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Abstract

The infiltration of palladium and platinum nanoparticles (NPs) into the mesoporous metal-organic frame-
work (MOF) CYCU-3 through Chemical Vapor Infiltration (CVI) and Incipient Wetness Infiltration (IWI)
processes was systematically explored as a means to design novel NP@MOF composite materials for po-
tential hydrogen storage applications. We employed a traditional CVI process and a new "green" IWI pro-
cess using methanol for precursor infiltration and reduction under mild conditions. Transmission electron
microscopy-based direct imaging techniques combined with synchrotron-based powder diffraction (SPD),

energy-dispersive X-ray spectroscopy (EDS), and physisorption analysis reveal that the resulting


https://www.sciencedirect.com/science/article/pii/S1387181114006143?via%3Dihub#!

NP@MOF composites combine key NP and MOF properties. Room temperature hydrogen adsorption ca-
pacities of 0.95 and 0.20 mmol/g at 1 bar, and 2.9 and 1.8 mmol/g at 100 bar are found for CVI and IWI
samples, respectively. Hydrogen spillover and/or physisorption are proposed as the dominating adsorption
mechanisms depending on the NP infiltration method. Mechanistic insights were obtained through crystal-
lographic means using SPD-based difference envelope density (DED) analysis providing previously under-
explored details on NP@MOF preparations. Consequently, important host-guest correlations influencing
the global hydrogen adsorption properties are discussed and demonstrate that employing MOFs as platforms
for NPs is an alternative approach to the development of versatile materials for improving current hydrogen

storage technologies.

Introduction

The burning of fossil fuels and its contribution to greenhouse gas emissions have long been a problem
scientists seek to remedy. Cleaner alternatives such as hydrogen have been proposed in order to reduce the
dependency on fossil fuels due to its natural abundancy and lack of CO, emissions."? Hydrogen’s high
gravimetric heats of combustion and renewability make it very attractive in onboard hydrogen storage sys-
tems for automotive fuel cell applications.> However, hydrogen storage still faces many challenges since
its gaseous state and nonpolar nature limits low-energy storage at ambient conditions and thus preventing
hydrogen from being a significant competitor against gasoline.

Most established storage technologies currently include compressed hydrogen, liquid hydrogen and
absorption-based methods using metal hydride technology.* The U.S. Department of Energy (DOE) mile-
stones for 2020 onboard hydrogen storage is 4.5 wt% at a working pressure differential of 12 bar and am-
bient temperature.> Although solid state materials have proven to be promising candidates to meet this
target, many challenges still need to be overcome. Metal hydrides absorb hydrogen through chemisorption
which results in high hydrogen storage capacities. However, metal hydrides create very strong bonds with
hydrogen which can result in significant thermodynamic and kinetic problems upon charging and discharg-

ing cycles.® Physisorption on the other hand allows for the molecular storage of hydrogen within a porous
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support exhibiting large surface areas. Activated carbons,® 7 zeolites,® ° porous polymers, various car-

12,13 and metal-organic frameworks (MOFs)!*!7 have been investigated as candidates

bon nanostructures,
for high-density hydrogen storage.

MOFs are crystalline porous materials composed of metal clusters or ions bridged by organic link-
ers into multidimensional frameworks.!'® Their key features include large pore volumes and surface areas
which can be fine-tuned by the choice of metal and organic building blocks.!”?! The permanent porosity
allows for adsorption of hydrogen molecules through weak van der Waals interactions resulting in cycla-
bility of the capture and release process for continuous use of the materials. In 2003, Yaghi et al. reported
the first MOF for hydrogen storage®* and hundreds of MOFs have been investigated for this application in
the intervening years.! >*2* These materials open up exciting avenues for structural diversity and tunability
and expand the understanding and application of porous supports for hydrogen storage applications.

Since DOE targets focus on ambient storage temperatures, this provides an additional challenge as
most MOFs only show significant hydrogen uptake at 77 K. At cryogenic temperatures, there is a strong
interaction between hydrogen and the MOF surface allowing for reports of hydrogen uptake exceeding the
DOE target amount. The primary force is physisorption where van der Waals forces and other intermolec-
ular forces are dominant. Generally, this type of adsorption is weak and reversible and the hydrogen uptake
capacity strongly correlates with the specific surface area of the MOF.! For example, MOF-177 exhibits a
surface area of 4500 m?/g and adsorbs 19.6 wt% H, at 77 K and 100 bar. At room temperature, however,
the uptake capacity is reduced to 0.6 wt%.? This general phenomenon can be attributed to thermal motion
effects resulting in significantly lower hydrogen uptake capacities which impedes storage capabilities where
physisorption is the dominating force at ambient conditions.

To address this challenge, composite materials such as metal nanoparticle (NP) infiltrated MOF
systems are of interest. These materials are referred to as NP@MOF composites. For example, Pt** 2’ and
Pd?* ?° NPs are well known for their superior hydrogen absorption properties due to the dissociation and

spillover effect of hydrogen molecules into monatomic hydrogen.**° Coupling of this unique behavior with



the high surface areas of the MOFs is the driving force in the design of NP@MOF composites.>!> > How-
ever, as these are high-boiling metals and MOFs show only limited temperature stability, selecting a suita-
ble functionalization process such as CVI or IWI is a crucial component to avoid structural damage of the
MOF.

MOFs are an advantageous support to host NPs because they provide precise control of NP aggre-
gation via their tunable structures, pore environments and functionalities and these advantages are lacking
in previously explored porous materials such as zeolites and mesoporous silicas.*®> As a key feature, the
well-defined cavities of MOFs can limit agglomeration and stabilize these NPs in a confined environment
facilitating the formation of monodispersed NPs within the MOF. The cavities are usually large enough to
not only host NPs but also to facilitate mobility of hydrogen in the pore space allowing hydrogen sorption
on surfaces of both the MOF and the metal NP itself.** The most established method for designing
NP@MOF composites is the post-synthetic infiltration of metal precursors into the cavities of MOFs fol-
lowed by the reduction of the precursors into elemental metal. The size of NPs is controlled by the MOF
pores without structurally altering them through the subsequent functionalization process. However, one of
the significant challenges with this technique is NP deposition on the surfaces of MOF particles rather than
infiltration into pores. This was commonly found to occur in microporous MOFs (<2 nm pores).** There-
fore, expanding this approach to mesoporous MOFs (>2 nm pores) provides an increased opportunity for
the preferred precursor adsorption into their pore system.

Herein we systematically designed and characterized new NP@MOF composites based on plati-
num and palladium NPs, and the thermally and chemically robust mesoporous MOF [AI(OH)(SDC)]a
(H2SDC = 4,4'-stilbenedicarboxylic acid) or CYCU-3 as the host.*> CYCU-3 consists of two different 1D
channel pores, hexagonal mesopores of 3.1 nm diameter spaced by triangular micropores of 1.4 nm diam-
eter (Figure 1a). Previously, we also explored this MOF as a host for the controlled nanostructuring of
single molecule magnets.>**® Two distinct processes for the infiltration of NPs into CYCU-3 were investi-
gated: Chemical Vapor Infiltration (CVI)*-** and Incipient Wetness Infiltration (IWI).*"*? NP precursors
platinum(II) acetylacetonate and palladium(II) hexafluoroacetylacetonate (Figure 1b, ¢) were used for the
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CVI process. For the scope of this investigation, humid environments were not considered and samples
were prepared with minimal exposure to air. In the first step of CVI, precursors were sublimed into the gas
phase, followed by their adsorption into the MOF pores by a vacuum process, and final formation of Pd/Pt-
NPs initiated by a controlled thermal decomposition process. The advantage of CVI vs. physical processes
like PVD (Physical Vapor Deposition) is that NPs can be infiltrated under very mild thermal conditions and
therefore, allowing CVI to be readily used for the subsequent functionalization of MOFs. Different exper-
imental setups for precursor infiltration were employed to explore effects on the hydrogen uptake. For the
IWI process, a previously unexplored procedure was utilized: methanol mediated infiltration of the precur-
sor hexachloroplatinic(IV) acid into the pores of the framework at ambient conditions (Figure 1d) followed
by its reduction into Pt-NPs under very mild heating conditions, with methanol also functioning as the
reducing agent allowing the transition from Pt*" to Pt’. As the use of methanol was previously unexplored
as both a carrier solvent used in precursor loading and as an aid in the reduction of Pt-NPs, the IWI process
was crystallographically probed for mechanistic insights governing the precursor infiltration and reduction
process. Selected samples were further characterized for high pressure (100 bar) hydrogen adsorption at
233 and 298 K. Although numerous NP@MOF composites have been investigated in order to enhance or
alter the properties of the individual components, to date only a few crystallographic studies report on the

43,44 whereas no studies have looked at the holistic

structural characterization of precursor infiltrated MOFs,
process from precursor infiltration to NP formation. Furthermore, we want to highlight the novelty and

simplicity of our NP formation process for IWI featuring methanol as a two-in-one solution simultaneously

acting as a precursor carrier solvent and a reducing agent.
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Figure 1. Structures of single-components used for NP@MOF synthesis. (a) Crystal structure of mesopo-
rous MOF CYCU-3 in space fill mode with view along the hexagonal and trigonal channel pores, and (b-
d) Lewis structures of NP-precursors platinum(II) acetylacetonate, palladium(II) hexafluoroacetylacetonate

and hexachloroplatinic(IV) acid, respectively.

Experimental Section
General
All reagents and solvents were used without further purification. CYCU-3 was synthesized as previously

reported.®® The purity of the bulk material was confirmed by PXRD (Figure S1).

Synthesis

Chemical Vapor Infiltration (CVI). The infiltration of Pt and Pd precursors (platinum(II) acetylacetonate
and palladium(Il) hexafluoroacetylacetonate) into CYCU-3 was performed by loosely packing 50 or 100
mg of as-synthesized CYCU-3 in the center of a glass tube (25 cm length, 0.9 cm diameter) and placing
glass wool on both sides of the MOF to constrain its central position. For sample activation, the tube was

sealed on one side and wrapped with heating tape followed by heating at 150 °C for 2 h under vacuum at



1077 bar using a Pfeiffer HiCube 80 Eco Turbo Pumping Station (Figure S2a). After heating, the tube was
cooled to RT and flushed with N, (UHP grade) for 15 min. This activation process was employed for dou-
ble-sided, mixed, and rotational infiltration. Masses of precursors and MOF used and details of applied
temperature-time programs for precursor infiltration and reduction are listed in Table S1. All individual
batches of composites were well mixed after synthesis to obtain optimal phase homogeneity and stored in
glass vials under No.

The experimental setup for double-sided infiltration is shown in Figure S2b. An appropriate
amount of Pd precursor was added to side 1 of the activated MOF tube and constrained with glass wool.
For precursor@MOF formation, the tube was heated at 50 °C for the allotted time under vacuum at 10~
bar. After heating, the tube was cooled to RT and flushed with N» for 15 min. Following this process, the
tube was flipped and sealed on side 1 and opened on side 2 where a second batch of Pd precursor was
added. The same temperature-time program was repeated. For NP@MOF formation, the tube was heated
at 200 °C for the allotted time followed by cooling to RT, leaving under vacuum at room temperature for 1
h to remove the organic precursor components and flushing with N, for 1 h before the sample was removed
from the tube affording Pd-NP@MOF composites.

The experimental setup for mixed infiltration is shown in Figure S2c. The glass wool was carefully
removed from one side of the activated MOF tube and an appropriate amount of Pd or Pt-precursor was
added and mixed with the activated MOF which was then re-sealed with glass wool. For precursor@MOF
formation, the tube was heated at 50 °C (for Pd) and 130 °C (for Pt), respectively, for the allotted time under
vacuum at 107 bar. Following this process for NP@MOF formation, the tube was heated at 200 °C (for Pd)
and 300 °C (for Pt), respectively, for the allotted time followed by cooling to RT, leaving under vacuum at
room temperature for 1 h to remove the organic precursor components and flushing with N for 1 h before
the sample was removed from the tube affording Pd- and Pt-NP@MOF composites, respectively.

The experimental setup for rotational infiltration is shown in Figure S2d. An appropriate amount
of Pd precursor was added to one side of the activated MOF tube and constrained with glass wool. For
precursor@MOF formation, this tube was placed in a temperature controlled rotating chamber and heated
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at 50 °C for the allotted time under vacuum at 10 bar using a Vacuubrand rotary vane oil pump. Following
this process for NP@MOF formation, the tube was heated at 200 °C for the allotted time followed by
cooling to RT, leaving under vacuum at room temperature for 1 h to remove the organic precursor compo-
nents and flushing with N for 1 h before the sample was removed from the tube affording Pd-NP@MOF

composites.

Incipient Wetness Infiltration (IWI). Methanolic stock solutions of Pt-precursor hexachloroplatinic(IV)
acid was prepared in concentrations of 200, 500, and 1000 ppm. 20 mL portions of these solutions were
slowly added to batches of 100 mg of CYCU-3 under rapid stirring and was kept stirring at RT for 24 h.
The resulting yellow powders were separated by filtration, washed with methanol until the filtrate was
colorless to remove any excess precursor and dried under vacuum yielding precursor@MOF. These pow-
ders were each placed in 20 mL of methanol and refluxed at 70 °C for 24 h. The resulting grey powders
were separated by filtration, washed with methanol until the filtrate was colorless to remove any excess
NPs and dried under vacuum yielding Pt-NP@MOF composites. All samples were stored in glass vials

under No.

Characterization
Powder X-ray Diffraction (PXRD). PXRD data was collected on a Bruker D2 Phaser diffractometer
equipped with a Cu sealed tube (A = 1.54178 A). Powder samples were dispersed on low-background discs

for analyses.

Gravimetric Methanol Adsorption. Methanol adsorption measurements were performed using a modified
TG analyzer setup with a TGA Q50 from TA Instruments. All measurements were performed using plati-
num crucibles in a dynamic nitrogen atmosphere (50 mL/min) and a heated or cooled at a rate of 3 °C/min.
The instrument was corrected for buoyancy and current effects and was calibrated using standard reference
materials. For activation, an as-synthesized sample of CYCU-3 was heated to 280 °C and cooled to RT
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followed by subjection to methanol vapors until the mass stabilized. The sample was re-heated to 280 °C

to investigate its desorption process.

Low-Pressure Gas Adsorption. Gas adsorption isotherms for pressures ranging from 1-107 to 1 bar were
measured volumetrically using a Micromeritics ASAP2020 surface area and pore analyzer. Pre-weighed
analysis tubes were charged with samples, each capped with a seal frit, and heated at 150 °C under a dy-
namic vacuum for 24 h. For all isotherms, warm and cold free-space correction measurements were per-
formed using He gas (UHP grade). N, and H, (both UHP grade) isotherms at 77 K were measured using a
liquid nitrogen bath, and H, isotherms at 295 K were measured using a water bath. The specific surface
areas were determined from BET fits using the 0.05-0.15 relative pressure range of N> adsorption isotherms

at 77 K, while incremental pore size distributions were determined from DFT methods for slit pores.

High-Pressure Gas Adsorption. The volumetric high pressure H, adsorption measurements were carried
out on a BELSORP High Pressure Gas Adsorption Measuring System in combination with a Julabo deep-
freeze circulating thermostat FP89-ME in a pressure range up to 110 bar. The samples were activated at
200 °C in oil pump vacuum for 24 h before analysis and they remained in the instrument and were not

thermally treated between subsequent adsorption cycles.

Transmission Electron Microscopy (TEM). TEM images were measured with a JEOL JEM 2010F at an
accelerating voltage of 200 kV. Sliced samples were prepared using a Leica ultramicrotome to slice 80 nm
thin slices with a Diatome diamond knife and loaded on a Lacey-carbon-coated Cu grid. ImagelJ software

was used to process TEM images in order to determine the metal nanoparticle sizes.

Elemental Mapping. Elemental mapping analyses were performed with a Thermo NORAN System Six
EDS coupled to a JEOL JSM-7400F field-emission scanning electron microscope (FESEM) set to an ac-

celeration voltage of 15 kV and a working distance of 8 mm.



Energy-Dispersive X-ray spectra (EDS). SEM-EDS were recorded using an Oxford EDS Detector 65
mm? coupled to a JEOL JSM-7900FLV SEM with a low vacuum backscatter electron detector (LVBED)
set to an accelerating voltage of 15 kV and a working distance of 8§ mm. 5 data points were selected for
SEM-EDS measurements and analyzed for elemental composition in terms of weight percentage using AZ-

tecLive Ultim Max 65 mm? software.

Synchrotron Powder Diffraction (SPD) with Difference Envelope Density (DED) Analysis. CYCU-3
samples can only be obtained as polycrystalline material, single crystal structure analysis cannot be em-
ployed. Hence, high-quality powder diffraction patterns of as-synthesized CYCU-3, precursor@MOF and
NP@MOF composites were recorded on 17BM beamline at the Advanced Photon Source, Argonne Na-
tional Laboratory (Argonne, IL, USA). The incident X-ray wavelength was 0.72768 A. Data were collected
using a Perkin-Elmer flat panel area detector (XRD 1621 CN3-EHS) over the angular range 1-11° 2-theta.
The data reveals that the crystallinity and crystal structure of CYCU-3 remains intact upon NP infiltration.
The unit cell parameters of CYCU-3 and NP@MOF samples differ only very slightly (Table S2). Rietveld
analyses of NP@MOF composites could not be applied to determine adsorption sites of NPs due to their
low occupancy. Instead the Difference Envelope Density p4 method was applied.’® 374546 Le Bail refine-
ments were performed in Jana2006*” using the initial unit-cell parameters a = 34.298, ¢ = 6.312 A and space
group P6s/mmc as taken from our previous study.*® The unit cell parameters, zero-point shift, background,
and peak profile (pseudo-Voigt) were refined. Upon the reach of satisfactory profile fits and R-factors (Ta-
ble S2, Figures S3-S5), reflections integrated intensities (F2,;) were extracted and used for generation of

Structure Envelope (SE) densities (see SI for details).

Results and Discussion

Platinum and palladium NPs were selected for the controlled and systematic infiltration into the mesoporous

MOF CYCU-3. Resulting NP@MOF composites were investigated for their expected enhanced hydrogen
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adsorption capabilities at ambient conditions as compared to the pristine MOF. The dominating effects
attributed to the enhancement of hydrogen adsorption capacities is still controversial with hydrogen spillo-
ver being the most frequently discussed mechanism for materials containing Pd**>° and Pt,**°!: 3 whereas
the formation of metal hydrides is also discussed as a potential mechanism.’* 3 3 However, hydrogen
spillover within MOFs is still not well understood.** 3235 The design of NP@MOF composites allows for
the advantageous combination of hydrogen uptake from both metal NPs and MOFs. The high specific sur-
face areas of MOFs allow for hydrogen gas to be physisorbed onto the pore walls, while the NPs allow for
molecular hydrogen to dissociate and spillover into monoatomic hydrogen followed by the migration of the
hydrogen atoms onto the framework.>® These two factors combined have the potential to enhance hydrogen

storage capacities of MOFs but also other applications such as NP-based catalysis.

Pd/Pt-NP@MOF Synthesis via Chemical Vapor Infiltration (CVI). CVI is a two-step process involving
the adsorption of selected organometallic precursors into the MOF by low-temperature sublimation fol-
lowed by a controlled thermal decomposition of the precursors to form elemental metal NPs.>” Pd-NPs are
well-known for their significant hydrogen storage capabilities which led us to select palladium(Il) hex-
afluoroacetylacetonate as precursor for CVI. Preliminary infiltration and reduction experiments showed
that the samples were not homogenously infiltrated with some sections of the MOF remaining white, indi-
cating minimal to no loading. Our observation is not commonly discussed in literature, in fact, many inves-
tigations relied on general color change and did not disclose whether a gradient was present within the
sample before additional handling, such as mixing the sample, which is a vital first indicator in uniform
precursor loading.>” 3 Therefore, we explored different experimental setups to probe uniform loading and
how the nature of infiltration impacts the hydrogen uptake capacities of resulting NP@MOF composites.
The as-synthesized MOF was loosely packed in a stationary glass tube and constrained with glass
wool. The MOF was activated prior to any infiltration experiment. This process involves heating the MOF
at 150 °C for 2 h under dynamic vacuum. The completion of this process was confirmed by tracking the
mass loss upon activation. In following systematic infiltration experiments three techniques were employed:
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(1) double-sided, (2) mixed, and (3) rotational infiltration. Details on these setups can be found in the ex-
perimental section. In the double-sided setup, infiltration was performed by flowing the sublimed precursor
through the activated MOF from both tube directions. In the mixed setup, the precursor and activated MOF
were mixed together prior to sublimation and infiltration of the precursor. Since in both of these setups the
MOF is stationary, the pore accessibility for the diffusion-controlled infiltration might be limited. To cir-
cumvent this, we employed a temperature controlled rotational component which was added to the system
in order to rotate the tube during the infiltration process. After precursor infiltration, all techniques include
a vacuum-assisted thermal reduction process for NP formation.

All resulting Pd-NP@MOF composites (Pd-CVI-1 to Pd-CVI-18) were screened for their BET
surface area and hydrogen adsorption at ambient conditions to obtain insights into how the nature of infil-
tration technique influences the global hydrogen uptake. Respective BET surface area values and hydrogen
uptake capacities are listed in Table S1 with hydrogen isotherms at 295 K shown in Figures Séa-c. As a
general trend, we observed a significant reduction in BET surface area from ~3000 m?/g of pristine CYCU-
3 to as low as ~1500 m*/g which is in agreement with partial pore blocking induced by infiltrated metal
NPs. Double-sided and mixed infiltration resulted in composites with hydrogen adsorption capacities at 295
K and 1 bar as high as 0.55 mmol/g (Pd-CVI-2) and 0.69 mmol/g (Pd-CVI-13), whereas rotational infil-
tration resulted in only 0.31 mmol/g (Pd-CVI-17). These values reflect a significant enhancement of hy-
drogen adsorption as compared to pristine CYCU-3 showing only 0.15 mmol/g at 293 K and 1 bar (Figure
S7). This enhancement can be attributed to dominating hydrogen spillover effects as evident from the lim-
ited desorption behavior of the Pd-CVI samples.

The Pd precursor-based CVI experiments resulted in Pd-NP@MOF composites with respectable
hydrogen uptake capacities with the mixed infiltration process being the most promising CVI technique.

27,30, 59, 60 e selected

Since Pt-NPs are also well-known for their significant hydrogen storage capabilities,
platinum(II) acetylacetonate as the alternative precursor for CVI with a specific focus on the mixed infil-
tration process. The precursor infiltration time was systematically explored followed by thermal reduction

to form Pt-NP@MOF composites (Pt-CVI-1 to Pt-CVI-3). A maximum hydrogen uptake capacity of 0.95
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mmol/g at 295 K and 1 bar was found after 12 h of infiltration for sample Pt-CVI-2 with no further increase
observed after prolonged infiltration. An overview of the respective BET surface area values and hydrogen
uptake capacities of Pt-NP@MOF composites are listed in Table S1 with hydrogen isotherms at 295 K
shown in Figure S6d. Similar as found for all Pd-CVI samples, it can be concluded that chemisorption is
the dominating adsorption process for all Pt-CVI as evident from their limited desorption capabilities.
Sample Pt-CVI-2 was selected for further characterization due its highest hydrogen uptake value. Its low-
pressure hydrogen isotherm suggests no saturation of adsorption thus making the high-pressure regime of
interest for exploration. Three consecutive high-pressure (<100 bar) adsorption-desorption isotherms of Pt-

CVI-2 were collected at 298 K. Respective excess isotherms for adsorption of hydrogen®* ¢!

showing type
1 behavior and hysteretic adsorption and desorption are displayed in Figure S8. A storage capacity of 2.9
mmol/g (0.59 wt%) is found at 100 bar and 298 K. This represents a significant enhancement as compared
to pristine CYCU-3 showing only an uptake of 2.4 mmol/g (0.48 wt%) as displayed in Figure S11b. We
propose that hydrogen spillover is the dominating adsorption mechanism at high-pressure for Pt-CVI-2
which is evidenced by the observed hysteretic sorption and limited desorption capability. In addition, it is
observed that the sorption properties decline after the first cycle and then stabilize for the second and third
cycle. The decline of the 1st cycle in Pt-CVI-2 may be due slight structural changes such as partial collapse
or shrinkage of the MOF structure during high pressure measurements until a stable state is reached. The
samples were kept in the apparatus and did not undergo thermal treatment between cycles, therefore thermal
activation-based structural collapse can be excluded. It is also possible that the 1% cycle removed potential
residual impurities which may have remained after the activation procedure and led to a state with a repro-
ducible accessibility of the active sites and pore surfaces. This is supported by the behavior of the 1st cycle
where the adsorption and desorption branches do not form a closed loop, however, this is the case for the
2" and 3" cycles.

The next step of this systematic study was comprised of probing the correlation of the NP precursor
infiltration time vs. different experimental parameters including the (i) NP metal loading capacity, (ii) ni-
trogen uptake at 77 K, (iii) hydrogen uptake at 295 K, and (iv) available pore volume. Three samples were
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selected for each infiltration method and metal: double-sided, Pd-CVI-2 to 4; mixed, Pd-CVI-10 to 12;
and rotational infiltration, Pd-CVI-16 to 18 and Pt-CVI-1 to 3. An additional merit for the above sample
selection is that all samples for each of the different infiltrated methods were prepared using comparable
conditions: 60 and 70 mg of NP precursor for respective Pd-CVI and Pt-CVI samples, respectively; and
1, 2, and 4 h of NP precursor infiltration time for respective Pd-CVI samples, and 2, 12, and 24 h for
respective Pt-CVI samples. An overview of all sample preparation details is listed in Table S1 for refer-
ence. The metal loading capacities of the CVI samples were probed using SEM-EDS with the respective
results plotted in Figure S13 and the pore volumes were obtained from DFT pore size calculations using
nitrogen isotherm data with the respective results plotted in Figure S12. In addition, all resulting numerical
data are listed in Table S1 with the respective experimental trends as function of the NP precursor loading
time displayed in Figure S14.

The NP loading capacities for the Pd-CVI samples range from 0.15 to 8.97 wt% while the Pt-CVI
samples range from 9.52 to 12.86 wt% which indicates that the nanoparticle infiltration is not uniform
across the different infiltration methods. In terms of gas uptake in relation to the metal content, no apparent
trend is found for all collective CVI samples. However, the following trends are found for specific individ-
ual infiltration methods: for Pd-based mixed-infiltrated samples (Figure S14b), as the Pd content increases,
the nitrogen uptake increases and the hydrogen uptake decreases; for Pd-based rotational-infiltrated samples
(Figure S14c), as the Pd content increases, the nitrogen uptake decreases and the hydrogen uptake in-
creases; and for Pt-based mixed-infiltrated samples (Figure S14d), as the Pt content increases, both the
nitrogen uptake and hydrogen uptake increases. No trend is observed for the Pd-based double-sided-infil-
trated samples (Figure S14a). Overall, Pd-based mixed-infiltrated samples show higher Pd content com-
bined with lower hydrogen uptakes, while Pd-based rotational-infiltered samples show lower Pd content
combined with higher hydrogen uptakes. This observation is an unexpected relationship as the opposite
behavior of higher Pd content, higher hydrogen uptake is expected. We speculate that the used NP loading
technique influences how the NPs assemble into the MOF pores. As CYCU-3 has 1D channel pores, it is
possible that NPs are predominantly formed at the pore openings as the Pd content increases which can
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potentially block hydrogen from entering the pore system and accessing the innermost NPs. This specula-
tion is supported by the accessible pore volume which increases with increasing Pd content for Pd-based
mixed-infiltration samples. In addition, a higher metal content can be expected for the mixed-infiltration
samples and with it, a higher chance of pore blockage given that this infiltration method originally mixes
the NP precursor with the MOF prior to the composite formation.

In summary, this data shows that Pt-NP@MOF composites have a higher intrinsic affinity to hy-
drogen as compared to Pd-NP@MOF composites, although no general trend could be observed for the
explored samples. We believe these results are a valuable addition to the current knowledge of NP@MOFs

for hydrogen storage as the majority of reports focus on Pd-based composites.**

Pt-NP@MOF Synthesis via Incipient Wetness Infiltration (IWI). Pt-NP@MOF composites from CVI
experiments above have been identified so far as the most promising hydrogen storage materials within the
scope of this investigation. Following this finding, IWI has been explored as an alternative approach to
prepare Pt-NP@MOF composites. IWI is regarded as a "green" approach for precursor infiltration since
this method requires no application of ultra-high vacuums.®* In particular, we focused on a method devel-
oped by Goia et al.®* which allows the rational design of monodispersed Pt-NPs. Goia described that re-
fluxing methanolic solutions of hexachloroplatinic(IV) acid form quantitatively Pt-NPs with methanol
functioning as the reducing agent at a mild temperature of only 70 °C. To the best of our knowledge this
process has not yet been applied for MOFs. Current processes for the reduction of MOF infiltrated Pt-
precursors involve harsh conditions such as hydrogen gas treatment at high pressures and temperatures.*
If Goia's process can be employed for IWI, the advantages are twofold: (1) methanol at ambient conditions
can act as carrier solvent for Pt-precursor infiltration into the MOF pores, and (2) upon completion of Pt-
precursor infiltration, increasing the temperature of methanol to reflux conditions can reduce the Pt-precur-
sor into monodisperse Pt-NPs. In summary, this method constitutes a very mild and "green" approach for

the design of new Pt-NP@MOF composites by IWI.
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CYCU-3 was probed by gravimetric methanol adsorption studies to explore its compatibility with
Goia's methanol-based process which was confirmed by a remarkable reversible methanol uptake of 55
wt% as shown in Figure 2. In addition, CYCU-3 was reported to be stable in methanol.** Consequently,
we started systematic infiltration and reduction studies with methanol Pt-precursor concentrations of 200,
500 and 1000 ppm resulting in samples Pt-IWI-1, Pt-IWI-2 and Pt-IWI-3, respectively. Details on the
experimental conditions can be found in the experimental section. The first indication of successful infil-
tration and reduction could be made visually since the sample processing was accompanied by distinct color
changes as shown in Figure 3. Upon precursor infiltration, the white-colored methanolic dispersion of
CYCU-3 changed into a pale-yellow color, while upon reduction, a dark-grey dispersion was obtained. The
same colors could be confirmed for washed and dried samples of respective Pt-precursor@MOF and Pt-
NP@MOF composites. Subsequently, the structural integrity of CYCU-3 was probed by PXRD measure-
ments. As displayed in Figure 4, no loss of crystallinity can be observed after each respective treatment
with the high-angle scans showing broad Bragg reflections characteristic of Pt-NPs as shown in Figure S9.
In addition, SEM-EDS measurements were performed to probe the Pt loading content in all Pt-TWI sam-
ples. As aresult, the highest Pt content is found for Pt-IWI-3 (1.95 wt%) followed by Pt-IWI-1 (0.14 wt%)

and Pt-IWI-2 (0.05 wt%). The respective SEM-EDS spectra are displayed in Figure S16.
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Figure 2. Thermogravimetric methanol adsorption in MOF CYCU-3. The MOF was thermally activated in

a dynamic N, atmosphere to remove DMF molecules from the pores (area 1), followed by a cooling step to
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RT (area 2) and adsorption step by switching the atmosphere to methanol (area 3), and the reversibility of

methanol adsorption was probed by a final heating step (area 4).
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i”-"?u

N 4

Figure 3. Color change upon two-step Pt-NP@MOF synthesis by IWI. The pristine methanolic MOF-dis-
persion is white-colored (a), which changes into light-yellow upon Pt-precursor infiltration (b), and finally

into dark-grey upon reduction (c).

Pt-IWI-3

Pt-precursor@MOF

Methanol treated CYCU-3

Relative intensity [a.u.]

As-synthesized CYCU-3

6 8 10 12 14 16 18 20 22 24
2-theta [°]

Figure 4. PXRD patterns of MOF CYCU-3 after different treatments (A = 1.54178 A). As-synthesized

CYCU-3 (black), methanol treated CYCU-3 (blue), Pt-precursor infiltrated CYCU-3 (green), and Pt-

NP@MOF sample Pt-IWI-3 (magenta).
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Hydrogen Uptake Studies. All Pt-IWI samples were screened for their hydrogen uptake capacities at am-
bient conditions. Pt-IWI-1 and Pt-IWI-3 showed reasonable enhancements of 0.27 and 0.20 mmol/g (0.05
and 0.04 wt%), respectively, which corresponds to improvements of 80% and 33%, respectively, and no
improvement for Pt-IWI-2 as compared to pristine CYCU-3. This adsorption behavior correlates very well
with the respective Pt loading content found from SEM-EDS measurements (Figure S16d): Pt-IWI-1 and
Pt-IWI-3 show the highest Pt contents, while the Pt content in Pt-IWI-2 is two orders of magnitude less.
This observation might be attributed to specific concentrations required for adequate Pt-precursor infiltra-
tion into the MOF pores. Certain concentrations most likely do not represent optimal critical mass to allow
for saturation of the pores during the infiltration process which can be in turn detrimental to the reduction
and hydrogen uptake process. The optimal critical mass is the localized concentration necessary for the
diffusion of the precursors to take place within the pores. Although the precursor stock solution concentra-
tion is known, the localized concentrations of the precursors near the pores which allow for infiltration are
unknown and are further limited if the stock concentration is low. Therefore, if a critical mass is not reached,
this will influence the nucleation sites which will then limit NP formation. Respective ambient temperature
hydrogen isotherms of all Pt-IWI samples are shown in Figure 5a. Noticeably, all samples display a slight
hysteretic adsorption and desorption which is archetypal for spillover.** In addition, full desorption is ob-
served which is an unusual observation for spillover and might be indicative of a significant physisorption
component on the surface of Pt-NPs. For comparison, only very few MOF studies report low-pressure am-
bient hydrogen storage capacities as MOF-hydrogen affinities are commonly very weak at RT and 1 bar.
For example, MOF Co(bdc),(dabco) adsorbs 0.03 wt% which is a representative value for non-metal in-
filtrated MOFs.®

The hydrogen adsorption properties of Pt-IWI samples were further probed by low-pressure (<1
bar) hydrogen adsorption measurements at 77 K and high-pressure (<100 bar) hydrogen adsorption meas-
urements at 233 and 298 K. Pristine CYCU-3 shows a respectable uptake capacity of 10.6 mmol/g (2.1
wt%) at 77 K and 1 bar as shown in Figure S7, whereas samples Pt-IWI-1, Pt-IWI-2 and Pt-IWI-3 exhibit
only values of 4.3, 4.2, and 5.9 mmol/g (0.85, 0.83, and 1.16 wt%), respectively. This trend also correlates
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well with the respective Pt loading contents obtained from SEM-EDS measurements (Figure S16d), where
the higher the Pt content, the higher the hydrogen uptake. Respective hydrogen isotherms at 77 K are shown
in Figure Sb. The explanation of this observation is based on the drastically reduced surface area in Pt-
IWI samples due to Pt-NPs partially blocking the pores of CYCU-3, making less surface area available for
adsorption as compared to pristine CYCU-3. Figures S10 and 6a display respective nitrogen isotherms at
77 K. Thus, it is evident that the dominating adsorption process at low-temperature is of a physisorptive
nature and not spillover.

Sample Pt-IWI-3 was selected for further investigations. Its low-pressure hydrogen isotherm at
ambient temperature shown in Figure 5a suggests no saturation of adsorption and thus making the high-
pressure regime of interest for exploration. High-pressure (<100 bar) isotherms of Pt-IWI-3 were collected

at 233 K and 298 K. Respective excess adsorption isotherms for hydrogen®* ¢!

showing type 1 behavior and
slight hysteretic adsorption and desorption are displayed in Figure Sc. Storage capacities of 2.4 and 1.8
mmol/g (0.48 and 0.36 wt%) are found at 100 bar and, 233 and 298 K, respectively. Interestingly, Pt-IWI-
3 still does not reach saturation of adsorption even at 100 bar, but with almost full desorption observed.
Also, considering that pristine Pt-IWI-3 vs. pristine CYCU-3 shows enhanced H» adsorption at <1 bar and
opposite behavior at 100 bar as shown in Figures S7 and S11 respectively, we can conclude that physisorp-
tion is the dominating adsorption process at higher pressures but hydrogen spillover remains the dominating
adsorption process in the low-pressure regime. This conclusion corresponds well with high-pressure cyclic
adsorption and desorption studies performed at 233 and 298 K over each three cycles as shown in Figure
5d. Full cyclability is observed which is a unique observation but in agreement with results from ambient
low-pressure studies showing full desorption capability. For comparison, it is typical that hydrogen spillo-
ver results in irreversible chemisorption such as reported for Pt-NP@MOF-177 with 2.5 wt% at RT and
144 bar in the first cycle followed by only 0.5 wt% in the second cycle.*® The decrease between cycles was

attributed to the formation of Pt hydrides which therefore can be excluded as a potential mechanism for the

fully reversible adsorption in Pt-TWI-3.
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Figure 5. Hydrogen isotherms of Pt-IWI samples. Low-pressure regime at 77 K (a) and 293 K (b), high

pressure regime at 233 K and 298 K (¢) with adsorption-desorption cycling at same temperatures (d). Solid

and open symbols represent adsorption and desorption values, respectively.

Mechanistic Insight into Pt-NP@MOF Formation. The interesting hydrogen storage properties of Pt-

IWI-3 led us to further probe its detailed structure-property relationships. Verifying that Pt-NPs are formed

within the MOF pores rather than deposited on the MOF particles' surfaces, and understanding the diffusion

and reduction process of Pt-precursors within the MOF matrix is of foremost interest. Three independent

experiments were performed, all of which verify that Pt-NPs are effectively formed within the pores of

CYCU-3: (1) BET surface area and pore size distribution by nitrogen physisorption analysis, (2) direct-

imaging by transmission electron microscopy (TEM), and (3) synchrotron-based powder diffraction (SPD)

data combined with investigations on the difference envelope density (DED).
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Nitrogen adsorption measurements were employed to investigate the materials surface properties.
Respective isotherms at 77 K of pristine CYCU-3, Pt-precursor@CYCU-3 and Pt-IWI-3 are shown in
Figure 6a. The isotherms reveal a reversible type IV behavior with one well-defined step at intermediate
partial pressures which is characteristic for the coexistence of micro- and mesopores. The BET surface area
decreases from 3004 m%/g in pristine CYCU-3 to 1124 m*/g in Pt-precursor@CY CU-3 followed by a further
decrease to 985 m?/g upon reduction into Pt-T'WI-3. This observation is the first evidence that the precursor
adsorption and reduction takes place inside the MOF pores. The pore size distribution derived from DFT
calculations is consistent with the presence of micro- and mesopores as shown in Figure 6b. It is evident
that the precursor infiltrates the micro- and mesopores and this can be quantified by a significant reduction
in the total pore volume from 1.89 cm?®/g in pristine CYCU-3 vs. 0.62 and 0.54 cm?/g in Pt-precur-

sor@CYCU-3 and Pt-IWI-3, respectively.
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Figure 6. Nitrogen isotherms at 77 K (a) and DFT pore size distributions of pristine CYCU-3, Pt-precur-

sor@CYCU-3 and Pt-IWI-3 (b).

The location of the Pt-NPs within CYCU-3 was further elucidated by TEM. TEM images of Pt-
IWI-3 were collected due to the contrast of Pt vs. the low electron density elements of CYCU-3. The Pt-
NPs were found to be dispersed in select domains throughout the material, with some areas that had no
visible NPs present. No long-range order observed as displayed in Figure 7a. However, even though TEM
imaging can confirm the presence of Pt-NPs, it can hardly be distinguished if they are embedded within the
MOF pores or being deposited on the MOF particles' surfaces. In order to confirm the former case, ultra-
microtomy was employed to obtain ultra-thin sections of the composite. A representative cross-sectional
TEM image of an ultra-thin section of Pt-IWI-3 is shown in Figure 7b. Pt-NP images indicate approximate
size of 3 nm in the transverse direction which are in the range of the mesopore size of CYCU-3, confirming
that the Pt-NPs are embedded within the MOF matrix. This observation also confirms that the pores of
CYCU-3 provide a template to control growth and agglomeration of the particles as most imaged Pt-NPs
are roughly the mesopore size of 3 nm with the possibility that the framework undergoes partial deformation
allowing for slightly larger particles than the apparent pore size. These results corroborate the spillover-
dominated low-pressure ambient hydrogen storage properties of Pt-IWI-3 as it has been reported that
smaller sized Pt-NPs are more efficient in their spillover effect.® Moreover, as shown in Figure S15, SEM
elemental mapping has been employed to verify that although sparse, a homogenous distribution of Pt-NPs

can be found throughout the composite.
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Figure 7. Representative TEM images of an as-synthesized (a) and ultra-thin sliced section (b) of Pt-IWI-

3 with average Pt nanoparticle sizes calculated for each image.

Little is known about the structural characteristics of precursor diffusion and reduction in MOFs.
While the analysis of DFT pore size distribution of Pt-IWI-3 has already confirmed that the Pt-precursor
infiltrates into both the micro- and mesopores, we further probed this process by synchrotron-based powder
diffraction (SPD) to investigate difference envelope densities (DED). This method provides underexplored
insights into residual electron densities between the activated pristine MOF and the activated composites,
allowing for the elucidation of adsorption sites of guest species.*® Within this particular composite system,
DED was employed to obtain structural characteristics of the position of (1) infiltrated Pt-precursor mole-

cules and (2) reduced elemental Pt-NPs in respect to their adsorption sites in the micropores and mesopores
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of CYCU-3. Respective SPD patterns of pristine CYCU-3 and the composites Pt-precursor@MOF and Pt-
IWI-3 are shown in Figure 8a. The SPD patterns of both composites do not exhibit any shift in their
reflections as compared to pristine CYCU-3, and most importantly, no new Bragg reflections of different
phases are observed as evidenced from high-quality final Le Bail refinements. Final Le Bail refinement
parameters are listed in Table S2. This SPD data enabled the generation of structure envelopes with respec-
tive DEDs of Pt-precursor@MOF and Pt-IWI-3 shown in Figure 8b.* It is found that electron density of
the Pt-precursor primarily concentrates around the Al-based metal nodes of CYCU-3 while populating both
the micropores and mesopores. This adsorption site is no surprise since electrostatic interactions exist be-
tween the negatively charged Pt-precursor and the positively charged metal nodes. Upon reduction, the
DED clearly shows significant electron density in the center of both pores, which is attributed to the high
electron density of Pt-NPs, while no electron density remains around the metal nodes. The central nature
of this adsorption site suggests that any distinct interactions with the pore walls can be excluded and that
only single Pt-NPs are preset in the transverse direction of the pores. These results are also in good agree-
ment with the Pt-NP formation process reported by Goia et al.®* Similar to Pt-NP formation in solution,
nucleation initiates within the pores followed by nuclei growth based on the diffusion of metal atoms
through the channels of CYCU-3 ultimately forming the final Pt-NPs in which their aggregation is con-

trolled by the pore environment, as confirmed by DED and TEM characterizations.
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Conclusions
This systematic study on the rational design and characterization of novel metal NP@MOF composites
expands the understanding of potential materials for hydrogen storage applications. These materials can be

fine-tuned for their physiochemical properties making them applicable within various temperature and pres-

25



sure ranges. We systematically synthesized and probed Pd- and Pt-based NP@MOF composites and fur-
thered the understanding of different infiltration techniques including the well-established CVI method and
anovel and "green" IWI method. A combination of modern solid-state analytical tools such as TEM and
SPD-based DED were used to provide valuable mechanistic insight into the infiltration and reduction pro-
cesses underlying the NP@MOF formation. Also, acknowledging that pure MOF materials such as record
holders Nix(DOBDC)! with HsDOBDC = 4,6-dioxido-1,3-benzenedicarboxylic acid, and
Be2(OH)12(BTB)4!” with HsBTB = 1,3,5-benzenetribenzoic acid, well exceed the performance of the herein
presented composites, we want to highlight the opportunities which could evolve from the herein presented
CVI and IWI processes for the development of new materials for applications beyond gas storage such as
catalysis, a field strongly benefiting from the controlled formation of metal NPs embedded in porous ma-

trices.
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Synopsis

Chemical Vapor Infiltration (CVI) and Incipient Wetness Infiltration (IWI) processes were systematically
explored to design novel Nanoparticle@Metal-Organic Framework (NP@MOF) composite materials for
potential hydrogen storage applications. Room temperature hydrogen adsorption capacities of 0.95 and 0.20
mmol/g at 1 bar, and 2.9 and 1.8 mmol/g at 100 bar are found for CVI and IWI samples, respectively, and

structural details regarding NP@MOF preparation were obtained through crystallographic means.
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