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Abstract: Three-dimensional covalent
organic frameworks (COFs) have been
demonstrated as a new class of templates for nanoparticles. Photodecomposition of the [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5C5H5)]@COF-102 inclusion compound
(synthesized by a gas-phase infiltration
method) led to the formation of the
Pd@COF-102 hybrid material. Advanced electron microscopy techniques
(including high-angle annular darkfield scanning transmission electron microscopy and electron tomography)
along with other conventional characterization techniques unambiguously
showed that highly monodisperse Pd
nanoparticles ((2.4  0.5) nm) were
evenly distributed inside the COF-102

framework. The Pd@COF-102 hybrid
material is a rare example of a metalnanoparticle-loaded porous crystalline
material with a very narrow size distribution without any larger agglomerates
even at high loadings (30 wt %). Two
samples with moderate Pd content (3.5
and 9.5 wt %) were used to study the
hydrogen storage properties of the
metal-decorated COF surface. The uptakes at room temperature from these
samples were higher than those of simiKeywords: covalent organic frameworks · hydrogen storage · nanoparticles · organic–inorganic hybrid
composites · palladium

Introduction
Covalent organic frameworks (COFs) are organic analogues
of metal–organic frameworks (MOFs) and are constructed
solely from organic building blocks. Instead of metal–linker
coordination bonds as in MOFs, COFs are linked by strong
covalent bonds. In their stimulating work, Yaghi and coworkers showed that self-condensation of aromatic diboronic acids or condensation of aromatic alcohols and aromatic
diboronic acids in a controlled way yields crystalline organic
polymers.[1] These fascinating materials exhibit high thermal
stability and large surface areas on a par with MOFs. Potential applications of COFs in gas storage, optoelectronics, and
catalysis have been demonstrated.[2] Unlike most of the organic polymers, COFs have an ordered crystalline structure,
which makes them a promising new class of templates for
hosting nanoparticles. The template-directed synthesis route
is one of the widely used methods for producing various
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lar systems such as Pd@metal–organic
frameworks (MOFs). The studies show
that the H2 capacities were enhanced
by a factor of 2–3 through Pd impregnation on COF-102 at room temperature and 20 bar. This remarkable enhancement is not just due to Pd hydride formation and can be mainly ascribed to hydrogenation of residual organic
compounds,
such
as
bicyclopentadiene. The significantly
higher reversible hydrogen storage capacity that comes from decomposed
products of the employed organometallic Pd precursor suggests that this discovery may be relevant to the discussion of the spillover phenomenon in
metal/MOFs and related systems.

types of metal nanoparticles, and the template plays a major
role in determining the size and shape of the nanoparticles.[3]
MOFs, microporous zeolites, mesoporous siliceous materials,
and related matrices are shown to act as templates for nanoparticles. Realization of nanoparticles with narrow size distribution even at higher metal loadings is the key challenge
in this area.[4] In this regard, 3D COFs (COF-102) with the
following interesting structural features are potential templates to realize monodisperse particles at higher metal
loadings. Some of the structural features of COF-102 are:
1) the guest molecule adsorbed within the framework “sees”
all the atoms used for its construction; and 2) pores do not
form channel-like structures, but are highly interconnected.
On the other hand, COFs have exceptionally low densities
because they are made up of light elements, and therefore
can store very high gravimetric amounts of small gas molecules. Hydrogen, with a chemical energy per mass of H2
equal to 142 MJ kg1, is a widely accepted green fuel.[5]
However, safe and economical storage of hydrogen for
mobile applications remains one of the bottlenecks for its
widespread usage. Yaghi and co-workers studied the H2 storage properties of 2D and 3D COFs and found that COF-102
outperforms the other COFs and stores close to 7 wt % of
hydrogen at 77 K and 35 bar.[2c,d] The next challenge lies in
the tuning of adsorption enthalpies for effective storage
under ambient conditions. Several theoretical investigations
have been reported from this point of view, which involve
decoration of the COF surface with alkali-metal ions, alkalimetal clusters, and transition-metal catalysts.[6] However, experimental studies in this regard are yet to be carried out.
Herein, we present the synthesis of a new organic–inorganic
hybrid material “metal@COF”. The objectives of this work
are to establish COFs as novel templates for the stabilization of nanoparticles and to study the hydrogen storage
properties of metal-decorated COF surfaces.
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We chose a 3D COF, COF-102, as a representative example of this family due to its promising hydrogen storage
properties. Self-condensation of tetra(4-dihydroxyborylphenyl)methane at 85 8C yields the COF-102 framework, which
is based on the hypothetical C3N4 net (ctn type, see
Figure 1). On the other hand, Pd is a well-studied hydrogen
storage material that can absorb hydrogen into its lattice to
form PdHx (x = 0.1 to 0.6).[7] We selectively decorated the interior surface of COF-102 microcrystals with Pd nanoparticles by using a precursor chemical infiltration technique,
and the hydrogen storage properties of the resultant hybrid
material were evaluated at 77 K and room temperature.

Figure 1. Schematic representation of the synthesis of the Pd@COF-102
hybrid material. Left: the ctn structure of COF-102; carbon, boron, and
oxygen atoms are represented in gray, red, and green, respectively. Right:
the reaction carried out inside the pores of COF-102 for the synthesis of
Pd nanoparticles.

Results and Discussion
A range of Pd@COF-102 samples with varying Pd content
(30, 20, 9.5, and 3.5 wt %) were synthesized. The characterization data of 30 wt % Pd are discussed in detail, since the
novelty of the COF template lies in obtaining very monodisperse nanoparticles at higher metal loadings. The samples
with lower Pd content were used for the hydrogen storage
studies due to high surface areas that are close to pure
COF-102, which allows comparison of the hydrogen absorption properties of the materials.
COF-102 as a template for Pd nanoparticles: Solvent-free
gas-phase infiltration of volatile organometallic precursors
inside porous frameworks is demonstrated as a highly versatile method for the synthesis of metal@MOF-like hybrid materials.[3b] In this method, the inclusion compounds
[MLn]a@MOF (index “a” refers to the number of organometallic guest molecules per MOF formula unit) are decomposed by heat or light to yield metal@MOF composite materials. The major advantage associated with this approach is
that heavy-homogeneous metal loadings can be obtained in
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a single loading step. Recently, by using this procedure,
some of us have studied for the first time the organometallic
host–guest chemistry of COF-102 with [FeACHTUNGRE(h5-C5H5)2], [CoACHTUNGRE(h5-C5H5)2], and [RuACHTUNGRE(cod)ACHTUNGRE(cot)] (cod = cycloocta-1,5-diene,
cot = cycloocta-1,3,5,7-tetraene) as guest molecules and
showed that ferrocene assumed a structure reminiscent of
the host through p–p interactions.[8] Also, it has been established that COF-102 keeps its crystalline nature intact in
metallocene@COF-102 inclusion compounds. Herein, we
used highly volatile and light-sensitive [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5C5H5)] as a precursor for Pd nanoparticles (Figure 1). In a
typical loading experiment, activated COF-102 and [PdACHTUNGRE(h3C3H5)ACHTUNGRE(h5-C5H5)] were placed in two separate glass boats in a
Schlenk tube under vacuum (  103 mbar). The molecular
dimensions of [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)] are  2.2, 2.3, and
4.1  in the x, y, and z directions, respectively, which are
much smaller than the pore openings (above 1 nm) of the
COF-102 framework. Therefore, the diffusion of precursor
into the COF matrix is highly feasible. The color of the
COF-102 matrix changed immediately to light red and then
to dark red, due to the infiltration of [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)]
into the matrix.
The Schlenk tube in which the reaction was performed
was kept at room temperature for 3 h in a dark cupboard.
The unstable nature (due to light sensitivity) of the inclusion
compound (1) did not allow us to complete its characterization. The IR spectrum (Figure S1 in the Supporting Information) of compound 1, recorded immediately after isolation
from the Schlenk tube, showed some additional peaks along
with peaks corresponding to the COF-102 structure. The
XRD data (Figure S2 in the Supporting Information) of
compound 1 obtained immediately after isolation also
showed that the COF-102 crystalline structure is intact after
loading with the [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)] complex. From elemental analysis data, the number of [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)]
molecules per COF-102 formula unit was determined to be
close to two.
The inclusion compound 1 was subjected to UV-light irradiation for 16 h at room temperature, and a change in the
color of the sample from dark red to black indicated the formation of Pd nanoparticles. Subsequently, thermal treatment
under vacuum at 400 K for 12 h was performed to remove
any physisorbed organic byproducts. A range of samples
with varying Pd contents (30, 20, 9.5, and 3.5 wt %) were
synthesized.
The IR spectrum (Figure 2) of the obtained material
Pd30wt%@COF-102 (2) showed no signs of decomposition
of COF-102; the IR spectrum perfectly matches that of the
pure matrix. Additional bands were noted around
3000 cm1, which could be due to leftover organic compounds from the decomposition of the organometallic precursor (details are given later). Corroborating this, the
13
C NMR magic-angle spinning (MAS) spectrum (Figure S3
in the Supporting Information) showed four intense peaks
at d = 151.4, 134.2, 128.5, and 66.0 ppm, which again perfectly match those for the host framework. Once more, low-intensity peaks corresponding to leftover organic compounds
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Figure 2. IR spectrum of a) activated COF-102 and b) Pd30wt%@COF102 hybrid material after heating at 130 8C under vacuum. The peaks in
the zoomed in region correspond to leftover byproducts, such as bicyclopentadiene.

were observed at around d = 40 ppm. From the isotherms of
the N2 sorption measurements of the composite, an equivalent BET surface area of 1419 m2 g1 was calculated. The decrease in surface area corresponds to filling of pores of the
framework with Pd nanoparticles. The powder XRD pattern
(Figure 3) of 2 reveals the characteristic reflections of the
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Figure 4. a) HAADF-STEM of Pd30wt%@COF-102; the image reveals
the even distribution of Pd particles throughout the framework crystals.
b) HRHAADF-STEM image of a Pd nanoparticle imaged along its [110]
zone axis at atomic resolution. c) Fourier transform of the area highlighted by the white frame in (b) showing evidence that the particle is cubic
Pd0. d) HRHAADF-STEM image of the Pd nanoparticle imaged along
its [100] zone axis. e) The indexed Fourier transform of the area in the
white box in (d). f) HRHAADF-STEM image of a fivefold-twinned Pd
nanoparticle. Its fivefold symmetry is highlighted by white arrows; the
scale bars in (b), (d), and (f) are 5 nm.

Figure 3. Powder XRD patterns of a) Pd30wt%@COF-102 hybrid material and b) activated COF-102; the inset shows a broad peak corresponding
to Pd nanoparticles.

host matrix along with a very broad peak around 2q = 39.78
assigned to approximately 2.5 nm sized Pd nanoparticles, as
estimated from the Scherrer equation. These characterization data suggest that small Pd nanoparticles are formed
and are present along with COF-102 in compound 2. Extensive transmission electron microscopy (TEM) studies were
carried out on compound 2 to gain complete insight into the
distribution of nanoparticles in the COF-102 matrix.
Bright-field TEM (Figure S4 in the Supporting Information) and high-angle annular dark-field and scanning transmission electron microscopy (HAADF-STEM; Figure 4 a)
images of 2 showed the presence of COF-102 crystals systematically and heavily loaded with Pd nanoparticles. Their
average size was measured to be (2.4  0.5) nm (Figure 5).
Larger agglomerates of Pd were not found. The observed
particle size is larger than the pore diameter (0.9 nm) of the
COF-102 framework, and is attributed to the highly interconnected pores in COF-102 with openings close to 1 nm,
possibly allowing the growth of the particles up to the observed size regime without distortion of the matrix.

Chem. Eur. J. 2012, 18, 10848 – 10856

Figure 5. Size distribution of the Pd nanoparticles in Pd30wt%@COF102, with particle sizes measured from HAADF-STEM images. The average particle size was calculated to be (2.4  0.5) nm.

The chemical nature of the nanoparticles was evidenced
by local energy-dispersive X-ray (EDX) spectra (Figure S5
in the Supporting Information) and proven to be cubic Pd0
(Fm3̄m, space group 225) by indexing Fourier transforms of
particles imaged in high-resolution (HR) TEM (Figure 6)
and HAADF-STEM (Figure 4 b–e) along zone-axis orientations. Some imaged Pd particles exhibited the presence of
single or multiple twins (e.g., the fivefold-twinned nanoparticle in Figure 4 f). Material 2 was not stable enough under
the TEM electron beam to be able to reveal electron diffraction information. However, it was possible to obtain a
weak diffraction pattern from empty COF-102 (Figure S6 in
the Supporting Information), thereby proving its composition and crystallinity.
To determine the 3D distribution of the Pd nanoparticles
within the COF-102 crystals, electron tomography was per-
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At loadings of 20, 3.5, and 9.5 wt % the particles still exhibited the same small size and were still monodisperse. The
amount of Pd loading has no effect on the particle size in
Pd@COF-102 hybrid material. The majority of the crystals
exhibited a homogeneous particle distribution throughout
the COF-102 crystals even at lower loadings of Pd (Figure 8

Figure 6. HRTEM of Pd30wt%@COF-102; the insets show the Fourier
transforms of the areas highlighted by the white frames. Only reflexes of
cubic Pd0 are present.

formed. An overview of the reconstruction of a loaded crystal together with a slice through the reconstructed volume is
shown in Figure 7 (see the Supporting Information for a 3D
Figure 8. Bright-field TEM image of a Pd3.5wt%@COF-102 crystal. The
particles are in the size range of 1–4 nm.

Figure 7. a) Tomographically reconstructed volume; the Pd particles are
rendered in grey, the COF framework in white. b) Orthoslice through the
3D reconstruction of loaded Pd30wt%@COF-102. The particles visible as
white dots are clearly present in the whole crystal without any preferential distribution in size or position.

rendering (MPEG)) reveals that the particles are densely
and homogeneously distributed throughout the whole COF102 crystal. Larger particles at or close to the surface that
are quite common in loaded MOF systems were absent (see
Figure 7 b).[4b, 9] The excellent distribution of particles inside
COF-102 crystals is unambiguously established from these
tomography data. In fact, this composite system is a very
rare, if not the only, example of metal-particle-loaded
porous crystalline materials with very narrow size distribution and an absence of larger agglomerates even at higher
loadings (30 wt %). This suggests that COF-102 is an excellent template for the stabilization of and as host matrix for
highly monodisperse nanoparticles. The COF-102, which has
its entire matrix (all the atoms involved in the framework
construction) available to guest molecules (nanoparticles),
could provide a more efficient stabilization to nanoparticles
through interaction with the framework surface, thus leading
to the formation of highly monodisperse nanoparticles.
Pd@COF-102 samples with lower Pd content: Similar observations were made for the samples with lower Pd content.
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and Figure S7 in the Supporting Information). The particle
size remained almost the same (around 1–4 nm) irrespective
of the amount of Pd present in the samples. Very few
loaded crystals were found with particles only present at or
very close to the surface (Figure S7 a–e in the Supporting Information). This may be due to the gradient diffusion of the
metal precursor through COF-102 crystals at lower concentrations and preferential aggregation or clustering of precursor molecules at levels of precursor adsorption below the
saturation limit. Also, for all these samples, any detectable
changes corresponding to decomposition of the framework
were not noticed in the powder XRD and IR spectroscopy
data (Figures S8 and S9 in the Supporting Information),
after loading with Pd. The BET (N2) surface areas measured
were 1419 and 3145 m2 g1 for 30 and 3.5 wt % samples, respectively. The adsorption/desorption curves are shown in
Figure 9. As expected, the micropore volume decreased
with the increase in Pd loading, which suggests incorporation of Pd inside COF-102 pores.
Hydrogen storage properties of Pd@COF-102: Current
cryogenic hydrogen storage capacities for mobile applications have been mainly demonstrated in the materials with
highest specific surface area to approach the U.S. Department of Energy target.[10] However, the storage capacity of
these materials exponentially decreases at ambient temperature due to the small enthalpy of H2 adsorption (typical
range of 3.5–7 kJ mol1 [11]), which is well below the
15 kJ mol1 [12] that is estimated at optimal operating conditions under moderate temperature and pressure. With
regard to this, the study of metal–organic hybrid materials
represents one promising route for improving the enthalpy
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Figure 9. N2 sorption isotherms of a) COF-102 (~), b) Pd3.5wt%@COF102 (&), and c) Pd30wt %@COF-102 (*). Filled symbols: adsorption,
open symbols: desorption. The micropore volume decreased with the increase in Pd loading, which suggests incorporation of Pd inside COF-102
crystals.

of H2 adsorption and consequently the storage properties as
well. Recently, Latroche and co-workers[13a] suggested that
the Pd-decorated MOF is a good strategy to enhance the hydrogen storage performance. Thus, in the work reported
herein, we intend to use our novel Pd@COF-102 hybrid materials to investigate hydrogen storage properties.
Hydrogen adsorption isotherms at 77 K for COF-102,
Pd3.5wt%@COF-102, and Pd9.5wt%@COF-102 samples are
presented in Figure 10 a. As shown in Figure 10 a, COF-102
had a hydrogen storage capacity of 5.27 wt % at 77 K and
20 bar. The value measured for COF-102 is in good agreement with the previous work from Yaghi and co-workers.[2c,d]
After decoration of Pd on COF-102, however, the hydrogen
uptakes on Pd3.5wt%@COF-102 and Pd9.5wt%@COF-102
were decreased to 4.60 and 4.38 wt %, respectively (Figure 10 a). The loss of excess hydrogen uptake at low temperature can be correlated with the decrease of the specific surface area and pore volume after Pd loading. Hence, the contribution of Pd nanoparticles to the hydrogen storage capacity is negligible at 77 K. In contrast, at 298 K and 20 bar
the hydrogen storage capacity was enhanced by a factor of
2–3 relative to the pristine material (Figure 10 b). Note that
the adsorption isotherm was completely reversible after full
evacuation overnight, although there appeared to be a hysteresis at room temperature. It can be seen from Figures S10
and S11 in the Supporting Information that the third and
fourth adsorption isotherms at room temperature and 77 K
were in good agreement with the first and second adsorption
isotherms, thus indicating preservation of the framework.
Moreover, the absolute value of the hydrogen uptake of
Pd@COF-102 hybrid material is significantly higher than
that for similar systems at a pressure of 20 bar as reported
recently.[13] Figure 11 and Table S1 in the Supporting Information show the direct comparison of H2 adsorption isotherms at 298 K for various Pd contents impregnated in
COFs (this work) and MOFs (taken from ref. [13]). At
298 K, the hydrogen uptakes on Pd3.5wt%@COF-102 and
Pd9.5wt%@COF-102 were 0.38 and 0.42 wt %, respectively,

Chem. Eur. J. 2012, 18, 10848 – 10856

Figure 10. Excess hydrogen sorption isotherms of pristine COF-102 (&),
Pd3.5wt%@COF-102 (*), and Pd9.5wt%@COF-102 (^) at a) 77 and
b) 298 K. i) The amount of hydrogen adsorbed by the physisorption process, ii) the amount of hydrogen adsorbed by hydrogenation of residual organic compounds, and iii) the amount of hydrogen adsorbed by Pd hydride; iii-a is due to the 6 wt % difference in Pd loading,  0.036 wt % of
H2 ; iii-b is due to the 3.5 wt % of Pd impregnated in COF-102,
 0.02 wt % of H2. Filled symbols: adsorption, open symbols: desorption.

Figure 11. Comparison of H2 adsorption isotherms at 298 K for various
Pd contents impregnated in COFs and MOFs: COF-102 containing
3.5 wt % Pd (*), COF-102 containing 9.5 wt % Pd (^), MIL-100(Al) containing 10 wt % Pd (": taken from ref. [13a]), and [SNU-3]0.54 + ACHTUNGRE(NO3)0.54
containing 3 wt % Pd (&: taken from ref. [13b]).
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at the moderate pressure of 20 bar. On the other hand, the
hydrogen uptakes on Pd10wt%@MIL-100(Al)[13a] and
Pd3.0wt%@ACHTUNGRE[SNU-3]0.54 + ACHTUNGRE(NO3)0.54[13b]
were
0.35
and
0.30 wt % at higher pressures of 40 and 95 bar, respectively.
The remarkable enhancement observed relative to pristine
COF-102 can be only partially explained by Pd hydride formation; some other mechanism must be considered for improving the hydrogen storage capacity of the Pd@COF-102
samples.
“Hydrogen spillover” is a conventional way to describe
this phenomenon, which is solely defined as the dissociative
chemisorption of hydrogen molecules on metal nanoparticles, followed by migration of monatomic hydrogen (somehow) into the porosity of the host MOF.[14] However, this
mechanism is not yet fully understood and is still open to argument.[15] Therefore, we leave this point behind in our discussion, and try to explain our data with a new approach. A
consistent explanation is the following: the 6 wt % increase
of the Pd content between Pd9.5 wt %@COF-102 and
Pd3.5 wt %@COF-102 results in an increase in the H2
uptake of 0.036 wt % at 20 bar, as shown in Figure 10 b iii-a.
Under the assumption that this increase is solely due to hydride formation, an upper limit for the ratio of atomic hydrogen and Pd can be calculated, which leads to H/Pd = 0.6.
Considering the 20 bar pressure, the ratio of 0.6 H/Pd in Pd
nanoparticles agrees well with the literature (e.g., between
0.2 and 0.55 H/Pd for the different Pd sizes (2–9 nm) at
1 bar H2 and 300–310 K).[7c, 16] Hence, from this H/Pd ratio
of 0.6, the maximum amount of hydrogen adsorbed by Pd
hydride formation can be calculated for Pd3.5wt%@COF102 (0.02 wt % of H2), as shown in Figure 10 b iii-b. Furthermore, the amount of physisorbed hydrogen (0.16 wt % of
H2) coming from the pristine material can be subtracted
(Figure 10b i). The further enhancement of the hydrogen adsorbed at 20 bar is 0.2 wt %, which has to be related to an
additional mechanism (Figure 10 b ii).
It should also be noted that a relatively strong hysteresis
appeared in Pd-impregnated COF-102, especially in the lowpressure region (below 6 bar). To elucidate this point, the
adsorption kinetics of Pd-impregnated COF-102 and pristine
materials were investigated (Figure S12 in the Supporting
Information). It can be seen that the equilibration of Pd/
COF-102 in isothermal measurements required a much
longer time at low pressure than at high pressure. The equilibration time at high pressure is equivalent to the physisorption kinetics of pristine materials. This remarkable difference in equilibration time, based upon pressure, indicated
that a chemical interaction dominated at low pressure
whereas physical interaction prevailed at high pressure.
Pd-catalyzed hydrogenation/dehydrogenation of phenyl
rings pinned inside the framework is highly unlikely due to
the steric strain barrier; rather, H/D exchange of phenyl
rings involving CH/D activation is possible as in the case
of the Ru@MOF-5 system.[17] However, this effect cannot
account for the observed excess of H2 uptake. Corroborating
the intact nature of the framework, IR, TEM (Figure S13 in
the Supporting Information), NMR, and XRD data of the
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hydrogenated sample (PdH0.6@COF-102) did not indicate
any modification of the framework. Considering these
points (extra 0.2 wt % of H2 adsorption and hysteresis at low
pressure), we tentatively presumed that residual organic
compounds coming from the decomposed products of the
organometallic Pd precursor might still exist inside COF102, thereby leading to remarkable enhancement of H2 adsorption and hysteresis. A close comparison of the MAS 13C
NMR spectra of H2-loaded and -unloaded Pd@COF-102
supports our conclusion (Figure S14 in the Supporting Information). The hydrogenation of residual organic compounds
is consistent with a slight shift in the peak position from
around 45 to 34 ppm. Thus, the question arises of what
kinds of residual compound exist in sample 2. The decomposition (UV-light/thermal) pathways for the [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5C5H5)] precursor have been well studied in the literature.[18]
Based upon these studies, the major decomposition pathway
for [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)] under UV light is shown in
Figure 12.

Figure 12. Most probable reaction pathways for decomposition of the
[PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)] precursor in the presence of UV light. The
Pd@COF-102 samples were heated at 403 K under vacuum. TB = boiling
temperature.

Initially, the Pd precursor complex was loaded inside the
framework through gas-phase infiltration, and then decomposed under UV light. At the end, the compound was
heated under a vacuum at 400 K. Therefore, most of the
allyl and cyclopentadienyl radical products, such as propylene, propane, biallyl, benzene, and cyclopentadiene, should
evaporate, but dicyclopentadiene, which has low volatility
(b.p.  443 K), might have stuck to the surface of Pd nanoparticles. NMR signals (Figure S14 in the Supporting Information) also confirmed the peaks of dicyclopentadiene at
136, 132 (overlaps with framework peaks, so not observed),
50, 46, 45, 41, and 34 ppm (seen as broad peaks). The existence of dicyclopentadiene inside Pd@COF-102 is also crosschecked by thermal desorption spectroscopy measurements
(Figure S15 in the Supporting Information). The major vola-
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tile residual organic compounds originating from the precursor are stripped off from the hybrid material by heating the
compound at 403 K for 12 h under vacuum. We attempted
to remove all the byproducts of [PdACHTUNGRE(h3-C3H5)ACHTUNGRE(h5-C5H5)] by
heating to temperatures above 473 K, but the Pd@COF-102
hybrid material lost its crystalline nature (Figures S16 and
S17 in the Supporting Information). The alkene chemistry
(hydrogenation/dehydrogenation) on Pd surfaces (single
crystalline, as well as supported nanoparticles) has been well
studied in the literature.[19] The high activity of (nanosized)
Pd surfaces leads to strong adsorption of alkenes in a di-sbond fashion even at temperatures as low as 80 K. The intermediate undergoes facile hydrogenation or dehydrogenation
through b-H elimination depending on the reaction conditions via h1-alkyl species. Therefore, we attribute the significant excess of 0.2 wt % H2 uptake at room temperature and
20 bar to hydrogenation/dehydrogenation of organic compounds permanently present on the Pd nanoparticles surface in sample 2.

Conclusion
The suitability of 3D COFs for stabilization of Pd nanoparticles is demonstrated. The Pd@COF-102 hybrid material described herein is a very rare example of a metal-nanoparticle-loaded porous crystalline material with a very narrow
size distribution. Hydrogen storage studies showed that the
H2 storage capacities were enhanced by a factor of 2–3
through Pd impregnation on COF-102 at room temperature
and 20 bar. The hydrogen uptake is reversible. This remarkable enhancement was not just due to Pd hydride formation,
and can be mainly ascribed to hydrogenation of residual organic compounds. The significantly higher hydrogen storage
capacity that comes from decomposed products of the employed organometallic Pd precursor suggests that our discovery may be relevant to the discussion of the spillover
phenomenon in metal/MOF and related systems.

Experimental Section
Synthesis Pd30wt%@COF-102 hybrid material: In a typical experiment,
dry activated COF-102 (30 mg) and [PdACHTUNGRE(allyl)ACHTUNGRE(h5-C5H5)] (80 mg) were
placed in two separate glass boats in a Schlenk tube. The tube was then
evacuated close to 103 mbar for 2 min and sealed under vacuum. The reaction tube was kept at room temperature for 3 h. The obtained inclusion
compound (PdACHTUNGRE(allyl)Cp@COF-102, Cp = cyclopentadienyl) was exposed
to UV light for 6 h under an Ar atmosphere. During this period the color
of the compound changed from dark red to black, thereby indicating the
formation of Pd nanoparticles. The product was heated under vacuum at
403 K overnight to remove other byproducts. Decreasing the loading
times to  30 and  50 min resulted in the formation of hybrid materials
with 3.5 and 9.5 wt % Pd content, respectively.
Hydrogen adsorption/desorption measurements: An automated Sieverts
type apparatus (PCTPro-2000) was used with a so-called microdoser
(MD) from HyEnergy. The adsorption and desorption isotherms (0–
20 bar) were measured at 298 and 77 K (liquid nitrogen) in a sample cell
volume of approximately 1.3 mL by using ultrahigh-purity hydrogen gas
(99.999 %). Before the hydrogen uptake measurements, the samples were
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heated for several hours at 130 8C in a vacuum (4.5  109 bar) to remove
any adsorbed gas from the surface.
To prevent the influence of the temperature gradient between the cooled
sample cell (77 K) and gas reservoir with pressure transducer (298 K)
during isotherm measurement at 77 K, nonadsorbing samples (sea sand)
possessing the same volume were measured under identical conditions.
By subtracting these two measurements, the influence of the temperature
gradient, as well as systematic errors, cancelled out. Thus, the excess
amount of hydrogen nexcACHTUNGRE(p,T) adsorbed can be calculated by [Eq. (1)]:
nexc ðp,TÞ ¼ nexperiment ðp,TÞnsea sand ðp,TÞ

ð1Þ

The adsorbed amount is reported in wt %, which is defined as the mass
of hydrogen mads per mass of the system, which consists of the sample
mass ms and the adsorbed hydrogen [Eq. (2)]:
Hydrogen uptake ðwt %Þ ¼

mads
ms þ mads

ð2Þ

TEM measurements: TEM measurements were carried out under low
dose conditions where possible.[20] The diffraction pattern of unloaded
COF-102 was acquired on a Philips CM20 microscope equipped with a
LaB6 gun, operated at 200 kV at liquid-nitrogen temperature with a
Gatan cooling holder. Bright-field TEM and HRTEM images were acquired on a Phillips CM30 microscope equipped with a Schottky fieldemission source, operated at 300 kV. HAADF-STEM images and the
electron tomography series were acquired on an aberration-corrected
FEI Titan “cubed” microscope operated at 300 kV and with a Fischione
single-tilt tomography holder for the tomography experiments. For HR
imaging, the convergence semiangle a of the electron probe was set to
21.5 mrad, and the acceptance semiangle b to 50 mrad. For the tomography experiments, the convergence semiangle a of the electron probe was
set to 8 mrad, keeping the acceptance semiangle b at 50 mrad. Images
were acquired from + 708 to 708 tilt angle by using a 18 tilt angle increment. Tomographic reconstruction was performed by using a SIRT algorithm in the FEI Inspect 3D software package. 3D visualization was performed with the AMIRA 5.0 software. The size distribution of the Pd
nanoparticles was determined by measurement of the projected area
(nm2) in HRHAADF-STEM images, and calculation of the particle diameters assuming spherical particle morphology.
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