptake at p/p, >0.95 which decreas-
es from 220 cm®g™' for MIL-100(Fe) to 190 cm®g™" for Baso-
lite® F300. A detailed investigation of the MIL-100(Fe) isotherm
in the low relative pressure regime—p/p, between 0.05 and
0.15—shows two steps, corresponding to the filling of the two
different cages (Figure 3a inset).” As the experimentally de-
termined pore size of MIL-100(Fe) is reported to be in the limit
between micro and mesopore,'® the use of non-local density
functional theory (NLDFT) to evaluate the pore size distribution
is considered to be the best method compared to the Barrett—
Joyner-Halenda (BJH) method that is applicable only for meso-
porous materials. The challenge in the NLDFT method, howev-
er, is that no perfect kernels are known for MOFs. In this study,
we considered to apply NLDFT with a model of nitrogen on
silica with cylindrical pore, as it shows the best result. Indeed,
our results are comparable to previous reports that used DFT
methods.

As can be observed, the overall loss in crystallinity observed
for Basolite® F300 relative to MIL-100(Fe) causes a decrease in
the porosity of these materials. The loss of porosity in Basolite®
F300 may also affect the acidity and hydrophilicity of the mate-
rial that will be further discussed. The estimated NLDFT pore
size distribution of MIL-100(Fe) exhibits a bimodal shape,
where the two modi are centered at ~18-23 A and ~25-27 A
(Figure 3b), corresponding to the two cages of the zeotypic
structure.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In contrast, Basolite® F300 exhibits a single visually observa-
ble step in the low-pressure regime. Estimation of the pore
size distribution logically yields a monomodal pore size distri-
bution, centered around 18-22 A, though with lower abundan-
ces relative to MIL-100(Fe). This suggests that the bimodal
pore system of MIL-100(Fe) is not present in Basolite® F300,
possibly due to the disordered nature of this compound.

Acidity. The Basolite® F300 structure is strongly perturbed
compared to the crystalline MIL-100(Fe), yielding a lack of long
range order beyond 8 A and well-defined pore network. Whilst
order in the pore system may not be a requirement for many
applications, such configurationally perturbed linker-node or-
ganization can induce changes in the acidic properties of
these materials, which is substantiated here by probe-molecule
Fourier-transformed infrared spectroscopy (FTIR). Prior to pyri-
dine-probed (Py) FTIR, the supports were dried at 498 K under
secondary vacuum (p < 10> mbar) for 16 h to remove terminal
aqua and hydroxido ligands bound to Fe*" Lewis acid coordi-
natively unsaturated sites (CUS)."® The Py FTIR spectra show
two main bands at 1070 and 1042 cm™’, corresponding to the
V.4, and v;, asymmetrical ring-stretching modes of pyridine, re-
spectively (Figure 4a)."" No shifts are observed after pro-
longed pyridine exposure in any of the samples, indicating no
interaction with the MOF surface affecting those modes. The
band at 1014 cm™' corresponds to pyridine interacting with
Fe3* sites, that is, Py--Fe", whereas the band at 1007 cm™' re-
lates to reduced Fe?" centers.'”? Evolution of the normalized
intensity of the band at 1042 cm™' over time (Figure S2) re-
veals that pyridine uptake reaches a steady state for Basolite®
F300 after 30 min, while it increases linearly up to 60 min in

(a) =MIL-100 (Fe)
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0.05au. V' =
1007 cm| &
0 (%)
H c
©
: £
: o
Ly s ~ _.-—5"- .g
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(b)21 7 2188 teh p A
- i v(CO) =2165 cm v(CO) =2154 cm
3 o}
s 154 \ 20 Z
8 ¢z :
c e : H H
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Figure 4. FTIR spectra showing the 1100-1000 cm ™' region of (green) MIL-
100(Fe) and (red) Basolite® F300 1 min and 60 min after introducing 15 mbar
of pyridine at 323 K. Spectra were recorded in transmission mode on

~ 10 mg pellets. (b) Basolite® F300 and (c) MIL-100(Fe) at different CO pres-
sures (from 1072 mbar to 100 mbar) at 85 K. (d) Schematic representation of
the vibrational modes assigned to the bands of CO bonded to different
H,0-Fe** species and physisorbed CO (2137 cm™'), adapted from Ref [17].
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the case of MIL-100(Fe). This indicates that a higher amount of
pyridine can be adsorbed, suggesting that there are more ad-
sorption sites per unit surface area, thus, a higher number of
acid sites in the case of MIL-100(Fe). Moreover, the relative in-
tensity of the bands at 1014 and 1007 cm™' is different at simi-
lar adsorption times. This indicates that the redox properties of
Fe sites are different for each MOF, as previously reported by
the group of Garcia.?” They might be associated to steric or
electronic constraints particular to each material, although fur-
ther experiments would be necessary to elucidate them.

Dhakshinamoorthy et al.?” observed a correlation in intensi-
ty between the v, mode at 1007 cm™' and the sharp v(OH) vi-
brational band at 3575 cm™, assigned to the free carboxylic
groups (both from unreacted trimesic acid and point defects),
which they connected to PyH™ sites of -OH groups arising
from those defects and impuirities. In our study, the band at
1007 cm™' was observed in the spectra of both materials after
pyridine dosing, but no effect on the 2000-3600 cm™' region
was observed. This implies that both materials have a certain
amount of reduced Fe®" sites, but no significant amount of
linker defects are observed. When comparing the spectral
band intensities in Figure 44, it is clear that Basolite® F300 ex-
poses less Lewis acid sites compared to MIL-100(Fe). However,
the nature of these Lewis acid sites that both supports expose
is very similar.?” In order to study the Brensted acidity arising
from OH groups coordinating to Fe*" sites, CO probe mole-
cules are adsorbed on the support at 85K, after drying the
sample at 448K for 3h at p<10~>mbar. In both supports,
very similar bands at 2165, 2154, and 2138 cm™' appear upon
insertion of CO in the cell (Figure 4b and c). Specifically, the
bands at 2165 and 2154 cm™' correspond to the CO stretching
vibrations interacting with the acidic -OH groups bonded to
iron in multimeric species: [Fe’™-OH,]--C=0 and [Fe*"-OH,-
OH,]--C=0, respectively (Figure 4d); while the band at
2137 cm™' corresponds to CO physisorbed in the pores. All in
all, from the spectroscopic analysis, it can be deduced that the
nature of Brgnsted or Lewis acid sites in both Basolite® F300
and MIL-100(Fe) materials is very similar. No significant linker-
node under-coordination could be detected for structurally
more disordered Basolite® F300, due to the absence of the
v(OH) vibrational band at 3575cm™'. However, a lower
number of Lewis acid sites, could be substantiated for Baso-
lite® F300, as suggested by the lower band intensities across
the Py FTIR range from 1000-1080 cm™' for Basolite® F300
compared to MIL-100(Fe).

Hydrophilicity. The differing Lewis acidity for Basolite® F300
and MIL-100(Fe) at the molecular scale could potentially
impact the polarity of the materials as a whole, and their hy-
drophilicity on a more macroscopic level. To evaluate this hy-
drophilicity, or affinity towards polar molecules, methanol
(MeOH) isotherms were collected at 298 K for MIL-100(Fe) and
Basolite® F300 (Figure 5 and Figure S3 in Supporting Informa-
tion). MeOH filling of the pore systems of these materials is in
full agreement with N, physisorption: the MIL-100(Fe) MeOH
isotherm displays two steps resulting from MeOH filling of
each cage type; whereas Basolite® F300 shows only one step
as a result of the filling of a monomodal pore system.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. MeOH sorption isotherm acquired at 298 K of both supports.
Before adsorption measurement, both samples were degassed at 443 K for
16 h under secondary vacuum (p < 1072 bar). Arrows indicate different steps
corresponding to the filling of each type of pore (2 for MIL-100(Fe) and 1
for Basolite® F300).

Second, hydrophilicity of each material can be obtained by
Henry’s constant from the MeOH isotherms as reported in liter-
ature (see Supporting Information Section 3 and Figure $4).?"
For MIL-100(Fe) and Basolite® F300, Henry's constant values
are 42x107° and 2.2x10"*molg~'Pa', respectively, evidenc-
ing a more hydrophilic surface for MIL-100(Fe) than for Baso-
lite® F300. This is in accordance with the maximal methanol
uptake of 253 cm®*g~" for MIL-100(Fe) compared to 149 cm*g™"
for Basolite® F300 at p/p,=0.95. Even when normalizing to the
higher surface area of MIL-100(Fe) relative to Basolite® F300
(BETyi-100/BETgasoiie = 1.52), MIL-100(Fe) adsorbs 12% more
MeOH per unit surface area compared to Basolite® F300. This
is also the case when normalized to the pore volume of both
materials (V, yir-100/ V) gasolite = 1.55), corresponding to 11% more
MeOH adsorbed per unit pore volume.

In the case of MIL-100(Fe), the higher hydrophilicity can be
correlated to an increased polarity of the material, induced by
Lewis acidity.”? The higher number of Lewis acid sites for MIL-
100(Fe) relative to Basolite® F300 predicts a higher surface po-
larity and hydrophilicity for MIL-100(Fe). This is indeed con-
firmed by the MeOH adsorption isotherms, and further sug-
gested by pyridine-probe FTIR experiments. Additionally, ther-
mogravimetric analysis (TGA) was applied to further corrobo-
rate the stronger hydrophilicity of MIL-100(Fe); see Figure S4.
The results indeed show that MIL-100(Fe) has ~29 wt.% loss
of adsorbed species upon heating to 423 K under Ar flow, cor-
responding to adsorbed water, in contrast to ~22 wt.% for Ba-
solite® F300. TGA of both materials under O, flow
(10 mLmin™") revealed a similar trend, in which the release of
adsorbed water and DMF was & 28 wt.% for MIL-100(Fe) and
~ 15 wt.% for Basolite® F300. When comparing the Fe content,
calculated from the Fe,O; residue, Basolite® F300 was shown
to contain 18.9 wt.% Fe, in contrast to MIL-100(Fe), for which
only 15.4 wt.% Fe was observed. These minor differences may
correspond to nanosized impurity deposits undetectable by
other techniques, as previously found in the literature.”® Bulk
composition, crystal morphology, and surface composition and
oxidation states were studied by elemental analysis (Table 1),
scanning electron microscopy (SEM) micrographs (Figure S6),
and X-ray photoelectron spectroscopy (XPS) (Supporting Infor-
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Table 1. Physicochemical properties of FeBTC support materials.
Parameter Basolite®  MIL-100(Fe)

F300
Composition unknown  Fe;(u;-0)(CgH,0,)3)X5(H,0)5:n H,0
(activated) (X=NOj or OH)
Structure disordered crystalline
Space group - F3dm
Fe—O bond length  2.12 2.08
[A][a]
Brgnsted acid si- Fe**..OH, Fe’'--OH,
tes[c,b,ﬂ
Lewis acid sites'! Fe**/Fe?"  Fe’t/Fe’’
MeOH uptake 149 253
[em?g™1®
Ky (MeOH) 22x10°  42x10°
N, BET area [m*g '] 685 1040
Pore volume 0.29 0.45
[cm3971][e]
Fe content [%]" 3.9(19.6) 4.8(203)
C content [%]%9 63.7 (37.0) 594 (37.7)
O content [%]"¢ 321 (na) 358 (na)
Adsorbed species 22 29
[wt. %]™
[a] Obtained from X-ray total scattering. [b] Measured with Py-probed,
[c] and CO-probed FTIR spectroscopy. [d] Calculated from MeOH sorption
isotherm at 298 K; [e] and N, sorption isotherm at 77 K. [f] Surface com-
position determined from XPS survey spectra. [g] Values in brackets corre-
spond to bulk elemental composition in wt.% determined by elemental
analysis of the materials combusted with V,0;. [h] Obtained from the
TGA analysis.
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mation, Section 6 and Figure S7, S8, and S9), respectively,
showing very similar properties for both type of materials.

Metal deposition

When used as a catalyst support, the differing structural and
(physico-)chemical properties of MIL-100(Fe) and Basolite®
F300 can influence the processes involved in metal NP deposi-
tion, including solvent wetting, metal precursor adsorption, NP
formation/activation, and stability. Below, two archetypal metal
deposition methods—colloidal synthesis (Figure 6) and incipi-
ent wetness impregnation (Figure 7)—have been applied to il-
lustrate the potential impact of the MOF support properties on
the formation of NP-supported catalysts.

Figure 6. TEM images of the Pd/MOF composites obtained by depositing
colloidal metal nanoparticles on (a) MIL-100(Fe) and (b) Basolite® F300. Scale
bar represents 100 nm.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. (a) Nanoparticle size distribution (PSD) for both supports. TEM images of 1 wt.% Pd particles supported on (b) MIL-100(Fe) and (c) Basolite® F300

prepared with Pd(acac), in chloroform. (d) PSD of the same supports with 1 wt.% Pd using Na,PdCl, in water as a precursor. Inset shows the shape of both
distributions for small Pd clusters. TEM images of (e) MIL-100(Fe) and (f) Basolite® F300. The white arrows indicate larger Pd aggregates observed. PSD were
calculated from at least 150 particles from TEM images. Cumulative volumetric distribution plots of Pd obtained from (g) Pd(acac), and (h) Na,PdCl, precur-

sors.

Colloidal Pd NPs. Oleylamine-stabilized monodisperse 5 nm
Pd nanocrystals (Figure S10) were synthesized and deposited
on the external surface of MIL-100(Fe) and Basolite® F300 in
methanol solution. After stirring the colloidal NPs with the
MOF support and carefully washing the excess of surfactant,
Pd dispersion on surface was studied by means of transmission
electron microscopy (Figure 6).

TEM evidences that the Basolite® F300 support surface is
decorated with abundant Pd nanoparticles, whereas in the
case of MIL-100(Fe) a lower amount of Pd NPs are observed.

Indeed, bulk elemental analysis shows a higher colloidal
uptake of Pd for the Basolite® F300 support (0.256 wt.%) when
compared to MIL-100(Fe) (0.142 wt.%) (Table S1). These results
can be rationalized when considering the previously observed
support properties: Basolite® F300 is more hydrophobic than
MIL-100(Fe) due to its lower Lewis acidity. This hydrophobic
nature results in a favorable interaction with apolar oleyla-
mine-capped Pd NPs, leading to attractive forces and consecu-
tive adsorption of the colloidal particles on the Basolite® F300
support. In contrast, for MIL-100(Fe), the apolar oleylamine
capping ligands will establish reduced interactions with the
more hydrophilic (polar, Lewis acid) support surface, leading to
decreased NP anchoring. This might eventually result in an in-
creased deposition of capped Pd nanoparticles on Basolite®
F300 compared to MIL-100(Fe), as observed in Figure 6.

Pd NPs by incipient wetness impregnation. In the case of
incipient wetness impregnation (IWI), two different cases are
investigated: IWI of 1) Pd(acac), using (apolar) chloroform as a
solvent, and 2) Na,PdCl, using (polar) water on MIL-100(Fe)
and Basolite® F300 supports. By calcination and H, reduction
after impregnation of these Pd precursors, very different Pd
nanoparticle size distributions are obtained for MIL-100(Fe)
and Basolite® F300 supports, as evidenced by TEM (Figure 7).
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Structural integrity of the material after introducing the Pd par-
ticles was corroborated by PXRD, which shows that the crystal-
linity was fully retained (Figure S11 in Supporting Information).
In the case of the Pd(acac),-chloroform incipient wetness im-
pregnation, well-dispersed nanoparticles with sizes centered
around 7-8 nm decorate the Basolite® F300 support. For the
more polar MIL-100(Fe) support, larger ca. 15 nm NPs were ob-
tained after calcination and H, reduction of the Pd precursor
(Figure 7a-c). In the case of Na,PdCl,-water impregnation, the
situation is reversed, as the larger Pd particles grow on the sur-
face of Basolite® F300, compared to those found on MIL-
100(Fe). Further, in addition to those larger Pd particles (>20-
50 nm size clusters) found in Basolite® F300, small NPs are also
observed for both Basolite® F300 and MIL-100(Fe) supports, as
shown in Figure 7d-f. In order to better understand the distri-
bution of Pd NPs, the volumetrically-weighted cumulative size
distribution (Figure 7 g-h) was calculated, following [Eq. (1)]:

v;-f;

ZT (M
where v;is the volume of Pd particles of diameter d;, and f; the
frequency, assuming spheres. Figure 7g-h shows that the ma-
jority of the Pd atoms reside in large-sized Pd NPs (>60 nm)
for Basolite® F300 supports, whereas the majority of Pd atoms
is included in smaller NPs (< 60 nm) for MIL-100(Fe). X-ray dif-
fractograms corroborate the TEM results, as they show higher
Pd NP sizes for Basolite® F300 versus MIL-100(Fe) in the Pd
(111) and (200) diffraction peaks (Figure 8).

Even though many parameters play a role in the deposition
and formation of Pd NPs, we hypothesize that the described
observations can be clarified by favored polar-polar and
apolar-apolar interactions. Chloroform is an apolar solvent
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Figure 8. XRD patterns of MOF-supported Pd particles synthesized from the
Na,PdCl, anionic precursor in water, dried, and subsequently calcined and
reduced. The numbers indicate the estimated crystallite size by the Scherrer
equation.

Surface wetting

Pd(acac),/ CHCI, /60390, 55690 O
. MIL-100(Fe) .Basolite"F300 |
Na,PdCl/ H,0 55050 (5,

L MIL100(Fe) | uBasoliteSf300u

Figure 9. Surface wetting schematic of MIL-100(Fe) and Basolite® F300 when
used as supports with different polar vs. apolar combinations of solvent and
Pd precursor (depicted as pink circles). Pd precursor aggregates lead to
larger particles upon calcination and reduction.

(dipole moment D=1.04) which interacts attractively with the
less polar Basolite® F300, and poorly with the more polar MIL-
100(Fe). This will induce differences in solvent wetting of the
support, which is more favored on Basolite® F300 (Figure 9).
Upon sufficient solvent wetting, the acac-ligands undergo
apolar-apolar attractive interactions with the Basolite® F300,"
resulting in finely dispersed Pd NPs.

In the case of MIL-100(Fe), solvent wetting by chloroform is
more limited, which partially prevents intimate interactions be-
tween Pd(acac), ligands and the support, causing Pd(acac),
precursor molecules to form larger clusters.”

For the case of Na,PdCl,-water impregnation, the polar sol-
vent will wet the most polar support, namely MIL-100(Fe), and
the polar precursor anions (PdCl,*") are expected to anchor
preferentially on MIL-100(Fe). For more apolar Basolite® F300,
solvent wetting will be less favorable, leading to precursor ac-
cumulation in the surface and large crystal formation upon cal-
cination and H, reduction treatment. We clearly show that al-
though both materials have very similar chemical composition,
their surface properties play a key role in adsorption and for-
mation of metal nanoparticles.

Conclusions

Industrial Basolite® F300 and lab-synthesized MIL-100(Fe), with
similar iron 1,3,5-benzenetricarboxylate composition, show
very different behavior when used as a support for metal
nanoparticle synthesis. PXRD and X-ray PDF show that MIL-
100(Fe) possess long-range order and has a MTN-zeotype crys-
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tal structure, whereas Basolite® F300 lacks long-range order
beyond 8 A. The configurational linker-node disorder responsi-
ble for this disordering decreases the number of Lewis acid
sites in Basolite® F300 compared to MIL-100(Fe), while the
nature of acid sites remains similar. The decreased Lewis acidity
of Basolite® F300 induces a change in the polarity/hydrophilici-
ty of the materials, making Basolite® F300 more hydrophobic
compared to hydrophilic MIL-100(Fe), as confirmed by metha-
nol adsorption experiments. This discrepancy in hydrophilicity
strongly alters the wettability of the solvent, depending on its
polar nature, and subsequent precursor anchoring on the sup-
port surface. It is shown for archetypal colloidal synthesis and
incipient wetness impregnation methods that the intricate
nature of iron 1,3,5-benzenetricarboxylate supports can have a
strong impact on metal nanoparticle deposition and the even-
tual nanoparticle size distribution. Alternatively, tuning the
MOF structure and function could yield a means to control
metal nanoparticle properties and their concomitant catalytic
performance.

Experimental Section
Materials synthesis

MIL-100(Fe) [Fe,(u5-0)(CeH,04)5)X5(H,0)5:nH,0 (X=NO,~ or OH™, n
~11-14)] was synthesized as described in literature.”® In brief, iron
nitrate nonahydrate (Fe(NO;);9H,O, Sigma-Aldrich, >99.999 %,
33.7 g, 0.08 mol) and 1,3,5-benzenetricarboxylate (H;BTC, CoHgOq,
Sigma-Aldrich, >99%, 15.8 g, 0.08 mol) were mixed in 50 mL of
water in a 100 mL round-bottom flask equipped with a reflux con-
denser. The mixture was heated at 368 K for 24 h and stirred at
300 rpm. Then the orange powder was recovered by centrifugation
and washed thoroughly with water and ethanol (VWR Internation-
al, >96%). Basolite® F300 was purchased from Sigma-Aldrich. In
order to remove trapped unreacted H,BTC and other impurities,
both MOFs were soaked in N,N-dimethylformamide (C;H,NO, DMF,
Sigma-Aldrich, >98%) at 353 K for 12 h. The solvent was then re-
moved and replaced by a 68 mm ammonium fluoride (NH,F,
Sigma-Aldrich, >98%) aqueous solution at 353 K for 6 h. Then, the
powders were recovered by centrifugation and dried in an oven at
393 K in air for 16 h.

Impregnation of Pd precursors

Prior to the solution infiltration of the Pd precursor, the materials
were activated in vacuum at 423 K for 12 h and kept in the flask
during the addition. The corresponding amount of palladium (II)
2,4-pentanedionate (Pd(acac),, Sigma-Aldrich, >99%) to attain
1wt.% Pd was dissolved in chloroform (CHCl;, Sigma-Aldrich,
99%, anhydrous) and infiltrated into the degassed pores of the
materials by adding it dropwise to the powder at room tempera-
ture and with constant stirring. The materials were then dried at
298 K for 24 h in Ar and then calcined at 423 K with a heat ramp
of 2Kmin™', for 2h in a N, flow of 50 mLmin~', after which the
gas feed was switched to H, flow of 50 mLmin™"' for the reduction,
and the temperature kept constant for 2 h more, then cooled
down to room temperature naturally. No specific passivation
method was used. In the case of sodium (Il) tetrachloropalladate
(Na,PdCl,, Sigma-Aldrich, >99%), the corresponding amount to
attain 1 wt.% Pd was dissolved in deionized water. The MOF sup-
ports were degassed as described previously and the Pd solution
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added to the powder dropwise while stirring under vacuum. The
impregnated powder was then dried at room temperature in Ar at-
mosphere for 16 h and calcined at 423K for 2h in a N, flow of
50 mLmin~" with a heat ramp of 2 Kmin~', after which the gas
feed was switched to H, flow of 50 mLmin~', and the temperature
kept constant for 2 h more, then cooled down to room tempera-
ture naturally. No specific passivation method was used.

1

Synthesis and deposition of colloidal Pd nanocrystals

Colloidally stabilized Pd nanocrystals were prepared as described
in literature.?” To deposit the Pd nanocrystals, 0.1 g of MOF was
mixed under magnetic stirring with 10 mL of methanol at room
temperature. Then, a suspension containing 66.6 mg of colloidal
Pd in 5 mL of methanol was added dropwise to the MOF suspen-
sion, and the mixture stirred for 24 h at 298 K. Thereafter, the
powder was recovered by centrifugation, washed with 10 mL of
methanol, separated and carefully washed with 10 mL of n-hexane
(Sigma-Aldrich, 99.9%) in order to remove the excess of oleyla-
mine (Sigma-Aldrich, >98%), as seen by the solution turning
black. The solid composites were then dried at 353 K in air for 5 h,
and stored in air for further analysis.

Materials characterization

Powder X-ray diffraction (PXRD) were obtained by a Bruker-AXS
D2 Phaser powder X-ray diffractometer in Bragg-Brentano geome-
try, using Coy,,, =1.79026 A, operated at 30 kV. Measurements
were carried out between 5 and 70° using a step size of 0.05° and
a scan speed of 1s. Simulated patterns were obtained by process-
ing the corresponding CIF files with Mercury 3.7® (1=1.79026 A,
FWHM =0.2).

X-ray total scattering pair distribution functions (X-ray PDF)
measurements were performed using powder samples of Basolite®
F300 and MIL-100(Fe) that were loaded in 0.5mm borosilicate ca-
pillaries and mounted on a PANalytical Empyrean diffractometer
equipped with a Mo X-ray tube (1=0.71 A, Q..,,=17.7 A™"), Mo fo-
cusing mirror, and scintillation point detector. Divergence 1°, anti-
scatter 1/4°, and Soller (0.04rad) slits were used to adjust the inci-
dent beam profile; a programmable receiving slit, set to a height
of 1mm, was used for the diffracted beam. Total scattering data
were collected over the angular range 2.75>26>140°, yielding
data with useable Q,,,=15A"". These data were corrected for
background, Compton, and multiple scattering and beam attenua-
tion by the sample container using the GudrunX package.”® The
normalized structure factor F(Q) was converted to the PDF in the
form of the D(r) function as defined in ref. [29].

X-ray photoelectron spectroscopy (XPS) experiments were per-
formed by using a Thermo Scientific K-Alpha spectrometer
equipped with a monochromatic small-spot X-ray source and a
180° double focusing hemispherical analyzer with a 128-channel
delay line detector. Spectra were obtained using an aluminum
anode (Al,,=1486.6 eV) operated at 72W and a spot size of
400 um. Survey scans and high-resolution scans of the separate re-
gions were measured at constant pass energies of 200 eV and
50 eV, respectively. The background pressure of the ultra-high
vacuum (UHV) chamber was 2x10°® mbar. Sample charging was
compensated for by the use of an electron flood gun, and binding
energy calibration was done by setting the peak as reference for
all samples to a binding energy (BE) of 284.8 eV, which corre-
sponds to a combination of phenyl (sp2) and adventitious carbon
(sp3), according to previously reported procedures. Fitting of the
spectra (BE, FWHM, peak shape, asymmetry, number of species)
was carried out with CasaXPS© software, version 2.3.16.
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Fourier-transformed infrared (FTIR) spectroscopy measurements
were recorded on a PerkinElmer System 2000 instrument (16 scans,
4 cm™" resolution, DTGS detector, cell with KBr windows). The ma-
terials were prepared in a press tool by pressing ~10mg of
powder into self-supported pellets (2 cm? area), which were then
activated at 448 K for 3 h at p < 10~° mbar. After cooling down the
cell with liquid N, temperature to 85K, a 10% CO/He v/v (Linde
AG, 99.998% purity) mixture was introduced to an equilibrium
pressure of 100 mbar, and was then desorbed stepwise at constant
temperature, until reaching total evacuation again at a pressure of
~107° mbar. When pyridine (Py) was used as a probe molecule,
similar pellets were placed into a cell as the one described above
and the spectra recorded with a ThermoFisher Nicolet i5 spectrom-
eter (32 scans, 4 cm™' resolution, DTGS detector). The pellet was
evacuated by heating in a cell at 498 K (ramp of 10 Kmin') for
24 h at p<10° mbar, which was then cooled down to 323 K. At
that temperature, pyridine (redistilled, 99.9%, Sigma-Aldrich) vapor
was introduced into the cell and the equilibrium pressure set to
15 mbar. Spectra were recorded in adsorption mode up to 60 min
after introduction of the gas.

Thermogravimetric analysis (TGA) of the samples was done in a
PerkinElmer Pyris 1 TGA equipment. A heating ramp of 5 Kmin™'
from 323 to 1073 K under a 10 mLmin " of either O, and N, atmos-
phere was used for the analysis.

N, adsorption isotherms were measured at 77 K on a Micromerit-
ics ASAP 2010 apparatus. Prior to the measurements, samples were
activated at 298 K under primary vacuum until the pressure
reached 1 mbar and then switched to secondary vacuum at 443 K
for 16 h. The measurement temperature was controlled with liquid
N, at 77 K. Adsorption equilibrium was assumed when the varia-
tion of the cell pressure was 5% for minimum and maximum
period of 9 min and 30 min, respectively.

Methanol adsorption isotherms were measured at 298 K on
BELmax apparatus (MicrotracBEL). Prior to the measurements, sam-
ples were activated to 443 K under secondary vacuum for 16 h.
Prior to performing methanol adsorption, methanol (analyte) was
flash-frozen with liquid nitrogen and then evacuated under dynam-
ic vacuum 3 times in order to remove dissolved gases from the re-
servoir. The measurement temperature was controlled with a water
bath at 298 K and with the dosing manifold controlled at 313 K to
avoid unwanted condensation effects. Helium was used to esti-
mate the dead volume prior to the methanol adsorption-desorp-
tion measurements. Adsorption equilibrium was assumed when
the variation of the cell pressure was 0.5% for a minimum period
of 5 min.

Elemental analysis of the content of Fe, O, and C was measured
by atomic absorption spectroscopy (AAS) after combustion of the
samples with V,0, at Mikroanalytisches Laboratorium Kolbe (Mul-
heim an der Ruhr, Germany). In the case of Pd, the samples were
atomized by inductively coupled plasma (ICP) and analyzed with
atomic emission spectroscopy (AES).

Scanning electron microscopy (SEM) images were recorded on a
PhenomPro X microscope operated at 10 kV. The powder samples
were supported on carbon tape deposited over Al stubs (FEI stubs)
and inserted in the microscope vacuum chamber without Au coat-
ing.

Transmission electron microscopy (TEM) images were recorded in
the bright-field imaging mode by using a JEOL2011, a Tecnai T12
or a Tecnai T20FEG transmission electron microscope operated at
120 kV (the two former) or 200 kV, respectively. Samples were cast
onto holey-carbon coated 300 mesh Cu grids from methanol sus-
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pensions. The mean particle size of Pd was calculated from at least
200 different particles observed by using TEM.
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