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ABSTRACT
Hydrogen storage is one key challenge to achieve hydrogen economy. Hydrogen
spillover in metal-organic frameworks (MOFs) has been proposed to reach the Department of
Energy (DOE) hydrogen storage goals 5.5 wt% (2015) and 7.5 wt% (ultimate). The adjustable
surface, porosity, and chemical functionality are beneficial to the hydrogen spillover research, in
order to observe the evidence of atomic hydrogen dissociated from transition metals, to
understand possible mechanism of hydrogen spillover, and ultimately to manipulate the adsorbent
structure to get high uptakes at ambient environments.
In this study, copper type MOFs Cu-BTC and Cu-TDPAT, as well as zinc type MOF
IRMOF-8, were studied. Different transition metal (Pt) doping methods were examined to
determine the best way to synthesize catalyst-MOF composites, with no loss in structural integrity
and with high hydrogen storage at room temperature. Pre-bridge (PB) technique was adopted to
prepare platinum on activated carbon (Pt/AC) with copper type MOF Cu-TDPAT (T), which
showed good structural stability and the highest hydrogen adsorption at 300 K 1 bar (4.9 cc/g
STP, 0.045 wt%) among other catalyst-MOFs, and among the uptakes reported in the literature.
Spectroscopic evidence in XPS and FTIR support the discovery of atomic hydrogen (1) in
between the Cu-O-C bond that connects the TDPAT ligand to the copper paddlewheel (Cu PDW)
in MOFs, (2) the sp2 N aromatic heterocycles in the center ring and (3) the secondary-amine type
NH in the branches of TDPAT. However, hydrogen uptake of PB-T was 0.8 wt% at 70 bar, with
limited slow kinetics.
Furthermore, in addition to catalysts, addition of the activated carbon (AC) to MOF CuTDPAT also improved hydrogen storage. This is possibly due to the introduction of the defects,
or partial charging of the MOF, supported by increased external surface area, the copper
oxidation state measured by XPS, and density functional theory showing charged ligands are
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prone to hydrogenation. To further study the role of defects, carbon monoxide (CO) adsorption in
FTIR was used to probe Cu-TDPAT and Cu-BTC. Strong CO-Cu+ adsorption is observed at 150
K ~5 psi, and in TPD-FTIR, CO desorption from Cu+ occurred over 300 K, relatively to CO-Cu2+
adsorption at over 200 K. No CO adsorption in Cu-TDPAT was found, regardless of pretreatment
conditions, sample preparations, and adsorption temperatures. Pore size effect and electron
donation/withdraw are consistent of lack of CO-Cu adsorption in Cu-TDPAT.
Overall, the hydrogen uptake of catalyst Pt/AC on MOF Cu-TDPAT did not reach the
DOE target 5.5 wt% at the pressure 70 bar, with the limitation of slow kinetics. The major
limitations to catalyzed Cu-TDPAT (as well as other catalyzed MOFs) to meet the gravimetric
targets at 300 K are high molecular weight of copper, high diffusion energy barrier, and material
instability.
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Chapter 1

Introduction

1.1 Hydrogen energy
Fossil fuels have been used as a major energy source for years. However, the limited
content in the world, the fact that naturally it takes millions of years to transform from organisms,
and the pollution problem specifically the generation of green house gas carbon dioxide [1,2],
people are researching for alternative energy sources, such as solar, wind, or tidal power, etc. One
major challenge of renewable energy is energy storage for transportation purpose. Energy can be
conserved in different forms, and hydrogen energy is one of the possible practical energy storage
mediums, for the reasons that it is the most abundant element in the universe, and that it has high
chemical energy density (142 MJ/kg), which is three times higher than that of carbon fuels (liquid
hydrocarbon: 47 MJ/kg) [3]. In addition, using hydrogen in a fuel cell generates only water,
which is a clean exhaust compared to carbon dioxide from fossil fuels.
However, hydrogen storage is one of the most challenging issues in hydrogen economy
[4]. Several storage methods (metal hydride or cryogenic liquid hydrogen, for example) were
proposed to meet the system-target 4.5 wt% (1.5 kWh/kg) by 2010, and 5.5 wt% (1.8 kWh/kg) by
2015 for on-board transportation purposes suggested by the U.S. Department of Energy (DOE)
[5]. Up to the present, drawbacks are inevitable in current hydrogen storage methods. Some metal
hydrides need high temperature to absorb or release hydrogen, and cryogenic liquid hydrogen
tank is energy consuming to maintain low temperature. The limitations thus make these two
hydrogen storage methodologies impractical. A promising material for hydrogen storage should
exhibit high uptake at ambient temperature, relatively low-pressure environment, and acceptable
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desorption working criteria. Utilizing adsorption in high surface area porous material is one
possible hydrogen storage method to meet the DOE target (Appendix A).

1.2 Adsorption Theory
Gas adsorption is the behavior when gaseous molecules (adsorbates) become
concentrated at the surface of a solid (adsorbent). The affinity between gas and solid is quantified
by the heat of adsorption (HoA), which is the energy change when the adsorbate at infinite
distance is brought towards the surface, leading to an energy minimum at a fixed distance from
the surface (Figure 1-1) [6]. The magnitude of the HoA determines whether adsorption is physical
or chemical. Physisorption typically has a HoA less than 5 kJ/mol with minor or no activation
energy (energy barrier) to adsorption. Chemisorption has a HoA higher than 20 kJ/mol, often with
noticeable activation energy [7]. The higher affinity in chemisorption leads to higher hydrogen
uptake at moderate to high temperatures, but additional applied energy may be necessary to
overcome the deep energy well for gas desorption, as is the case of some metal hydrides, where
loading and unloading hydrogen involves the chemisorption step prior to adsorption [8]. For
example, Ma et al. reported hydrogen storage in boron nitride nanotubes (BNNTs), starting from
different B-N-O precursors. They reported 2.6 wt% hydrogen uptake at room temperature at 100
bar, and the adsorption retained by 70% after evacuation, which was attributed to chemisorption
[9]. On the other hand, physisorption has better desorption capability with less adsorption amount
at room temperature, and thus cryo-environment may be necessary [7].
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Figure 1-1: Scheme of hydrogen chemisorption and physisorption [6].
Isotherms are the means to determine hydrogen adsorption amount. Hydrogen isotherms
are collected using established volumetric [10-12] or gravimetric techniques [13-17], which have
been used previously for MOFs [18-22]. In addition to the hydrogen uptakes, isotherms can also
provide the information of HoA, as well as metal dispersion, when catalysts with well-dispersed
metal particles are measured. HoA can be obtained by analysis of two isotherms at different
temperatures, and calculated with the Clausius-Clapeyron equation (Eq. (1-1)) [23]:

Qst = −R × d ( ln P ) d (1 T )

(1-1)

For example, to estimate the HoA of hydrogen to MOFs, Ma et al. [22] collected hydrogen
adsorption isotherms of PCN-6 and PCN-6’ (Cu3(TATB)2; TATB = 4,4′,4′′-s-triazine-2,4,6triyltribenzoate, C24H12N3O, with and without catenation) at 87 and 77 K. The isotherms were
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fitted with Langmuir-Freundlich equation [24] utilizing virial-type expression [19], and applied
Clausius-Clapeyron equation [23] for HoA. Except for the case of cryo-environment HoA
measurement, Yang et al. [25] collected hydrogen isotherms of graphene at 273 K, 298 K, and
323 K for HoA (Figure 1-2).

Figure 1-2: Hydrogen isotherms on graphene at different temperatures (273, 298, and 323 K) and
the inset is the heats of adsorption [25].
Moreover, metal dispersion of catalysts can be estimated by low-pressure hydrogen
adsorption isotherms, typically at room temperature. Metal dispersion (D) is defined as the ratio
of surface to total metal atoms in the case of catalysts. Surface metal atoms are measured by gas
chemisorption. It can be determined using Benson-Boudart method assuming 1 to 1 ratio of
chemisorbed H to surface metal atoms [26], and the dispersed particle size of catalyst (d) was
estimated from common correlations (d = 1.13/D [27]), which is close to the reciprocal of
dispersion. It is self-explanatory that in the best case when all metal atoms are adsorbed with
atomic H, the dispersion D is 100%. In Wang’s reports [28] shown in Figure 1-3, carbon
adsorbents with Pt doped on surface had the initial adsorptions at pressure lower than 0.1 atm
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(called as knee adsorption) indicating the chemisorption of Pt nanoparticles. Further discussion is
discussed in Chapter 2.

Figure 1-3: Hydrogen isotherms on different catalysts Pt/AX-21 isotherms that show initial
sudden increase in adsorption [28].

1.3 Hydrogen Physisorption
As discussed previously, hydrogen physisorption involves relatively weak interactions in
between adsorbates and adsorbents, and thus low temperature and/or surface area (SA) are key
factors in hydrogen physisorption. Some high SA materials were evaluated in hydrogen
adsorption capability, like carbon, zeolite, coordination polymers as MOFs, covalent organic
frameworks (COFs), and polymers with intrinsic microporosity (PIMs) [8]. Nijkamp et al. [29]
studied silicas, aluminas, zeolites, graphite, activated carbons and carbon nanofibers. They
reported that large micropore volume and suitable diameter are important in hydrogen
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physisorption at 77 K. Panella et al. [30] measured the hydrogen uptakes of different carbon
materials, for instance, activated carbon and single-walled carbon nanotubes (SWCNTs) (Figure
1-4). It can be observed that both carbon-based materials share similar adsorption behaviors: at 77
K the isotherms follow the Langmuir model, and at 298 K there is a linear relation between
uptakes and pressures. They claimed that the hydrogen adsorption is linearly proportional to the
SA, but independent of the characteristics of the carbon adsorbents.

Figure 1-4: Hydrogen adsorption isotherms of (A) activated carbon and (B) single-walled carbon
nanotubes at 77 K and 298 K [30].
High SA polymers were also studied for hydrogen physisorption [31]. Polymers have
relatively low density and adjustable properties, and thus can be used to study hydrogen
adsorption mechanism. For example, PIMs have pores from inefficient packing of rigid polymer
units, and PIM-1 has hydrogen uptakes of 0.7 wt% at 0.1 MPa and 1.7 wt% at 1 MPa at 77K [32].
Hypercrosslinked polymer is synthesized with monomers by hyprocrosslinking process to form
fine pore structures. They are observed to have hydrogen storage from 0.2 to 1.3 wt % at 77 K,
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0.12 MPa [31]. Metal-organic framework (MOF) is also one promising adsorbent and will be
discussed later.

1.4 Metal-Organic Frameworks
Metal-organic frameworks (MOFs) have been extensively studied as a promising
candidate for gas storage, gas separation, and catalysis applications [33-37], for the advantages of
high specific surface area (SA), and adjustable physical and chemical properties by manipulating
building units [34]. MOFs basically compose of metal clusters and organic ligands, with
repeating units to form long-range ordered structure. Examples are shown in Figure 1-5, as Zn
type MOF IRMOF-8 ((Zn4O(NDC)3, NDC = 2,6-naphthalenedicarboxylate)) and Cu type MOF
Cu-BTC ([Cu3(BTC)2(H2O)3], BTC = 1,3,5-benzenetricarboxylate) with Cu paddlewheel (Cu
PDW). After Yaghi et al. [33] proposed the design and synthesis of a very stable type of MOFs,
isoreticular metal-organic frameworks (IRMOFs), several methods were reported to either pursue
high yield, simple synthesis, or high SA product. Huang et al. [38] adopted peroxide in IRMOF-1
(Zn4O(BDC)3; BDC = 1,4-benzenedicarboxylate) synthesis to avoid elevated temperature
required in solvothermal method as well as long synthesis time. Li et al. [39] exposed their
synthesis solution under ultrasonic irradiation to accelerate the synthesis rate at ambient
temperature and pressure. Yaghi’s group [40] applied the metal cluster Zn4O(CO2)6 with BTB
(1,3,5-benzenetribenzoate) for MOF-177, which has the highest BET SA 4500 m2/g (BrunauerEmmett-Teller [41]) in MOFs to-date [42], and MOF-177 had hydrogen uptake 7.5 wt% at 70
bar, 77 K [43]. Thus, MOF-177 nominally met the DOE hydrogen storage targets for materials at
cryogenic temperatures.
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Figure 1-5: Scheme of (A) IRMOF-8, and (B) Cu-BTC, in which zinc and copper paddlewheel
are metal clusters, respectively. (Gray: C, Red: O, Cyan: Cu or Zn, Blue: N)
Nevertheless, even though the high SA and porous structure of MOFs are promising for
increasing hydrogen uptake at cryogenic temperatures, strategies for increasing the hydrogen
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uptake for MOFs in the DOE target temperature range (i.e. near ambient temperature -40 to 85°C)
are still quite limited. The well-known IRMOF-1, for example, can achieve a saturated hydrogen
uptake of ∼5 wt% at 77 K and 50 bar [44], but exhibits only ∼0.3 wt% uptake at room
temperature 298 K and 6.5 MPa [44-46], which does not meet the desired target from DOE. The
main reason for low H2 uptake in MOFs at ambient temperature is that HoA of hydrogen
adsorption in MOF is low, lying in the range of 3.5 to 6.5 kJ/mol [42] in physisorption range.
Thus, most hydrogen with a binding energy in this range has desorbed as temperature is increased
to 300 K. In order to increase the hydrogen uptake in MOFs, optimizing the inherently weak
interaction between sorbents and hydrogen would be a possible strategy (like ionic metal addition
[47], open metal sites in the cluster [48], modification of functionalities [49], etc.) to meet the
required enthalpy change 15.1 kJ/mol for ambient temperature hydrogen storage between 1.5 and
30 bar [7].

1.5 Hydrogen Spillover
To address low hydrogen uptake in physisorption materials, spillover effect is a possible
approach to reach the DOE goal. Robell et al. [50] first discovered the spillover effect at room
temperature. Pure carbon showed only physisorption, and chemisorption of Pt increased the
uptake by w theoretically (Figure 1-6A). However, they noticed that hydrogen taken up by
platinum on carbon (Pt/C) exceeded the theoretical stoichiometry (H:Pt = 1:1) considerably,
which leads to the measured dispersion D of Pt/C over 100%. Spillover is defined as a catalytic
effect in the composite with transition metal and adsorbent, where hydrogen molecules can be
dissociated by metal nanoparticles, and then migrate onto the surface adsorption sites (Figure 16B) [51]. The heat of adsorption can be enhanced over 20 kJ/mol in the case of Pd on activated
carbon (Pd/AC) with oxygen functional groups, and thus spillover hydrogen adsorption is defined
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as a chemisorption phenomenon [52]. Some publications have demonstrated experimentally that
it is possible to reach high hydrogen uptake at room temperature in catalysts with substrates of
carbon [14,53-64], zeolite [65,66], and MOFs [17,45,46,67-74]. For instance, Yang et al. claimed
hydrogen storage 1.2 wt% in Pt/C [45], and 4 wt% in Pt/AC ground with carbon bridged IRMOF8 (Pt/AC/CB/IRMOF-8; CB represents carbon bridge [46]) at 298 K, 10 MPa. Compared to
physisorption of IRMOF-8, the uptakes were enhanced by ~3 and ~8 folds, respectively (Figure
1-7). Moreover, Miller et al. [69] and Tsao et al. [68] reproduced their data [17], and proposed
some factors to facilitate spillover hydrogen adsorption, including imperfect lattice and pore
fractal networks observed by anomalous small-angle X-ray scattering (ASAXS) [68], and Pt
nanoparticle size < 2 nm plus pore confinement [63], which will be discussed later in the Section
1.7.

(A)
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(B)

Figure 1-6: (A) Adsorption kinetics of carbon (○), 0.2 wt% Pt/carbon (△) and the dash line
represents ideal hydrogen adsorption corresponding to one hydrogen atom to one platinum atom
at 350°C and 60 cmHg [50]. It shows that experimental uptake exceeded theoretical one due to
hydrogen spillover. (B) Scheme of hydrogen spillover, in which hydrogen dissociated by
transition metals and followed by surface diffusion [75].

Figure 1-7: Hydrogen isotherms of pure IRMOF-8, catalyst and MOF mixture (Pt/AC/IRMOF8), and the mixture with carbon bridge assistance (Pt/AC/CB/IRMOF-8) from Yang et al. [46].
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1.6 Reproducibility of Spillover Hydrogen Adsorption Measurements
Though spillover storage is promising in hydrogen adsorption research, it is still the
subject of debate due to lack of reproducibility between laboratories and lack of more direct
evidence of atomic H bound to the surface after spillover. Some groups could reproduce high
uptake by spillover. Zinlinski et al. [55] measured nickel on AC and obtained the hydrogen
uptake 0.53 wt% against 0.15 wt% for AC with the same BET SA at 3 MPa. Cao et al. [76]
ground 10 % Pt/AC with MOFs (MIL-53 with Al, Cr, or Fe and IRMOF Zn type) with different
metal corners or organic linkers to test the advantages of different functional groups to spillover.
At 7.3 MPa, room temperature, both Pt/C/MIL and Pt/C/IRMOF series showed hydrogen uptake
improved by 1.6 to 3 times, and they concluded that the decorations of electrophilic functional
groups improve spillover hydrogen uptake. Psofogiannakis et al. tested doped Pd/Hg into an
oxygen-rich carbon form, and they found high uptake (4.6 wt%) compared to pure carbon form
(~0.045 wt%) at 298 K, 20 bar [77]. To explain the enhancement, they applied density functional
theory (DFT) calculations and suggested that in order to improve spillover hydrogen storage,
benzene rings for hydrogenation, well dispersed metal nanoparticles within MOF, and proper
pore network for hydrogen trapping (pore confinement) are possible key factors. The INER
(Institute of Nuclear Energy Research, Taiwan) [17] and SwRI (Southwest Research Institute,
TX) [69] groups synthesized Pt/AC/CB/IRMOF-8 and measured hydrogen isotherms at 300 K up
to 7 MPa, and reproduced hydrogen uptakes as Yang et al. (Figure 1-8).
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Figure 1-8: Hydrogen isotherms at 300 K for the Pt/AC/CB/IRMOF-8 and pure IRMOF-8
measured by INER, SwRI, and Yang [17].
Direct comparison of these different reports is difficult due to variations in the conditions
of measurement (i.e. pressure and temperature) and also expected variations in the baseline
physisorption of the substrate prior to introduction of the spillover catalysts. To facilitate
comparison, we will compare the reported uptake to that expected based on physisorption via the
Chahine rule. The Chahine rule was developed based on an observed linear relationship between
H2 physisorption of porous carbon materials (at a given temperature) and the sample SA, as
measured by the Brunauer-Emmett-Teller (BET) methodology [30]. The inset of Figure 1-9
shows the Chahine rule provides reasonable prediction of the hydrogen uptakes to measured
uptake for activated carbon GX31 and pure IRMOF-8. With the information of surface area and
pressure (assuming temperature is constant at 300K), we can construct the comparison of
measured hydrogen adsorption in published papers versus that expected for physisorption. Figure
1-9 demonstrates that pure substrates without catalyst (hollow legends) fall on Chahine rule

14
physisorption line, while materials with spillover effect claimed in the papers show moderate to
extreme higher hydrogen storage capabilities. Figure 1-9 displays improvements reported above:
Pt on carbon from Yang et al. (Pt/Maxsorb) [62], Pt/AC/CB/IRMOFs from INER [17,69], and
metal doped carbon form (CF-Pd4Hg) [77], and boron substituted carbon (BC12) [78].
On the other hand, some reports tried to reproduce high hydrogen uptakes but in vain.
Stadie et al. [79] followed almost exactly the same metal precipitation procedures on a different
activated carbon reported by Yang et al. [58] in Pt/AC system. They observed the presence of
metal particles not only showed ineffective in spillover, but also declined overall hydrogen
adsorption capacity (0.9 wt% vs. 0.53 wt% at 300 K and 7 MPa). Besides, spillover in MOF was
not reproduced, no matter bridged (0.27 wt%) or unbridged (0.43 wt%) 5% Pt/AC/IRMOF-1 at
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Figure 1-9: Measured excess hydrogen adsorption vs. expected physisorption by Chahine rule
[30] at 298 K.
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In addition to the hydrogen adsorption measurements to demonstrate hydrogen spillover,
some other evidences were proposed to support the theory. Lachawiec et al. [59] exposed Pt/C to
H2 and D2 sequentially and following with the temperature-programmed desorption (TPD) test to
identify the gases coming out from the sample. They observed the reversed sequence of D2, HD,
and H2, which suggests that palladium dissociated both hydrogen and deuterium, and the reverse
desorption implies the surface migration of dissociated atoms. Nonetheless, the report is not
direct observation of atomic H on the surface of adsorbents from spillover, and does nothing to
support the idea that hydrogen migrates to the C substrate. Hydrogen atoms on graphite after
spillover was found by inelastic neutron scattering (INS) [82], and in addition, ONRL (Oak Ridge
National Laboratory, TN) tested palladium on activated carbon fibers (Pd-ACF) by INS at 4 K
and found new C-H bond after spillover [83]. Pd-ACF was first exposed to H2 at 77 K for
physisorption, and ~293 K for hydrogen spillover. By comparing the two ex situ spectra,
additional C-H peak was found. Liu et al. observed the hydrogenation of carboxylate to
carboxylic acid in ex situ FTIR of PtC/MOF (Figure 1-10) [74] and in situ C-H wagging mode in
Raman of Pt/AC [84]. The ex situ hydrogenation evidence implies strong, irreversible hydrogen
chemisorption in MOFs, while the in situ observation of C-H implies reversibility in carbon at
room temperature. Gennett et al. [85] from NREL (National Renewable Energy Laboratory, CO)
utilized diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) for ruthenium
nanoparticle modified boron doped carbon (Ru-BCX), and reported the C-H bond. They found the
weak C-H bond corresponding to spillover, but also observed reversible formation of water.
These spectroscopic characterizations are the means to observe atomic H from hydrogen
spillover.
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Figure 1-10: FITR of (a) BTC linker, (b) Cu-BTC, and (c) Pt/AC/Cu-BTC after hydrogen
adsorption measurement [74].

1.7 Possible Factors in Hydrogen Spillover
From the above discussion, the factors that lead to high hydrogen uptake via spillover
remain unsolved. For carbon supports, both the INER group [63] and Yang et al. [62,72,86]
emphasized the importance of metal dispersion D and sample pretreatment for catalyst activity. Li
and Lueking suggest that surface oxygen functional groups on carbon play a key role in
increasing hydrogen spillover [87]. Similarly, the high uptake seen by Yang et al. for IRMOF-8,
was accompanied by distorted XRD pattern (peaks indistinguishable in between 12° to 14°, peak
splitting at ~8°, and peak missing at 6°) [45] relative to the pristine materials found in the
literature [88] (see Figure 1-11), implying the IRMOF-8 with high uptake used by Yang et al. had
a large number of structural defects. Many of the methods to introduce catalysts into the MOFs
may also alter the structure of the MOF. For example, Yang et al. carbonized a sugar to provide a

17
“bridge” between the catalyst and the MOF, introducing a poorly characterized carbonaceous
surface into the system, and potentially introducing defects into the MOF via thermal
degradation. Furthermore, the author’s previous work while at INER demonstrated both physical
mixing or this carbon bridge (CB) treatment at high temperature led to alterations in XRD
patterns (Figure 1-12 (A)) [17], which implies MOF structural sensitivity to these aftertreatments.
Although Li et al. [46] asserted that there was no degradation after CB treatment, the peak
broadening after bridging is obvious, which signifies possible structure transformation (Figure 111 (B) and 1-10 (B)). Subsequently, the INER group correlated MOF defects to high uptake via
spillover [68]. Yoo et al. [89] and Chen et al. [90] asserted that defects (opening on the CNT wall
with dangling bonds, for example) on carbon nanotubes (CNTs) from La or KOH treatment could
enhance spillover adsorption. Poorly characterized effects may partially account for the
irreproducibilities seen in inter-laboratory measurements.

(A)
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Figure 1-11: (A) XRD pattern in IRMOF-8 changes with structure. Green bars represent XRD
pattern of IRMOF-8 by Yaghi [68], and (B) XRD pattern of IRMOF-8 by Yang [45].

(A)
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Figure 1-12: (A) XRD pattern in IRMOF-8 changes with structure. Green bars represent XRD
pattern of IRMOF-8 by Yaghi [68], and (B) XRD pattern of IRMOF-8 by Yang [45].
In addition, a Korean group synthesized IRMOF-1 with Pt-MWCNT (multiwalled carbon
nanotube) in the solution, where carbon as a preformed carbon bridge (PB) to connect metal and
MOFs. Increased hydrogen uptake was observed in both cryo- and RT environments without
structural degradation, and they contributed it to spillover effect [91]. Lee et al. [92] used similar
PB method to drop Pt/AC into IRMOF-1 synthesis solution and had Pt/AC on the surface shown
in Figure 1-13. Though the surface area greatly decreased, instead, the hydrogen adsorption
increased at RT, 100 bar, with higher slope in isotherms (Figure 1-14). To achieve reliable and
reproducible hydrogen uptake, generally speaking, the factors that influence spillover must be
understood, controlled and reproduced.
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Figure 1-13: SEM images of Pt/AC/IRMOF-1 [92], where Pt/AC can be found among IRMOF-1
crystals.

(A)
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Figure 1-14: (A) N2 adsorption isotherms at 77 K. It is clear that surface area was reduced in PtACs-IRMOF-1 compared to pure IRMOF-1. (B) H2 adsorption isotherms at RT to 100 bar. More
than 4-times higher hydrogen adsorption is observed when Pt/AC catalysts were present [92].

1.8 The Strategy to Explore Hydrogen Spillover
The purposes of this dissertation is to evaluate identify the nature of the catalyst-MOF
interaction, including the nature of the active sites, that may lead to high hydrogen uptake via
spillover. MOFs were chosen due to the ability to fine tune both the surface chemistry and
porosity of these structures, as surface chemistry and porosity is expected to enhance the uptake
via spillover. In Chapter 2, different methods to reliably and reproducibly introduce catalytic
entities into MOF structures are evaluated. The various catalytic doping techniques are evaluated
by room-temperature hydrogen adsorption measurements, probes of structural integrity, surface
area, and porosity, and probes of thermal stability. In Chapter 3, the most promising material with
the highest low-pressure hydrogen uptake and intact structure is then selected for more in depth
studies. This material is tested in high-pressure adsorption tests and in depth spectroscopic
characterizations to identify the surface sites that become hydrogenated via the spillover process.
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Collaborative DFT calculations are included to evaluate the binding energies of these sites and to
identify the nature of the hydrogenated structures. As Chapter 3 implicates defects in achieving
high uptake, even in some cases without introduced Pt catalyst, Chapter 4 explores methodology
to characterize the defects in the structure. Chapter 5 summarizes the main findings of the work,
with proposed future work outlined in Chapter 6.
The chapters of this thesis are formatted to be submitted for publications with peer
review. At the time of the writing of this document, Chapter 2 has been accepted to the Journal of
Catalysis. Co-authors are Qihan Gong, Yonggang Zhao, Jing Li, and Angela Lueking. Qihan
Gong and Yonggang Zhao provided the MOFs, supervised by Jing Li. Chapter 3 has been
submitted to the Journal of Physical Chemistry C. Co-authors are Jennifer Gray, Qihan Gong,
Yonggang Zhao, Jing Li, Emmanual Klontzas, George Psofogiannakis, George Froudakis, and
Angela Lueking. Qihan Gong and Yonggang Zhao provided the MOFs, supervised by Jing Li.
Jennifer Gray assisted in XPS operations and data analysis. Emmanual Klontzas, George
Psofogiannakis, George Froudakis, and Angela Lueking provided the DFT calculation and
analysis. Contributors to Chapter 4 include Qihan Gong, Yonggang Zhao, and Jing Li, who
provided the Cu-TDPAT, and Josh Stapleton, who provided assistance in FTIR measurements.

24

Chapter 2

Stability and Hydrogen Spillover of Metal-Organic Frameworks Prepared via
Different Catalyst Doping Methods
The stability of three metal-organic frameworks (MOFs), namely IRMOF-8, Cu-TDPAT,
and Cu-BTC, was tested after incorporation of Pt. Stability was assessed with powder X-ray
diffraction (PXRD), physical (N2 at 77 K) and chemical (H2 at 300 K) adsorption, and
thermogravimetric analysis in H2 and N2. Introduction of Pt via wet precipitation led to MOF
degradation during the H2 reduction step. Addition of pre-reduced Pt supported on activated
carbon (Pt/AC) to MOFs via physical mixing also led to structural degradation. However,
addition of Pt/AC via the ‘pre-bridge’ (PB) technique led to high MOF stability, with retention of
surface area, porosity, crystallinity, and a thermal stability. Catalytic activity was assessed by
hydrogen spillover, and demonstrated extension of the catalytically active surface area to MOFs.
High activity correlated with MOF particle size, due to the connectivity between Pt/AC and
MOF, and the interpenetration of Pt/AC into the MOF crystal.

2.1 Introduction
The long-range structural order, high surface area (SA), adjustable pore size, and tunable
functionality of metal-organic frameworks (MOFs) [34] have led to extensive development of
these materials for gas storage and separation applications [49,93-95]. High surface area generally
correlates with high cryogenic adsorption: MOF-177 [40], for example, with the highest SA to
date (4500 m2/g [42]) has nominally met DOE gravimetric H2 storage targets (7.5 wt% excess
adsorption at 7 MPa, 77 K [43]), albeit at temperatures below the DOE target temperature range.
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These same properties provide promise for application of MOFs in drug delivery [96], sensor
development [97], and size-selective heterogeneous catalysis [98]. The stability of MOFs in terms
of thermal and chemical stability has been tested previously [99], and to utilize MOFs as a
catalyst support, the stability needs to be re-examined in the presence of the catalyst of interest.
A number of methods to incorporate catalytic transition metals into MOFs have been
proposed and tested, including wet precipitation [47,70,100,101], incipient wetness [102],
chemical vapor deposition (CVD) [73,103], and simple physical mixing (both with and without
introduction of a carbonized sugar to provide ”bridges” between the presupported catalyst and
MOF) [46]. However, to realize the aforementioned benefits of MOFs in catalytic applications, it
is important that catalytic doping method retains the MOF structural integrity, without
introducing substantial defects, which may lead to irreproducibilities, poorly characterized
structures, and long-term instability. It is well established that PXRD characterization of MOFs
can be used to characterize structural degradation: peak splitting, changes in relative peak
intensity, and/or additional/disappeared peaks imply loss of structure [17,104]. Unfortunately, the
structural stability of MOFs after catalyst addition has not been thoroughly examined. One
possible exception is the synthesis and characterization of a Ru/MOF (MOF = Lanthanum-BTC,
benzene tricarboxylate) catalyst for cyclohexene and benzene hydrogenation, where the catalyst
Ru/MOF showed no obvious alteration in PXRD and had no loss in catalytic activity after five
uses, with a turnover frequency (TOF) higher than 10000 hr-1 [105]. In addition, a 0.5 wt%
Pd/IRMOF-1 (Zn4O(BDC)3, BDC = 1,4-benzenedicarboxylate) catalyst used for liquid phase
hydrogenation of ethyl cinnamate [106], showed a higher catalytic activity than a Pd/C catalyst,
and the SA and micropore volumes upon Pd introduction was retained relative to the IRMOF-1
precursor (however, the textural properties of the IRMOF-1 was reduced by a factor of 3 relative
to other reports [33]). Elsewhere, catalyst addition to MOFs generally leads to reduced structural
integrity, reduced surface area, or both. Platinum nanoparticles supported on IRMOF-1
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introduced from the metal precursor PdCl2 in liquid phase to catalyze C-C bond coupling
reactions showed reasonable crystallinity in PXRD relative to undoped IRMOF-1, but N2 77 K
adsorption isotherms showed a considerable reduction in SA and microporosity [101]. Despite
initial reports (from multiple laboratories) that catalysts incorporated into MOFs could introduce
a hydrogen dissociation source, initiate hydrogen spillover, and increase the operative hydrogen
adsorption temperature to 300 K [17,45,46,67-74,76], these reports have been plagued by
irreproducibilities that are perhaps associated with hierarchical ”mesopore” structure and/or
defects [68,107]. Close examination of the MOF characterization details after catalyst
incorporation and H2 exposure showed significant changes in PXRD peak intensity and
broadening, with SA reduced by a third [73]. Previous reports show similar alterations in PXRD
and SA [46].
In this paper, we test the stability of select MOF supports after various doping techniques.
Introduction of a Pt cationic precursor via a “wet chemistry” technique is compared to physical
mixing via ball milling/grinding (used previously by Li and Yang [45]), and a hybrid “prebridge” technique [91,92], which introduces a supported Pt/AC (platinum on activated carbon)
catalyst into the MOF synthesis slurry. Our primary focus is on (1) Zn-based IRMOF-8
(Zn4O(NDC)3, NDC = 2,6-naphthalenedicarboxylate) and (2) the Cu paddlewheel (Cu PDW)
based Cu-TDPAT ([Cu3(TDPAT)(H2O)3], TDPAT = 2,4,6-tris(3,5-dicarboxylphenylamino)1,3,5-triazine). IRMOF-8 has been reported to have very high ability to incorporate H2 into its
structure after catalytic doping [46], while the latter has amine functional groups, which could
feasibly become positively charged to aid in traditional doping methods that require ion
exchange. In select cases, we also consider (3) the Cu PDW Cu-BTC ([Cu3(BTC)2(H2O)3], BTC
= 1,3,5-benzenetricarboxylate), as it had a comparable metal building unit as Cu-TDPAT but a
purely carbon-based ligand as is the case of IRMOF-8. Structural stability is assessed with
PXRD, low-pressure physical (N2 at 77 K) and chemical (H2 at 300 K) adsorption, and
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thermogravimetric analysis (TGA). Hydrogen adsorption is a common method to ascertain both
metal dispersion and catalytic activity, and provides a means to determine whether the
catalytically active surface area extends to the MOF support. It also provides a screening tool for
these materials for room temperature hydrogen adsorption capacity, although this specific topic
will be addressed in a follow-up paper.
This chapter is submitted and accepted to the Journal of Catalysis. The co-authors are
Qihan Gong, Yonggang Zhao, Jing Li, and Angela Lueking.

2.2 Experimental

2.2.1 Sample Preparation

2.2.1.1 Synthesis of MOFs
IRMOF-8 (abbreviated as I, see Figure 2-1A) synthesis procedure utilized in this paper
was based on solvothermal method reported by Yaghi et al. [88] and adapted for scale-up
synthesis [17]. In brief, 0.63 g (2.1 mmol) Zn(NO3)2·6H2O and 0.15 g 2,6-H2NDC were dissolved
in 50 ml of DEF (Diethylformamide) solvent, and ultrasonicated for better ion dispersion. The
solution was then heated to 368 K for 15 hr to precipitate pale white fine crystalline powders
([Zn4O(NDC)3·(DEF)6]). After filtration, the as-prepared sample was immediately outgassed and
pretreated in argon flow (~30 sccm, standard cubic centimeter per minute) at 473 K for 5 hr to
remove residual solvent since the presence of DEF could cause permanent structural defects
[104]. The yield of I based on limiting reactant H2NDC is about 60%.
Similar solvothermal procedures were used for Cu-TDPAT (abbreviated as T, see Figure
2-1B) synthesis [108]. Crystals of T were grown by a reaction of 0.68 mmol Cu(NO3)2·6H2O,
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0.05 mmol H6TDPAT in 2 ml DMA (Dimethylacetamide), 2 ml DMSO (Dimethyl sulfoxide), 0.2
ml H2O and 0.9 ml HBF4 at 358 K for three days. The blue polyhedron crystals
([Cu3(TDPAT)(H2O)3]·10  H2O·5  DMA) were collected and then washed with 10 ml DMA for
three times. Methanol exchange was carried out every 1 hr during daytime for one week for
solvent exchange.
Crystals of Cu-BTC (abbreviated as B, see Figure 2-1C) were grown by a microwave
reaction [109] of 0.81 mmol Cu(NO3)2·6H2O, 0.6 mmol H3BTC (1,3,5-benzene tricarboxylic
acid) in 6 ml DMF (Dimethylformamide) at 413 K for 1 hr. The blue crystals
([Cu3(BTC)2(H2O)3]) were collected and then washed with 10 ml DMF for three times. Ethanol
exchange was carried out every 1 hr for one week.
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Figure 2-1: Diagram of IRMOF-8 (I), Cu-TDPAT (T), and Cu-BTC (B), in which zinc (for I)
and copper paddlewheel (for T and B) structure work as metal clusters, while the organic ligand
(I: NDC, T: TDPAT, B: BTC) connects with metal cluster to form the long-range order MOF
structure. TDPAT contains N in the center rings as well as 3 branches stretching from the center
ring, similar to melamine. (Gray: C, Red: O, Cyan: Cu or Zn, Blue: N)
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2.2.1.2 Direct Doping (DD) of Pt Catalyst
IRMOF-8 (I) and Cu-TDPAT (T) were direct-doped (DD) with Pt by adopting
techniques from Sabo et al. [102] to produce DD-I and DD-T, respectively. For DD-I, 100 mg of
I was placed on a watch glass with a magnetic stirrer, and 10 mg of platinum acetylacetonate
(Pt(acac)2, Aldrich) in 1 ml DEF (Diethylformamide, TCI Chemicals) was added to the substrate
to produce an expected 5 wt% Pt. The slurry was stirred and dried with argon flow for 2 hr, and
then further outgassed in vacuum (<1 Pa) at room temperature overnight, preheated in a tube
furnace at 353 K for 2 hr in Ar purge gas, and then raised to 423 K for 1 hr in H2 for Pt reduction.
DD-T was synthesized following the similar steps with 200 mg of T and 20 mg of Pt(acac)2 in 2
ml DEF. In addition, Pt/AC_1 was prepared in the same manner, using the Maxsorb activated
carbon (AC, Kansai Coke and Chemicals CO., LTD, Japan; sample provided by the National
Renewable Energy Laboratory, CO) as the substrate. On the other hand, Pt/AC_2 was prepared
by adopting an ultrasound-assisted wet impregnation of chloroplatinic acid (H2PtCl6) described
by Yang’s group [58,72]. The 200 mg Maxsorb AC was dispersed in 50 mL acetone (EMD
Millipore), and stirred in a closed Erlenmeyer flask while 26 mg of H2PtCl6·6H2O (STREM) in 4
ml of acetone was slowly added dropwise (~20 sec/drop). After complete addition, the slurry was
ultrasonicated for 1 hr, stirred for 1 hr, and then heated to 333 K overnight to evaporate the
acetone. The sample was then heated in a tube furnace at 353 K for 2 hr to remove residual
solvent in flowing Ar (~30 sccm); the flowing gas was then switched to 30 sccm H2 and heated
by 1 degree/min to 573 K, where it was held for 2 hr for reduction; the sample was purged with
argon (30 sccm) during cooling, with an additional 5 hr hold at room temperature before removal.
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2.2.1.3 Mixing Techniques
The physical mixing with sugar carbonization bridge method was adopted from Li et al.
[45,46]. In this report, MOF I was ball milled at 240 RPM for 1 hour with commercially available
Pt/AC (STREM Chemicals Inc.) and Pt/AC_2 (prepared as described above) at a weight ratio of
9:1. Ball milled products are abbreviated as BM-I-x, with the ‘x’ referring to small variations in
the ball milling procedure. First, commercial Pt/AC was used with a weight ratio of grinding ball
to mixture of 40 (BM-I-1) and 60 (BM-I-2), respectively. BM-I-3 was synthesized with
commercial Pt/AC catalyst via hand grinding in a mortar and pestle for 1 hr. BM-I-4 through
BM-I-6 were prepared with a ball to mixture ratio of 25: BM-I-4 was ground without any Pt/AC
as a control test; BM-I-5 was mixed with Pt/AC_2; and BM-I-6 had added sucrose to ”bridge”
the catalyst, with a weight ratio of 8:1:1 (I:Pt/AC:sucrose) [46]. After ball milling, BM-I-6 was
heated to 473 K in flowing argon (~30 sccm) for sugar melting for 3 hr, and then to 523 K for
sugar carbonization for 12 hr.
A ”pre-bridge” (PB) technique was used to introduce pre-reduced carbon-supported Pt
nanoparticles into the MOF structure by introducing the Pt/AC (Pt/AC_1 and _2) into the MOF
synthesis solution, as adapted from the work of Yang et al. [91] and Lee et al. [92], whom used
Pt/MWCNT (multiwalled carbon nanotube) and Pt/AC catalysts, respectively. Relative to this
previous work, the results described below (surface area, active surface area, metal particle size,
etc.) will demonstrate the Pt/AC samples used here have substantially better metal dispersion.
Adaptations from this previous work are as follows: The Pt/AC was immersed in MOF precursor
solution with the weight ratio (catalyst to expected MOF weight) 1:19. The solution was
ultrasonicated for 1 hr and then stirred overnight to better disperse the suspension. We defined
Pt/AC_1 in IRMOF-8 as PB-I, Pt/AC_2 in Cu-TDPAT as PB-T, and Pt/AC_2 in Cu-BTC as PBB, respectively.
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2.2.2 Characterization
The powder X-ray diffraction (PXRD) patterns were obtained from PANalytical XPert
Pro MPD multipurpose powder diffractometer, starting from 2θ = 5° with 45 kV, 40 mA, with a
step size 0.026°, scan speed 0.067°/sec, and Cu Kα (λ = 1.543 Å) X-ray source. The mean
crystallite size of Pt can be calculated by the Scherrer equation, with peak fitting to get the
FWHM of the peak, which was processed after instrumental broadening subtraction and
background fitting in Jade 9. The optical microscopic (OM) images were taken from a Nikon
L200ND microscope in the episcopic mode. The scanning electron microscopy (SEM) images
were taken from FEI Quanta 2000 Environmental SEM using a tungsten filament, acceleration
voltage 20 kV, and low vacuum mode, using secondary electrons (SE) and back scattered
electrons (BSE). The field emission SEM (FESEM) images were collected on a FEI NanoSEM
630 apparatus with accelerating voltage of 3kV and an applied bias across the stage to reduce the
energy of the beam. Transmission electron microscopy (TEM) micrographs utilized a PHILIPS
EM420T instrument working at 120 kV. These gas adsorption measurements (including
sequential isotherm measurements) were preceded by a pretreatment at high vacuum (<1 Pa) at
elevated temperatures, which were 623 K for 8 hr for AC and Pt/AC samples (without MOF)
based on [72], and determined from thermogravimetric analysis (10 K/min in 25 sccm N2, TA
Instruments Q5000) for MOF containing samples (473 K for 5 hr for I based samples; 393 K for
10 hr for T; 423 K for 10 hr for B. BET SA determinations utilized the relative pressure range
(P/P0) of 0-0.04 and zeolite-N2 surface interaction parameters for MOFs [110], with data included
in the supporting information (Figure B-1). BET SA of AC and Pt/AC utilized a P/P0 ranging
from 0.05-0.3 and the carbon interaction energies [23]. For all samples, total pore volume is
calculated by single point adsorption at P/P0 = 0.99, micropore volume is from the t-plot
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estimation and H-K model (Horváth-Kawazoe equations) with carbon cylinder pore parameters,
and pore size > 20 Å is estimated from BJH model (P/P0 ranging from 0.001-0.99) [23].
Catalyst dispersion (D) was determined from the 300 K H2 isotherm using the BensonBoudart method (assuming a 1 to 1 ratio between chemisorbed H and Pt (supporting information,
Figure B-7) [26], and the dispersed particle size of catalyst (d) was estimated from common
correlations (d = 1.13/D [27]). We define the pressure-dependent pseudo-dispersion (µ) as the
stoichiometric ratio of chemisorbed atomic H to total Pt metal (MT) in the catalyst (see Eq. (2-1)),
where the chemisorbed atomic H is above that expected for physisorption of the pure substrate
under comparable conditions (H2: total hydrogen adsorption; xi: molar fraction; H2,i: hydrogen
physisorption of each component). For the PB series, we define the spillover efficiency (η, Eq. (22)) as the ratio of chemisorbed atomic H to the active Pt surface metal (MS), where MS is
determined from H2 measurements of the corresponding Pt/AC, and is equivalent to MT*D (Eq.
(2-2)). Although η and µ are directly related, the latter takes into account the activity of the
specific Pt catalyst. Detailed sample calculations are found in the supporting information.

µ≡

n
H
; H ≡ H 2 − ∑ xi H 2,i
MT
i =1

(2-1)

η≡

H
H
µ
=
=
M S MT ⋅ D D

(2-2)

Thermo stability of the pretreated MOF samples up to 773 K was assessed on a Hiden
IGA-001 Intelligent Gravimetric Analyzer under 0.1 MPa N2 or H2 at 100 sccm. Weight loss was
not corrected for buoyancy, as buoyancy corrections were negligible relative to the weight loss
due to constant pressure and high temperature. In the discussion below, we define the onset of
thermal degradation (Ton) as the point in which the weight loss exceeded instrumental noise,
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approximately dm/dT < -0.03 %/K. In one test, PB-T was sequentially (without air exposure)
heated in H2 to 423 K, cooled in vacuum to 77 K for a N2 BET SA measurement, heated again in
H2 to 473 K, followed by a second N2 BET SA measurement at 77K. Thus, the SAs were
measured at a corresponding weight loss of 0.5% and 1.5% (relative to the mass after
degassing/solvent removal), after the 423 K and 473 K heating, respectively. Long-term stability
tests were performed by heating the samples in H2 to a temperature just below Ton, and then
incrementing the temperature (typically) by 20 K, with a 5 hour hold at each temperature.

2.3 Results and Discussion

2.3.1 Direct Doping

2.3.1.1 Direct Doping, Metal-Organic Frameworks
Cu-TDPAT (T) was directly doped (DD) with Pt via wet chemistry precipitation
techniques followed by reduction of the Pt(acac)2 precursor in hydrogen at 423 K. Relative to the
undoped T precursor, DD-T shows almost complete reduction of the characteristic T features as
well as peaks corresponding to Cu and Pt metal (Figure 2-2). It is well established that peak
splitting and/or changes in relative peak intensity in MOFs implies structural degradation [104].
Although the Pt diffraction peaks at 40° (111), 46° (200), and 68° (220) have a broad FWHM that
implies small crystalline size (3±0.5 nm) [111], the observation of Cu metal at 43.3° (111)
indicates reduction of the Cu paddlewheel, and combined with the loss of the characteristic T
profile, the PXRD results indicate almost complete degradation of the T structure. Without
Pt(acac)2 addition, undoped T subjected to the same treatment sequence shows no structural
degradation in PXRD at the conclusion of the 423 K H2 reduction (Figure 2-2, T*). Furthermore,
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T with added Pt(acac)2 remains intact prior to the 423 K H2 reduction (Figure 2-2, DD-T’). From
this, it is clear that hydrogen activated by Pt catalyzes the reduction of the Cu paddlewheel, and
leads to the structural degradation of T. In Section 2.3.4 below, we will show that T remains
intact in H2 up to 550 K, and revisit the stability of Pt-doped T as it is heated in H2. Consistent
with the PXRD, nitrogen adsorption isotherms at 77 K shows almost complete structural
degradation for DD-T, with uptake reduced from 430 cc STP/g for T to <1 cc STP/g for DD-T
(Figure 2-3). The complete structural degradation suggests the DD-T is not a good candidate for
hydrogen storage or other catalytic applications.

Figure 2-2: PXRD patterns of as-received MOFs (black) and doped MOFs (red), including CuTDPAT (T), Pt direct-doped T (DD-T), T in high temperature H2 reduction but without Pt
precursor (T*), T after dispersed in DEF with Pt(acac)2 without H2 reduction (DD-T’), and asreceived IRMOF-8 (I) and Pt direct-doped I (DD-I).

36

Figure 2-3: Nitrogen 77 K, 1 bar isotherms of as-received Cu-TDPAT and IRMOF-8 (T and I,
black), and after direct Pt doping and hydrogen reduction at 423 K (DD-T and DD-I, red). Direct
doping destroys (DD-T) and/or significantly alters (DD-I) pore size distribution.
Pt direct-doped IRMOF-8 (abbrev: DD-I) shows less pronounced signs of degradation.
Compared to pure I, DD-I has the first diffraction peak missing (Figure 2-2), and the 2θ shift
(indicated by dash lines) represents smaller d-spacing. However, neither Pt nor Zn diffraction
peaks are observed in DD-I, due to either the detection limit of small crystallite size [112] or low
metal concentration [57]. Nitrogen isotherms show some SA and porosity is retained in the DD-I
structure, although the isotherm shape bears little resemblance to I (Figure 2-3), indicative of a
substantial change in pore size distribution (PSD). The capacity of the first isotherm plateau
(P/Po~10-6) is increased, suggesting micro-porosity of DD-I is slightly enhanced relative to I;
however, there is no real sign of the second isotherm step in DD-I and the overall SA is reduced
by 49% (Table 2-1). An estimate of the PSD using the Horváth-Kawazoe equations (H-K) with
Yang’s correlation [113] shows the ratio between free and fixed pores (8.4 and 18Å, respectively
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[48]) are about 10% to 90% for I, whereas they change to roughly 70% to 30% for DD-I
(supporting information, Figure B-2). It is possible that the incorporation of Pt into the pore
spaces can explain these observations: Pt incorporated into the I cage would reduce the
macroporosity while increasing the microporosity, and a corresponding decrease in the longrange order in the I crystal could account for the changes observed in the PXRD pattern of DD-I.
As the dimensions of the I cage are 1.8 nm [48], any Pt nanoparticles present in the cages would
have to be less than this size to account for the reduced pore size of the micropores.

2.3.1.2 Direct Doping, Carbon
The Pt/AC materials serve as both a baseline for comparison for the DD-MOFs discussed
above (as carbon doping methods have been extensively studied), and also as the source of
catalytic Pt nanoparticles that will be discussed in the mixing section below. Recall that the
doping method for Pt/AC_1 was virtually identical to DD-I and DD-T. Broad Pt PXRD
diffraction features at 39.8° (111), 46.4° (200), and 67.9° (220) [111] (Figure 2-4) demonstrate
well-dispersed Pt nanoparticles in both Pt/AC_1 and Pt/AC_2. Based on the Scherrer equation, Pt
crystalline sizes are 1.6±0.4 nm (111) and 1.9±0.8 nm (200) for Pt/AC_1, and 2.6±0.3 nm (111)
and 1.3±0.2 nm (200) for Pt/AC_2, respectively. TEM images (Figure 2-5) demonstrate typical Pt
particle sizes of ~2 nm, in good agreement with the PXRD. The approximate agreement between
crystal (in PXRD) and particle (in TEM) sizes indicates the well-dispersed platinum nanoparticles
are single crystals.
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Figure 2-4: PXRD patterns of AC (black) and Pt/AC catalysts (red) (Pt/AC_1 from Pt(acac)2 and
Pt/AC_2 from H2PtCl6). In AC, the reflection at ~44° is attributed to the feature of amorphous
carbon [55]. Pt modes are marked as indicated.
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Figure 2-5: TEM images at low (left) and high (right) resolution of 5 wt% (A-B) Pt/AC_1, and
(C-D) Pt/AC_2 demonstrate well-dispersed nanoparticles of ~2 nm.
Nitrogen adsorption to the Pt/AC_1 and Pt/AC_2 catalysts at 77 K are only slightly
reduced compared to the AC precursor (Figure 2-6). The total pore volume and BET SA decrease
only slightly (by ~10-15%) with the introduction of Pt nanoparticles (Table 2-1), and this
common observation for AC materials is generally attributed to blocking or filling of the AC
pores with Pt nanoparticles [58,70]. If pore filling/blocking does indeed occur, it is noteworthy
that Pt doping does not alter the general shape of the type I AC isotherm. (Type I represents
micropores of molecular dimensions and limited external surfaces [23].) The slight variation
between the two doping techniques does not lead to drastically different catalyst textural
properties for the AC materials. The pore filling for the AC series is quite different than that
observed for DD-I, in which a drastic change in isotherm shape and in fixed to free pore ratio was
observed. In contrast, the carbon results show the Pt dispersed on AC is able to achieve a small
particle size and high dispersion on a stable substrate, without significantly reducing SA or total
pore volume.
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Figure 2-6: Nitrogen 77 K 1 bar isotherms of AC (black), Pt/AC_1, and Pt/AC_2 (red) show a
slight reduction in surface area and pore volume with catalyst doping, but no significant change in
pore size distribution.

2.3.2 Mixing Techniques

2.3.2.1 Physical Mixing
Except for direct metal doping, physical mixing to add pre-formed Pt/AC into MOFs is
another way to synthesize MOF composite catalyst [45,46]. The PXRD patterns of different ball
milling batches (BM-I-x, x = 1-6) are shown in Figure 2-7. Minor differences in PXRD patterns
can be found for the variations in mixing conditions. Peak splitting and pronounced changes in
relative peak intensities in BM-I-x are indicative of MOF structural degradation [104]. An
additional peak at 7.2° (dash line, Figure 2-7) and very slight peak broadening at 13° is observed.
The sample bridged with sugar (BM-I-6) has a PXRD pattern that indicates severe degradation.
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N2 adsorption isotherms (Figure 2-8) indicate a decreased BET SA for the BM-I samples (300800 m2/g, Table 2-1) relative to the I precursor (1384 m2/g of IRMOF-8). PXRD peak broadening
(Figure 2-7) and SA reduction (Figure 2-8) are also found in BM-I-4, which was ball milled
without Pt/AC, demonstrating the degradation is due to the mechanical act of mixing rather than
the catalyst addition. Overall, the ball milling results suggest the resulting structure is highly
prone to the strength of grinding and the resulting structure is not predictable. Thus, we did not
apply this technique to the T or B MOFs for further study. The degradation of the BM-I series is
consistent with previous results for similarly prepared samples [17], although the changes in
PXRD and loss of SA were not fully discussed.

Figure 2-7: PXRD patterns of as-received I and Pt/AC added BM-I series, added via physical
mixing. Unless otherwise specified, the listed conditions refer to ball milling. BM-I-4 has been
ball milled with no added Pt/AC.
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Figure 2-8: Nitrogen 77 K 1 bar isotherms I (black) and BM-I series. Colors represent different
BM-I samples, as defined in Figure 2-7.

2.3.2.2 Pre-Bridge Technique
Next, the modified version of the technique developed by Yang et al. [91,114] and Lee et
al. [92] was used to introduce pre-reduced Pt/AC catalysts into the MOF structures, via
suspension of the Pt/AC catalysts into the MOF solution prior to crystallization. In comparison to
the previous work, activated carbon was used as the support, and as demonstrated above, Pt/AC
was a relatively well-dispersed catalyst (~60% dispersion) with a particle size < 2 nm (smaller
than the 5 nm used in Pt/MWCNT added to IRMOF-1 [91]), and retained the high SA and
porosity of the AC precursor. Incorporation of the Pt/AC catalysts into the MOF synthesis slurry
using the PB technique showed almost complete agreement in the PXRD patterns relative to the
as-received MOF structures (Figure 2-9A), for three selected MOF materials, including I, T, and
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B (Figure 2-9). A very slight shift of ~0.05° is noted to lower diffraction angles (i.e. increased dspacing) for PB-I and PB-T, whereas no shift is noted for PB-B (Figure 2-9B-D), an observation
which will be discussed further below.

44

Figure 2-9: (A) PXRD patterns of as-received MOFs and after pre-bridging doping technique.
Close inspection shows an increase in d-spacing (decrease in 2θ) for (B) PB-I relative to I, and
(C) PB-T relative to T, but not for (D) B and PB-B.
Like PXRD, nitrogen isotherms (Figure 2-10A) and the derived textural properties (Table
2-1) demonstrate the MOF structures remain intact after the pre-bridge doping technique, with the
PB-MOFs tracing almost exactly the N2 isotherms of the MOF precursors. The PB doping
technique retains 90% to 110% of the BET SA of the MOF precursors (Table 2-1), and the
isotherms generally behave as Type I (Figure 2-10, inset), indicating microporous samples. Pure
and pre-bridged I and B show stepwise adsorption in the microporous region, with the various
isotherm steps indicative of distinct micropore sizes. In contrast, T and PB-T show a steady
increase in N2 adsorption through the microporous region of the isotherm. This agrees with the HK PSD estimation from model for micropores (Figure 2-10B): PB-B has a major narrow range of
PSD ranging from 14 to 17 Å and a very minor broad peak around 50 Å (Figure 2-10B, inset),
PB-I has pores in the range of 10 to 22 Å, and PB-T has the broadest continuous PSD up to 40 Å.
PSD of PB-MOFs compared to pure MOFs is generally the same after PB treatment (supporting
information, Figure B-3). Overall, the nitrogen adsorptions of PB-I and PB-T are enhanced
relative to the respective precursors, whereas that of PB-B is reduced; derived textural properties
follow similar trends. The enhancement for PB-I and PB-T appears to be primarily in the region
of the isotherm that corresponds to mesopores (i.e. > 20 Å), based on observed adsorption-
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desorption hysteresis (Figure 2-10A, inset) and BJH mesopore pore size estimations (Table 2-1).
The BJH model indicates mesopore enhancement (~150%) for PB-I and PB-T compared to only
15% for PB-B. The enhancement in mesoporosity is not in the range found in the Pt/AC (Figure
2-10B).

Figure 2-10: (A) Nitrogen 77 K 1 bar isotherms of pure MOFs and pre-bridged MOFs of I (black
◆), T (blue ▲), and B (purple ▼). (B) Corresponding pore size distribution from H-K model in
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pre-bridged MOFs and AC (red). The PSD for pure MOFs was similar (see supporting
information). Note that B has reduced nitrogen uptake after pre-bridge treatment, whereas T and I
are increased.

Table 2-1: Textural properties of AC, Pt/AC, raw MOFs, and MOF composites. The percentage
in the parentheses represents the data of compared to the substrate.
Samples

SA_BET
(m2/g)

V_total
(cc/g)
P/Po 0.99

V_micro V_micro
(cc/g)
(cc/g)
t-plot
HK
cumulated
to 20Å

BJH 20Å- BJH 20Å3000Å
3000Å Des
Ads (cc/g) (cc/g)

AC

3290

1.82

N/A

0.60

0.26

N/A

Pt/AC_1

2940 (90%)

1.64

N/A

0.54

0.61

1.12

Pt/AC_2

2840 (86%)

1.56

N/A

0.47

0.59

N/A

I

1380

0.59

0.47

0.44

0.12

0.096

DD-I

670 (49%)

0.43

0.22

0.22

0.20

0.21

BM-I-1

310

0.30

0.085

0.087

0.21

0.25

BM-I-2

380

0.32

0.11

0.11

0.20

0.20

BM-I-3

670

0.36

0.217

0.19

0.13

0.13

BM-I-4

780

0.33

0.266

0.25

0.065

0.043

BM-I-5

760

0.36

0.180

0.21

0.025

0.10

BM-I-6

260

0.19

N/A

0.062

0.071

0.12

PB-I

1470 (106%)

0.65

0.458

0.43

0.13

0.13 (140%)

T

1640

0.67

0.586

0.51

0.069

0.039

DD-T

1

0.0013

N/A

0.00016

N/A

0.0013

PB-T

1750 (107%)

0.72

0.600

0.53

0.097

0.058 (147%)

B

1770

0.74

0.609

0.62

0.080

0.090

PB-B

1710 (97%)

0.73

0.585

0.60

0.092

0.10 (115%)
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Visual microscopy of PB-I, PB-T, and PB-B (Figure 2-11) shows the average particle
agglomeration sizes are on the scale of 10 µm, 100 µm, and 1 µm, respectively (see also:
supporting information, Figure B-4). Typically, in PB-I and PB-T MOF particles encompass the
Pt/AC catalyst, as the agglomerate size is larger than the Pt/AC powders (estimated to be on the
scale of <10 µm based on optical microscopy). On the other hand, the small ~1 µm particles of
the PB-B agglomerate accompany observation of distinct separation between the B and Pt/AC
regions. The observation of catalysts buried inside PB-I and PB-T parallel the increased dspacing found in PXRD of the PB-samples relative to their precursors, as well as the increased N2
adsorption; whereas the lack of observation of catalysts buried within PB-B corresponds to no
increase in d-spacing and a decrease in overall N2 adsorption. Considering the PXRD shifts and
textural properties, catalyst addition in I and T via the pre-bridge technique leads to the insertion
of Pt/AC into the MOF structure, develops crystalline expansion, and extends total pore volume.
Successful implementation of this PB technique is dependent upon particle size of the MOF
structure.
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Figure 2-11: Optical microscope images of (A) PB-I, (B) PB-T, and (C) PB-B. Two resolutions
and spots are shown for each sample. The Pt/AC particles are indicated with arrows.
The effect of the various doping techniques on the crystallinity of T was further explored
with SEM. SEM of T demonstrates near-perfect octahedral crystalline structures of large size
(~100 µm, Figure 2-12A). The PB doping technique maintains the crystal structural integrity with
the evidence of amorphous Pt/AC protruding from several particles. Particle size is reduced
(relative to T) and many particles are poly-crystalline; this is likely due to an increased rate of
crystallization after nucleation by the foreign Pt/AC particles. The back-scattering electron image
that corresponds to Figure 2-12B (see Figure B-5, supporting information) shows bright particles
on the surface of the amorphous region extending from the T octahedral crystal, demonstrating
that this amorphous region is Pt/AC. DD-T exhibits a highly degraded structure: at high
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resolution, the octahedral crystals have been lost and become amorphous. Although the particle
size of DD-T is similar to PB-T, this is likely coincidental, as insertion of Pt to DD-T occurred
after crystallization. This implies the DD doping technique has etched away part of the T crystal.
The SEM results are generally consistent with the trends discussed for PXRD and N2 adsorption:
the PB doping method maintains the long-range crystalline order while inserting Pt/AC catalysts.
Similarly, the crystallinity of I and B were retained after the PB doping technique; as no changes
were observed, these micrographs are included in the supporting information (Figure B-6).
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Figure 2-11: SEM images of (A) T, (B) PB-T, and (C) DD-T, at high (left) and low (right)
resolution. Crystallinity is retained in PB-T with a reduction in particle size. Crystallinity is lost
in DD-T.
The results are generally consistent with previous reports that utilize the PB doping
method to introduce Pt/MWCNT [91] and Pt/AC [92] catalysts into IRMOF-1. In Yang et al.’s
study, the IRMOF-1 crystals are ~100 µm (estimated from FESEM) and encompass MWCNT
[114] and Pt/MWCNT [91]. When undoped MWCNT is used, the SA is elevated in the
MWCNT/IRMOF-1 composite (1810 vs. 2900 m2/g), as is the pore volume (0.672 vs. 0.271 cc/g
in pore size < 1 nm and 0.765 vs. 0.552 cc/g in pore size > 1 nm) [114]. The authors attribute the
increase in textural properties to MWCNT securing the diffusion path for solvent removal after
solvothermal synthesis. Yet, when Pt/MWCNT is incorporated into IRMOF-1, the BET SA is
reduced from 1758 to 1692 m2/g, while the total pore volume (at P/Po = 0.99) is comparable [91].
On the other hand, Lee’s pre-bridged Pt/AC on IRMOF-1 suffers critical degradation in BET SA
from 1820 to 730 m2/g, with micropore volume decreasing from 0.612 to 0.303 cc/g and
mesopore volume increasing from 0.239 to 0.278 cc/g [92]. The authors attribute the reduction of
SA and micropore volume to the filling and blockage of Pt/AC, though they do not discuss the
mesopore expansion. In all previous cases, the PXRD patterns remain intact after the PB

51
technique, even in Lee’s report where a significant change in N2 derived textural properties is
observed.
Other previous attempts to catalytically dope MOFs are summarized in Table 2-2, and
include (in part) wet precipitation [47,70,100,101], incipient wetness [102], and CVD [73,103].
As mentioned in the introduction, few of these reports study material stability after incorporation
of the catalyst. Sabo et al. [102] do note partial decomposition of IRMOF-1 after 1 wt% Pt(acac)2
doping via incipient wetness (using a technique similar to DD used for DD-I, DD-T, and
Pt/AC_1), citing a varied PXRD pattern with a great recession in the first diffraction peak and a
3-fold reduction in N2 BET SA (from ~3000 m2/g to ~1000 m2/g). Other papers also report a
dramatic SA reduction (reduced by ~3 times), whether metal is added chemically [70,102], or via
physically mixing [17,45,46]. Rather significant changes in PXRD are also observed via physical
mixing in the ball mill [17], similar to our results discussed above. Thus, the results reported here
seem to be a somewhat promising method to add catalytic entities to the MOF structure while
retaining structure (i.e. PXRD, Figure 2-9) and maintaining SA and porosity (Table 2-1).
However, as the doping method is indirect, and involves encapsulation of a supported catalyst,
the obvious next questions are to determine whether (1) the MOF provides any advantage relative
to the primary Pt/AC catalyst, (2) how (and whether) the catalyst interacts with the MOF support,
(3) whether the MOF support serves merely as a means to sieve reactants to the catalyst particle,
and (4) whether the doped MOFs are stable at catalytically relevant conditions. Point (3) seems
best addressed by the retention of porosity and observation of the catalyst within the bulk of the
crystal; as discussed above, the MOF structure provides a definite means to introduce defined
porosity and functional groups into a Pt/AC support. The first two points are addressed in Section
2.3.3, and point (4) is explored in Section 2.3.4.
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Table 2-2: The comparison in SSA of different MOFs with and without metal doping. It shows
that MOF SSA was reduced after metal doping in most cases in the literatures.
Ref.

[98]

Metal/MOF
type
Pd/MIL-101

Metal
Conc.
(wt%)
0.930.96

SA (m2/g)
L: Langmuir
B: BET
B: 3555 (w/
grafting)
B: 4100±200
(w/o grafting)

Metal Precursor

Metal Size (nm)

Method
PdCl42PtCl62AuCl4Wet precipitation w/ or
w/o ED grafting
Reduced in NaBH4

Determined by
>20 (w/o grafting)
2-4 (w/ grafting)

PdCl2
Wet precipitation
Reduced in N2H4
H2PdCl4

3-6
TEM

[101]

Pd/IRMOF-1

3

B: 533 (w/ Pd)
B: 871 (w/o Pd)

[70]

Pd/MIL-100
(Al)

10

B: 380 (w/ Pd)
B: 1200 (w/o
Pd)

[105]

Ru/LaBTC

0.98

N/A

[102]

Pd/IRMOF-1

1

B: 958 (w/ Pd)
B: 2885 (w/o
Pd)

[103]

Pd/IRMOF-1

26.4
15.4

N/A

[115]

Pd
Cu
Au
/IRMOF-1

35.6
13.8
48

L: 1600
L: 1100
N/A

Wet precipitation
Reduced in Ar/H2
RuCl3⋅3H2O
Immerse and reduce
MOF in supercritical
CO2-methanol solution
Pd(acac)2
Incipient wetness
Reduced in H2 150200°C
Pd(η3-C3H5)(η5-C5H5)
Pd(acac)2
MOCVD
Reduced with photoassistance
Incipient wetness
Reduced in H2 150200°C
(η5-C5H5)Pd(η3-C3H5)
(η5-C5H5)Cu(PMe3)
(CH3)Au(PMe3)
MOCVD
Reduced in H2 35°C

TEM

XRD: 2.5±0.2
TEM: 1.8±0.4
XRD & TEM
~5
TEM
N/A

XRD: 2.7
TEM: 2.4
XRD: 39
TEM: 3
XRD & TEM

1.4
3-4
20
TEM & XRD
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Ref.

Metal/MOF
type

[73]

Pt/IRMOF-8

[116]

Au/ZIF-8

[117]

[100]

[47]

Ag/[{Ni(C10
H26N6)}3(bpd
c)3]⋅2C5H5N⋅
6H2O
Li
Na
K
/Zn2(NDC)2(
diPyNI)
Li/Cu3(BTC)

Metal
Conc.
(wt%)
4.8
6.2
7.7

SA (m2/g)
L: Langmuir
B: BET
B: 1175
B: 1071
B: 1014
B: 1430 (w/o
Pt)

1
5

B: 1413 (w/o
Au)

N/A

L: 691 (w/o Ag)

6
10
6

B: ~700
B: ~810
B: ~1000
B: ~800 (w/o
M)
B: 795
B: 1587 (w/o
M)
B: 1840
B: 2537 (w/o
M)
L: 242 (w/ Pd)
L: 559 (w/o Pd)

N/A

2

Li/MIL-101
(Cr)
[118]

[119]

[71]

Pd/{[Zn3(ntb)
2(EtOH)2]⋅4Et
OH}n
Cu-MOF
(1,3,5benzenetricar
boxylic acid)

3

N/A

L: 1820

Ni/MCM-41

2
5
10

B: 1277
B: 1214
B: 1185
B: 1528 (w/o
Ni)

Metal Precursor

Metal Size (nm)

Method
(trimethyl)methylcyclopentadienyl
platinum
CVD
Degassed at 303K,
308K, 318K
(CH3)2Au(acac)

Determined by
2.2
3.9
9.1
TEM

Grinding
Reduced in H2 230°C
AgNO3
Self-Redox

3.4
4.2
TEM
3
TEM

M(NAP)
M=Li, Na, K
Self-Redox

N/A

Li(NAP)

N/A

Self-Redox

Pd(NO3)2⋅2H2O

3

Self-Redox

TEM

Cu plate

N/A

Electrochemical route
Ni(NO3)2⋅6H2O

N/A

Add precursor into
MOF hydrothermal
synthesis

TEM &SEM
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2.3.3 Catalytically Active Surface Area
One of the most common methods to assess catalytic dispersion and active metal surface
area is via chemisorption of H2 or CO at 300 K. Typically, supported catalysts have isotherms
that parallel those of the corresponding undoped support at pressures exceeding ~5 kPa, with the
supported catalyst having a sharp increase (a.k.a. “knee”) at pressures below ~5 kPa, which can
be attributed to chemisorption to the catalyst. Extrapolation of the low-pressure portion of the
isotherm is used to calculate catalytically active surface area, and is roughly proportional to the
height of the isotherm ”knee”. In certain cases, either the isotherms are not parallel or the
calculated active catalytic sites exceed that expected from the total metal content of the material:
these are signs of hydrogen spillover from the catalyst to the support [51]. Hydrogen spillover
entails catalytic dissociation of molecular hydrogen on the catalyst followed by diffusion from the
catalyst to its support, and has been reviewed for both catalytic applications [51,120] and as a
means to increase the operative adsorption temperature of hydrogen storage [121-124]. Here we
use hydrogen spillover as a means to assess whether active catalytic entities may diffuse from the
catalyst to the MOF support, in order to ascertain whether the surface of the MOF has potential to
participate in the chemical reaction.
The 0.1 MPa hydrogen room-temperature isotherms of the ball milled IRMOF-8 BM-I
series are displayed in Figure 2-13. All data points are slightly less than physisorption of I except
for the sugar carbonization bridged BM-I-6, which shows hydrogen uptake at 0.1 MPa noticeably
beyond physisorption. However, the IRMOF-8 structure in BM-I-6 has the largest apparent
structural degradation in PXRD (Figure 2-7) and the highest reduction in N2 BET SA (Table 2-1),
and although the enhanced uptake cannot be attributed to physisorption (due to the decreased
SA), we cannot exclude the effect of chemisorption to various other chemical entities/functional
groups in the degraded I structure in contributing to hydrogen spillover and/or migration of ligand
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remnants directly to the catalytic sites for hydrogenation. Overall, the results indicate high
irreproducibility in grinding to incorporate catalysts with MOFs, and a poorly characterized
resulting structure that makes it difficult to fully understand the role of structure in promoting
hydrogenation of the I support.

Figure 2-13: Hydrogen 300 K 1 bar isotherms of I (empty black) and BM-I series (solid
legends), in which BM-I-6 (red) shows the highest hydrogen uptake. Colors represent different
BM-I samples, as defined in Figure 2-7.
The low-pressure isotherms at 300 K of the DD samples (Figure 2-14A) show higher H2
adsorption relative to the undoped precursors for T, I, and AC, despite complete (DD-T) to
partial (DD-I) structural degradation in PXRD (Figure 2-2) and loss of porosity/surface area (DDT and DD-I) (Table 2-1). The highest absolute uptake is for Pt/AC, and the resulting isotherms
are typical of H2 isotherms for supported catalysts. The linear isotherm of undoped AC obeys
Henry’s law, passing through the origin, typical of physisorption. Catalysts Pt/AC_1 and Pt/AC_2
have a chemisorption “knee” at low (<5 kPa) pressure, at which point the isotherms are
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approximately parallel the AC physisorption isotherm. This is as expected, due to the similar
textural properties of AC and the Pt/AC analogs (Table 2-1). Metal dispersion is calculated to be
29.0% and 56.5% dispersion for Pt/AC_1 and Pt/AC_2, respectively (Table 2-3 and supporting
information). Based on the dispersion results, Pt/AC_1 and Pt/AC_2 have estimated Pt
nanoparticle size around 3.9 and 2.0 nm respectively, which are almost equivalent to the sizes
obtained in PXRD in Figure 2-4 (crystalline) and TEM in Figure 2-5 (particle).
The adsorption isotherms of the DD-MOF samples are somewhat atypical of H2
isotherms of supported catalysts. Although the DD-MOF samples have hydrogen isotherms
roughly parallel to the isotherms of the respective undoped precursors at pressures higher than 5
kPa, this cannot be attributed to physisorption as the textural properties (i.e. N2 SA and porosity)
have been greatly modified by the doping procedure. DD-I has an obvious knee at low pressure,
and a corresponding 31.8 % Pt dispersion, which would correspond to an estimated Pt
nanoparticle size of ~3.6 nm (supporting information). For DD-T, the uptake is slightly enhanced
(0.97 cc STP/g at 0.1 MPa) relative to undoped T (0.63 cc STP/g), although there is no noticeable
catalytic ”knee” despite Pt content equivalent to DD-I and Pt/AC. Overall, the results
demonstrate structural integrity and porosity is an insufficient predictor of hydrogen chemical
adsorption at 300 K. The effect is even more pronounced when you consider the lack of
discernible N2 adsorption at 77 K (< 1 cc STP/g of DD-T). Unlike the agreement for the AC
results, there is a significant discrepancy between the Pt particle sizes calculated from PXRD and
that from H2 chemisorption in DD-T.
As discussed above, geometric arguments (combined with the lack of large metal
particles in PXRD) suggest the maximum Pt particle size is 1.8 nm. Pt particles of 1.8 nm in DDI would correspond to a chemisorption knee of 1.80 cc/g, which is twice that observed.
Incomplete H2 surface coverage of the metal suggests that Pt particles are not fully accessible to
H2 gas, which is perhaps consistent with Pt confinement in the interior of DD-I as discussed in
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2.3.1.1. Similar estimations for DD-T show observed H2 chemisorption is only 20% of that
expected based on the particle size calculated from PXRD (See Supporting Information). The Pt
nanoparticles may become encapsulated by the degraded MOF structure, detectable by PXRD but
inaccessible to H2 gas. The increased hydrogen uptakes for the DD samples can be attributed to
either (a) increased penetration of H2 gas into the interior, followed by chemisorption to interior
Pt particles, or (b) chemisorption to a small fraction of Pt particles that are located on the
periphery, followed by penetration of H atoms by spillover effect into the interior of the
amorphous remains of the MOF matrix. Overall, the uptake to the two DD-MOFs emphasizes: (a)
hydrogen chemisorption is not correlated to SA, and (b) hydrogen chemisorption methods are
insufficient predictors of catalytic particle size when the metal becomes encapsulated.

58

Figure 2-14: Hydrogen 300 K 1 bar isotherms of (A) AC, I, T with (solid) and without (empty)
Pt direct doping, and (B) expected (dotted line) PB-MOF samples vs. experimental data (solid
line). It is labeled as I (black ◆), T (blue ▲), and B (purple ▼).
As the pre-bridged MOFs are relatively more complex composites, the low-pressure
hydrogen isotherms at 300 K of the PB-MOFs (solid lines, Figure 2-14B) are compared to the
weighted average of their components (dotted lines, Figure 2-14B). The PB-T and PB-I samples
show significant enhancement in hydrogen uptake relative to those of the weighted average of
their components, whereas PB-B mirrors the uptake expected from the weighted average. In fact,
the hydrogen uptake of PB-T at 0.1 MPa exceeds (by ~25%) that of Pt/AC, despite having a
fraction (Pt/AC to T = 1:19) of the introduced catalyst. Furthermore, despite similar textural
properties to the undoped precursors (Figure 2-10A, Table 2-1), the slope of the H2 isotherms for
PB-T and PB-I are increased, which was not observed for Pt/AC relative to AC. This is generally
consistent with the observations of catalyst encapsulation, increased mesoporosity, and slightly
expanded d-spacing in PB-T and PB-I discussed above. The lack of catalyst knee for PB-T and
PB-I is attributed to a four hundred-fold dilution in the Pt content over the course of the PB
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synthesis technique (relative to the DD series). Specifically, the ~0.25% Pt content in PB-T
would be expected to adsorb 0.14 cc STP/g if 100% dispersed versus 2.87 cc STP/g for DD-T
that has ~20-fold more Pt content. Thus, the enhanced uptake of PB-T and PB-I, relative to the
weighted average of its components, is attributed to hydrogen spillover from the embedded
catalyst to the MOF matrix. The enhancement is increased with increasing pressure, a feature that
was not observed for Pt/AC, in which the hydrogen isotherm nearly paralleled that of the undoped
AC. In contrast, the isotherm of PB-B is not enhanced relative to the weighted average of its
components. The lack of enhancement can be attributed to the fact that the Pt/AC catalyst was not
effectively incorporated into the B matrix, judging from the optical microscopy, PXRD, and
decreased N2 adsorption presented in the previous section. Currently, we believe this is due to the
smaller particle size of the methodology used to produce B.
To better quantify this enhancement, we have calculated the dispersion D, pseudodispersion µ (Eq. (2-1)), and spillover efficiency η (Eq. (2-2), Table 2-3, Figure 2-15). The basic
assumption in these calculations is that Pt doped substrates have the same physisorption as pure
substrates, which seems reasonable given the similar textural properties for the PB series (Table
2-1). A spillover efficiency exceeding 1 would be an indication of hydrogen spillover, and use of
the active metal sites in its calculation helps to account for differences between the activities of
the two Pt/AC catalysts used in the synthesis of the different materials.
The data clearly shows PB-T has highest pseudo-dispersion and spillover efficiency,
whereas the spillover effect in PB-B is negligible. For PB-T and PB-I, spillover efficiency
increases with pressure, suggesting greater access of H to the MOF at increased pressure. The
negligible uptake for PB-B is likely due to insufficient catalyst-MOF contact, which has been
emphasized previously [51,58,125,126]. The trends in hydrogen spillover efficiency (i.e. PB-T >
PB-I > PB-B) also agree with the breadth of the PSD (Figure 2-10B), and specifically, PB-T
shows pore sizes in the widest range of 8-20 Å. This is consistent with the role of a fractal porous
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network (with an emphasis on pores >3.2 nm) to facilitate H2 diffusion to the catalyst and
subsequent spillover to the support [107]. Large pores would facilitate gaseous H2 diffusion to the
catalyst and subsequent spillover; in contrast, gaseous H2 diffusion to catalysts embedded in
micropores would be slowed. Although AC has significant mesoporosity (Figure 2-10B, inset),
PB-T is the only MOF with appreciable mesoporosity. Thus, the connectivity between the
catalyst and the MOF, and the ready access of H2 to catalytically active Pt sites seem to be
responsible for the increased uptake of PB-T relative to the other MOF materials. The high
hydrogen spillover from the catalyst to the MOF support, particularly in the case of PB-T,
demonstrates the MOF surface may extend the catalytically active surface area.
Table 2-3: Hydrogen uptakes and hydrogen-to-catalyst ratio at 1 bar, 300 K of AC, Pt/AC, raw
MOFs, and pre-bridged MOFs.
Samples

Hydrogen Uptake
(wt%)

Dispersion D
(%)

PseudoDispersion µ
(%)

Spillover efficiency
η

AC

0.019

N/A

N/A

N/A

Pt/AC_1

0.027

29.0%

36%

1.22

Pt/AC_2

0.036

56.5%

72%

1.27

I

0.012

N/A

N/A

N/A

PB-I

0.025

N/A

870%

29.9

T

0.0057

N/A

N/A

N/A

PB-T

0.044

N/A

2900%

51.7

B

0.018

N/A

N/A

N/A

PB-B

0.019

N/A

57%

1.01

61

Figure 2-15: (A) Pseudo-dispersion µ and (B) spillover efficiency η (See Eq. 2-1 and 2-2 of text)
at 300 K of pre-bridged MOFs of I (black ◆), T (blue ▲), and B (purple ▼).
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2.3.4 MOF Catalysts Stability in High Temperature Gases
The hydrogen adsorption results above suggest the respective MOF surfaces may extend
the catalytically active surface area, assuming spilt over hydrogen is capable of taking part in
catalytic hydrogenation reactions. For this to be viable, however, the catalysts must be stable
under typical catalytic hydrogenation conditions. In this section we utilize TGA to examine the
thermal stability of PB-T and PB-I in a reductive and inert environment, and ascertain the effect
of catalytic doping.
After solvent removal and degasing (data not shown), the Ton (i.e. dm/dT < -0.03 %/K,
arrows in Figure 2-16A) of I occurs at 705 K in N2 and 680 K in H2, demonstrating H2 is more
effective at breaking I into its components (Figure 2-16A). Incorporation of the PB catalyst
lowers Ton by 20-25 K in H2 and N2, respectively. Thus catalyst doping has a minor effect on I
stability. A long-term stability test of PB-I in H2 shows the rate of sample weight loss is
negligible at 573 K, minor at 593 K, and becomes significant (i.e. exceeds 1 %/hr) at 613 K and
above (Figure 2-16B). Thus, at temperatures up to 573 K, PB-I is stable in H2, meeting a stability
criteria of dm/dt < 0.1 %/hr.
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Figure 2-16: TGA stability test of I series (I: solid line, PB-I: dash line), including (A) 10 K/min
temperature ramping from 300 K to 773 K in N2 (blue) and H2 (red) gas flows; and (B) long-term
stability test of PB-I in H2 with a 5-hour hold at each temperature (as indicated). Annotated
temperatures in (A) denote the onset temperature when dm/dT < -0.03 %/K.
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The T series degrades at a lower temperature, and exhibits anomalous behavior in H2.
After solvent removal, T is stable up to a Ton of 550 K in N2 (arrow, Figure 2-17A). Incorporating
the PB catalyst leads reduces Ton by 10 K, demonstrating the incorporation of catalyst has
decreased the thermal stability; a 15 K temperature shift is observed for H2, compared to the 2025 K shift observed for the I series. (Note: A minor weight loss that occurs for PB-T prior to
~500K is attributed to desorption of H2 that adsorbed at 300K, see Supporting Information,
Figure B-8.) Long-term stability tests of PB-T in H2 show the weight is fairly stable (i.e. dm/dt <
0.1 %/hr) up to 473 K, with increases in the rate of mass loss occurring at higher temperatures
(Figure 2-17B). The sample maintains over 90% of its weight over the course of this 50 hr
experiment as temperature is gradually increased from 423 K to 573 K (Figure 2-17B),
demonstrating thermal degradation is fairly gradual for PB-T. However, as a 423 K in H2
treatment led to almost complete structural degradation for DD-T, we re-examined the
intermittent stability of PB-T after heating to 423 K, despite the slow weight loss in the long-term
stability tests. BET SA was used as a probe of structural integrity, as this test could be done
sequentially without air exposures. After heating to 423 K in H2, PB-T lost 0.5 wt% of its weight
and BET SA was fully retained (~1800 m2/g; Figure 2-17A, inset). The long term stability test
suggested 473 K would meet a stability criteria of dm/dt < 0.1 %/hr. However, a subsequent
treatment to 473 K led to a cumulative 1.5% loss of weight, and a ~17% reduction in BET SA (to
~1500 m2/g). Thus it is expected that the thermal stability of PB-T in H2 is limited to short
exposure times at 423 K. As discussed in the next paragraph, it seems likely that hydrogen
chemisorption contributes to this decrease in SA.
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Figure 2-17: TGA stability test of T series (T: solid line, PB-T: dash line), including (A) 10
K/min temperature ramping from 300 K to 773 K in N2 (blue) and H2 (red) gas flows; and (B)
long-term stability test of PB-T in H2 with a 5-hour hold at each temperature (as indicated).
Annotated temperatures in (A) denote the onset temperature when dm/dT < -0.03 %/K. The inset
in (A) displays the N2 77 K isotherms of PB-T as received (■), after 0.5% weight loss (▲), and
after 1.5% weight loss (▼). The negative dm/dT when T < 500 K is due to the desorption of
hydrogen adsorbed at 300 K in IGA.
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Hydrogen chemisorption delays the thermal degradation of T and PB-T: Ton is ~35 K
greater in H2 than in N2 for PB-T, and both T and PB-T have ~110 K delay comparing the lowest
dm/dT peaks in the thermal scans (Figure 2-17A). (Recall, that in contrast, the I series was less
stable in H2 than in N2, consistent with reduction of the carboxylate to destabilize the inorganicorganic linkage.) In addition to the 300 K H2 isotherms (i.e. Figure 2-14), additional evidence for
hydrogen chemisorption to PB-T is found at low temperature in the stability tests (weight
increase in Figure 2-17B; see also Supporting Information, Figure B-9). It is notable that the
delayed degradation in H2 is similar for both T and PB-T (i.e. 90-110 K, Figure 2-17A), and more
significant than the thermal destabilization that occurs due to PB doping (i.e. 10-25 K, Figure 216 A and 2-17A). In a subsequent paper, we will utilize additional spectroscopic characterization
and density functional calculations to demonstrate H2 chemisorption occurs at defected sites in
the Cu paddlewheel. It thus seems likely that H2 chemisorption at the Cu paddlewheel contributes
to the delay in thermal degradation in H2.
To summarize, the PB doping technique has a modest effect on the thermal stability of
both I and T, lowering the onset of thermal degradation by 10-25 K. PB-I is stable in up to 660 K
when its temperature is ramped in H2, and weight loss is < 0.1 %/hr in the long term stability tests
up to 573 K. PB-T is stable up to 540 K when it is ramped in H2, and weight loss is < 0.1 %/hr in
the long term stability tests up to 473 K. However, despite apparent thermal stability at 473 K,
PB-T exhibits a loss of BET SA after heating to 473 K. Hydrogen chemisorption to the Cu
paddlewheel has a large effect on its thermal stability, and likely contributes to this decrease in
BET SA.
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2.4 Summary and Conclusions
This paper explores three methods to introduce transition metals into MOF supports.
Mechanical mixing and incipient wetness techniques lead to structural degradation of the MOF,
and the resulting MOF support may bear little resemblance to the ideal crystalline structure.
These results are generally consistent with previous studies that find a significant decrease in SA
after metal doping of MOFs [47,70,71,73,98,101,102,115,118] as well as changes in the PXRD
pattern [17,46]. With structural degradation of the MOF, the resulting catalyst is likely to have
irreproducible activity with uncertain contributions by various factors (functional groups,
crystallinity, and porosity, for example). Thus the attractive features of the MOF, which seem to
provide promise as a catalyst support, are often lost upon doping with zero-valent transition
metals.
A pre-bridge catalytic doping technique, however, is shown to retain the structural
integrity, surface area, and porosity of the MOF precursor, while introducing catalytic entities,
with a minimal effect on thermal stability in high-temperature hydrogen. Hydrogen spillover
studies demonstrate the surface of the MOF may receive active hydrogen species that may
participate in catalytic reactions and effectively extend the catalytic surface area of the material.
Among three pre-bridged MOF samples, PB-T (Pt/AC + Cu-TDPAT) showed the highest
hydrogen spillover and adsorption at 300 K and 0.1 MPa. The spillover efficiency, η, exceeded 50
in PB-T, clearly demonstrating a spillover effect where atomic hydrogen transferred to the CuTDPAT support via Pt/AC. Relative to the other MOF materials studied, the high uptake of PB-T
is attributed to high connectivity between the catalyst and the Cu-TDPAT structure and a pore
structure that facilitates H2 uptake to embedded catalytically active sites. For the pre-bridge
doping method, the particle size of the MOF contributes to connectivity, as the crystallization of
large particles helps to encompass the catalyst within the structure.
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Chapter 3

Hydrogen Storage with Spectroscopic Identification of Chemisorption Sites in
Cu-TDPAT via Spillover from a Pt/activated carbon catalyst
Hydrogen chemisorption to the Cu-TDPAT (TDPAT = 2,4,6-tris(3,5dicarboxylphenylamino)-1,3,5-triazine) metal-organic framework via the spillover mechanism is
probed with adsorption measurements, ex situ characterization techniques, and density functional
theory (DFT) calculations. Incorporation of a Pt/AC (activated carbon) catalyst into the CuTDPAT crystal structure preserves the crystallinity, surface area, and porosity. The Cu
paddlewheel of Cu-TDPAT dissociates in 473 K H2, which is catalyzed by Pt/AC. In 300K H2,
however, H chemisorbs without structural degradation, and complementary DFT calculations
demonstrate possible hydrogenation sites that are exothermic with respect to H2. Hydrogen
chemisorption to Pt/AC/Cu-TDPAT at 300K and 1 bar exceeds that expected for physisorption by
8-fold, which we show is partially attributable to incorporation of heteroatoms and introduction of
crystalline defects. Incorporated Pt further enhances hydrogen uptake at 300 K, as uptake does
not trend with surface area, crystallite size, or a probe of Cu paddlewheel defects, and
furthermore, evidence for three distinct hydrogenation sites are found via XPS and FTIR with
increasing hydrogen pressure. However, slow rates of hydrogen uptake and material instability
seen at high-pressure render the material unsuitable for practical hydrogen storage applications.

3.1 Introduction
Hydrogen is a potential clean energy carrier with the highest chemical energy density per
molecular mass. As hydrogen normally exists in the gas phase, metal-organic frameworks

69
(MOFs) [34,48,127] have been proposed as a solid-state adsorbent to increase the overall
gravimetric and volumetric density due to their high surface area (SA), adjustable pore size, and
tunable chemical functionality [34]. However, MOFs rely on physisorption, and approach the
U.S. Department of Energy (DOE) hydrogen storage targets (5.5 wt% by 2017 and ultimate goal
7.5 wt%) [128] at cryogenic conditions, rather than at the desired operating temperatures (-40°C
to 85°C). Hydrogen spillover has been proposed as a means to increase the relevant adsorption
temperature to near-ambient temperatures [14,53], as it introduces a hydrogen dissociation
catalyst [51] to shift the interaction between hydrogen and the substrate from physisorption to
weak chemisorption [74]. At 300 K, up to 4 wt% excess hydrogen adsorption has been reported at
10 MPa [17,45,69], which approaches the DOE targets. In addition to MOFs [17,45,46,67-73,76],
hydrogen spillover has been reported to increase the amount of hydrogen uptake at near-ambient
temperatures in multiple substrates, including: carbon [14,53-56,58,59,63,64,77,129] and zeolites
[66]. However, other groups [79-81,130] have reported a decreased or similar gravimetric
hydrogen adsorption capacity upon introduction of a dissociation catalyst, which would imply
either introduction of ‘heavy’ catalysts that were inactive in initiating considerable hydrogen
spillover to the support or large errors in the other adsorption measurements.
For over seventy years in the field of catalysis [51,131], researchers have sought to
determine the active surface sites that bind with spilled-over hydrogen species. This research has
received renewed interest in the past few years due to the interest in hydrogen storage
accompanied by the discrepancies between laboratories. In recent years, evidence for hydrogen
spillover to carbon-based supports has been published using inelastic neutron scattering (INS),
with evidence for a new C-H bond [82,83,85] and/or loss of molecular hydrogen [129].
Formation of C-H/C-D bonds were found with in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) in a BCX sample, catalyzed by Ru; bond formation was
attributed to ‘weak chemisorption’, but was accompanied by a large amount of water formation
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which would suggest irreversible changes in the surface chemistry [85]. Our group has used in
situ Raman spectroscopy to show spillover to a carbon support, demonstrating oxygen groups
were essential for high surface mobility and reversibility with little to no water formation [84].
Isotope shift experiments confirmed the hydrogen formed a chemical bond, although room
temperature reversibility suggested the bond was weak. Delocalization of π-electrons in graphene
reduces the H binding energy, and this can be further reduced by multiple H atoms and/or surface
heterogenities [132]. Spectroscopic evidence of the active binding sites for spillover to MOFs
found in our previous report [74], in which we use ex situ Fourier Transform infrared (FTIR) to
show ex post facto conversion of the carboxyl groups of Cu-BTC (Cu3(BTC)2(H2O)3, BTC =
benzene tricarboxylate) to carboxylic acid after room-temperature hydrogen exposure. Although
powder X-ray diffraction (PXRD) demonstrated the Cu-BTC structure remained largely intact,
spillover to Cu-BTC was not readily (i.e. within the time frame of the adsorption experiment)
reversible at room temperature. This irreversibility in fact allowed for the ex situ measurements.
At higher temperature (i.e. 150°C), Yang et al. [126] found both Cu reduction and structural
degradation after Pt-doped Cu-BTC was exposed to H2; no evidence for Cu reduction was
presented after room-temperature H2 exposure nor 150°C H2 exposure of Pt-doped MIL-53 or
ZIF-8. Less chemical-specific evidence for spillover to MOFs is provided by temperatureprogrammed desorption (TPD) experiments using time-of-flight mass spectroscopy to
demonstrate room temperature desorption of H2 from IRMOF-8 catalyzed by a Pt catalyst
supported on activated carbon (Pt/AC) after carbonization of D-glucose [69]. In other cases, no
hydrogenation of the MOF and/or enhanced hydrogen uptake has been observed [81,133],
suggesting subtle differences in catalyst-support interactions play an essential role in the activity
of hydrogen spillover.
Although spectroscopic evidence for spillover to MOFs is limited, the ability to tailor
specific chemical functional groups of the organic ligands in the MOFs suggests a means to
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optimize spillover receptor sites [76]. Density functional theory (DFT) calculations suggest the
organic ligand may be fully hydrogenated, in-line with reported experimental uptake [69,134136]. Yet, the irreversibility of adsorption reports suggests the spillover process, especially to the
chemically heterogeneous organic-inorganic MOF structure, is not well understood. To
complicate matters further, structural degradation of MOFs plagues many adsorption reports, as
evidenced by substantial decreases in the MOF SA [47,70,73,100-103] and/or changes in the
PXRD patterns [17]. Recently, we have explored how various catalytic doping methods affect the
structural stability of MOFs [137], and found that a “pre-bridge” (PB) technique [91,92] leads to
complete retention of MOF SA without evidence for structural degradation in hydrogen at
temperatures up to 20 degree below that of the MOF thermal degradation temperature. The PB
technique introduces a highly dispersed Pt/AC catalyst prior to MOF crystal growth, and thus the
MOF precipitates around the catalyst. Use of a pre-reduced Pt/AC catalyst alleviates the need for
Pt reduction, which can lead to instability of the MOF. In this previous paper, we show that
doping Cu-TDPAT ([Cu3(TDPAT)(H2O)3] (abbreviated as T; TDPAT = 2,4,6-tris(3,5dicarboxylphenylamino)-1,3,5-triazine, see Figure 3-1) via the PB technique leads to high thermal
stability, retention of structure and SA, and the highest hydrogen uptake at 300 K, 1 bar (relative
to any previous reports of catalyst-doped MOFs at comparable conditions). Given the complex
chemical topology of the TDPAT ligand (which includes (a) sp2 hybridized carbons, (b) sp2 N
heterocycles on the center ring, and (c) amine-type NH groups in the branch, as labelled in Figure
3-1), spillover to T provides a unique means to probe activity of various functional groups to bind
hydrogen and better understand the mechanism of hydrogen spillover. Here, we combine ex situ
characterization of T, with and without added Pt, (utilizing PXRD, FTIR, and X-ray
photoelectron spectroscopy (XPS)) with hydrogen adsorption measurements and density
functional theory (DFT) calculations to probe hydrogen binding sites within T and PB-T. We
probe the effect of temperature and H2 pressure on structural changes, accessibility of hydrogen
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to the T ligand, and propose metastable, defected structures that lead to enhanced hydrogen
adsorption via spillover.
This chapter is submitted to the Journal of Physical Chemistry C. The co-authors are
Jennifer Gray, Qihan Gong, Yonggang Zhao, Jing Li, Emmanual Klontzas, George
Psofogiannakis, George Froudakis, and Angela Lueking.

3.2 Experimental

3.2.1 Sample Preparation

3.2.1.1 Synthesis of Cu-TDPAT
Cu-TDPAT (T) was synthesized via solvothermal procedures [108], in which 0.68 mmol
Cu(NO3)2·6H2O and 0.05 mmol H6TDPAT were dissolved in 2 ml of DMA (dimethylacetamide)
solvent with 2 ml DMSO (dimethyl sulfoxide), 0.2 ml H2O, and 0.9 ml HBF4. The mixture was
kept in a capped glass vial at 358 K for 3 days and cooled down in a programmable oven with a
0.1 °C/min speed for the blue polyhedron crystals ([Cu3(TDPAT)(H2O)3]·10  H2O·5  DMA), which
were collected and washed with 10 ml DMA for three times and further immersed in methanol for
solvent exchange. Subsequent discussion will refer to the various surface sites in the TDPAT
ligand with subscripts referring to the positions labeled in Figure 3-1.
T was characterized after exposure to hydrogen in different environments, including: (a)
300 K at 1 bar (T-300-1), (b) 300 K at 70 bar (T-300-70), and (c) 423 K in 1 bar H2 (T-423-1).
The 300 K measurements consisted of extended exposure over the course of multiple adsorption
isotherms, whereas the 423 K exposure was for one hour in a tube furnace with flowing
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hydrogen. The above nomenclature, i.e. sample name-temperature (in K)-pressure (in bar), is
used for other samples discussed in this paper.

3.2.1.2 Direct Doping (DD) of Pt Catalyst
T was direct-doped (DD) with Pt by adopting techniques from Sabo et al. [102] to
produce DD-T-423-1, as reported previously [137]. T powder was placed on a watch glass with a
magnetic stirrer, and platinum acetylacetonate (Pt(acac)2) (Aldrich) dissolved in 2 ml DEF
(Diethylformamide) (TCI) was added to the MOF substrate to produce an expected 5 wt% Pt. The
slurry was stirred and dried in Ar flow for 2 hr and in vacuum (<10-2 mbar) at room temperature
overnight. The mixture was preheated at 353 K for 2 hr in Ar flow, and then raised to 423 K for 1
hr in H2 flow. As the synthesis of DD-T-423-1 includes a 423 K reduction, the sole effect of H2 at
300 K could not be explored.

3.2.1.3 Synthesis of Catalyst-MOF Composite via Pre-Bridge (PB) Technique
A “pre-bridge” (PB) doping technique dispersed 5 wt% Pt/AC into the T synthesis
solution to yield a weight ratio 1:19 of Pt/AC to T, labeled as PB-T, with a final Pt content of
0.25 wt%. Detailed procedures can be found in our previous paper [137]. In brief, the Pt/AC
catalyst utilized the ultrasound-assisted wet impregnation of chloroplatinic acid (H2PtCl6) method
[58,72] to dope 5 wt% Pt on Maxsorb activated carbon (AC, CO., LTD, Japan; provided by the
National Renewable Energy Laboratory, CO). As described elsewhere [137], the resulting Pt/AC
catalyst consisted of well dispersed 1-2 nm Pt nanoparticles with a N2 BET surface area of ~2900
m2/g (about 90% compared to AC). The PB-T sample was synthesized by ultrasonicating and
stirring the reaction mixture (0.68 mmol Cu(NO3)2·6H2O, 0.05 mmol H6TDPAT, 1.8 mg Pt/AC
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dispersed in 2 ml DMA, 2 ml DMSO, 0.2 ml H2O, 0.9 ml HBF4) overnight. The sample was then
kept in either capped glass vial or Teflon-lined autoclave and reacted at 383 K for 3 days. DMA
was used to wash the product and solvent exchange by methanol was carried out every hour for a
week. AC-T was prepared in the same procedures, but with omission of Pt, i.e. dispersing
undoped with only AC in the reaction mixture. PB-T was exposed to the same hydrogen
environments described above, i.e. hydrogen at 300 K 1 bar (PB-T-300-1), 300 K 70 bar (PB-T300-70), and 423 K 1 bar (PB-T-423-1). In addition, PB-T-300-70 and PB-T-423-1 were
subsequently heated in 1 bar argon at 400 K (a ‘D’ for desorption is appended to the sample name
as PB-T-300-70-D and PB-T-423-1-D). The desorption treatments were limited to XPS
characterization, as the heating was done on the XPS stage.

3.2.2 Characterization
The powder X-ray diffraction (PXRD) patterns were observed from PANalytical XPert
Pro MPD theta-theta diffractometer, operated at 45 kV, 40 mA, with minimum 2θ = 5°, step size
0.026°, scan speed 0.067°/sec, and Cu Kα (λ = 1.543 Å) X-ray source. For plotting, the PXRD
patterns were normalized by the peak with the highest intensity. Fitting of the PXRD patterns to
provide the full-width half maximum (FWHM) are provided in the Supporting Information. X-ray
photoelectron spectroscopy (XPS) used a Kratos Axis Ultra with a monochromatic Al Kα X-ray
source operated at 14 kV and 20 mA in hybrid slot mode. The samples were placed on carbon
tape to fixate the material to either copper or silicon wafers. The survey scans were done using
pass energy of 80 eV, with a 0.5 eV step size and 150 ms dwell time. In the high-resolution scan
we used a pass energy of 20 eV and a step size of 0.1 eV. The dwell time was chosen based on
the relative height of the peak in the survey scans and therefore would vary for the different
peaks. Surface residual charges in high-resolution spectra were corrected based on C 1s assigned
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to 284.5 eV. The curve fitting and peak assignment were based on the Handbook of X-Ray
Photoelectron Spectroscopy [138]; assignments of N groups in T were based on melamine [139].
The FTIR was measured in a Bruker IFS 66/S Spectrometer with attenuated total reflectance
(ATR), as the large T particle size led to full absorbance in transmittance mode. Water exposure
is unavoidable during atmospheric ATR experiments, and the hydrophilic T tended to adsorb
water, as was evident by both a color change (from blue to green) and a broad OH stretch from
2700 to 3700 cm-1 (see Figure C-8A, Supporting Information). A high OH stretch mode from
water adsorption complicated definitive assignment of FTIR modes in this region, including those
associated with amine groups; thus, this data is included in the Supporting Information only.
Sequential FTIR measurements showed no changes in the ‘fingerprint’ region over the timescale
of the measurements, suggesting water adsorption had no effect on the modes in the fingerprint
region discussed below. The FTIR spectrum of the H6TDPAT ligand and the as-received CuTDPAT were collected in the presence of methanol solvent, and thus exhibit a C-O stretch at
1001 cm-1 [140,141], not found in the other samples. Assignment of the basic FTIR features are
as follows: The acid H6TDPAT ligand has a C-O stretch at 1250-1300 cm-1 and a C=O stretch at
1680-1690 cm-1, consistent with the presence of an aromatic carboxylic acid [141,142]. Upon
incorporating the TDPAT ligand into the T crystal structure, the C-O bonds become symmetric,
and these features are lost. The TDPAT ligand also has a C-H bend at 750-800 and 860-900 cm-1
[142], C-N stretch at 1050-1360 cm-1 [139,143], aromatic C=C stretch at 1450-1600 cm-1
[74,142,144], and C=N stretch at 1615-1700 cm-1 [139,145]. Features associated with the Cu
paddlewheel (PDW) are found at 492 and 774 cm-1, and assigned to a Cu-O stretch and bend
vibration, respectively, for reasons discussed in Section 3.3.2.1 below. These Cu PDW features
are of course absent in the H6TDPAT ligand and pronounced in the as-received T. Select samples
were performed in parallel on FTIR in transmittance mode with KBr pellet to verify no
significant peak shifts occurred in ATR mode (data not shown).
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High-pressure H2 adsorption measurements at 70 bar were obtained by a differential
volumetric analyzer [12]. Single point measurements were conducted, as this leads to the greatest
measurement sensitivity, and allows us to collect the full adsorption kinetics from vacuum. The
double-sided unit enables simultaneous adsorption measurements to a blank reference cell in
hydrogen to minimize the effects of volume calibration, gas non-idealities, and temperature
variations. Our unit does not have external temperature control, as differential units tend to be
fairly insensitive to small temperature fluctuations (see calculations [12]); however to compensate
for observed 24-hour cyclic temperature variations, all experiments were started at the same time
of day. The He blanks provide an indication of the effect of the cyclic temperature variations on
the adsorption signal. Here, we performed additional sequential measurements in He to
demonstrate the observed slow adsorption rates were not due to gas leakage. Prior to every H2
adsorption measurement, various batches of PB-T were pretreated at 393 K for 10 hr under high
vacuum (10-6 mbar) on an ancillary degas station. Secondary He leak tests were performed with
an intermediate vacuum pretreatment of 12 hr without disconnecting the sample from the
adsorption unit. In certain cases, sequential H2 measurements were performed on the same sample
batch, repeating the high-vacuum pretreatment on the ancillary degassing station. In discussion of
the high-pressure adsorption results below, sample nomenclature refers to batch number followed
by sequential (H2) measurement number.

3.2.3 Density Functional Theory, DFT
Quantum chemistry calculations were performed within the framework of DFT applying
the resolution of identity (RI) approximation [146] in our calculations. The B-P86 exchangecorrelation functional [147,148] along with the def2-TZVP basis set [149] (with the
corresponding auxiliary basis set for the RI approximation) was used. All structures were
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optimized without any symmetry constraints, and the optimized minimum-energy structures were
verified as stationary points on the potential energy surface by performing analytical harmonic
vibrational frequency calculations. Different spin states were evaluated for each model in order to
find the spin state that corresponds to the ground state. Additional calculations (not shown)
replaced the formate ligands with four benzene carboxylate ligands, and calculated energies were
relatively invariant for these two organic ligands, suggesting the ligand choice did not affect the
Cu PDW calculations. Potential hydrogenation sites on the Cu PDW were explored by placing 1,
2, 4, 6, or 8 H atoms at various locations on the Cu PDW and allowing for structural relaxation.
Structures that were both stable and exothermic with respect to molecular H2 are reported. DFT
predicted frequencies were calculated analytically, and multiplied by 0.96 [150], which is the
recommended correction factor for the B3-LYP functional. Peak assignments were attributed to
specific bonds using TMoleX for visualization, and also comparing the predicted frequencies to
experimental data for similar structure (see Figure C-9, Supporting Information). Hydrogenation
energies and frequencies for a truncated Cu PDW, i.e. Cu atom pair with four formate ligands
(see inset Figure 3-5), were calculated with the def2-TZVP basis set [149]. To consider
hydrogenation of the ligand, H6TDPAT was used as a molecular model using the SVP basis set
[149]. In general, all possible remaining unique hydrogenation sites were considered; the
exceptions were in sites 8-12 and 14-18, where due to symmetry, it was assumed the order would
follow 1-6. Calculations were performed both with the oxygen atoms of the carboxylate held in
place, and for the fully relaxed structure. All DFT calculations were performed with the
TURBOMOLE 62 program.
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3.3 Results and Discussion

3.3.1 Spectroscopic Evidence of Cu-TDPAT Hydrogenation

3.3.1.1 Baseline data for undoped Cu-TDPAT and PB-T
The Cu-TDPAT sample (T) serves as a control for subsequent tests for the catalyst-doped
samples. Prior to H2 exposure, XP spectra of T consists of a major (87%) Cu2+ peak at 934.5 eV,
associated with Cu2+ in the PDW; and a small (13%) reduced Cu+/Cu0 peak at 932.4 eV (Figure
3-2A). In the absence of any reduced Cu phase in PXRD (Figure 3-3), the Cu+/Cu0 peak is
attributed to structural defects [151]. The N 1s spectra (Figure 3-2B) shows two equal area
(50:50) N peaks at 398.3 eV and 399.9 eV, assigned to the sp2 N in the center ring aromatic
heterocycles and the secondary-amine type NH in the branches, respectively. Assignments of
FTIR modes associated with the Cu-O stretch and bend modes of the Cu PDW at 492 and 774
cm-1 (Figure 3-4), respectively, are based on DFT calculations (Figure 3-5; see also Figure C-9,
Supporting Information). The Cu-O assignments are consistent with other Cu-O bond frequencies
found in the literature, typically between 500-600 cm-1 [152-154]. The C-O asymmetric stretch
for a carboxylate is found as a broad shoulder in the experimental data of the T series at 1642 cm1

. For comparison, the carboxylic acid H6TDPAT has a symmetric C-O stretch at 1250-1300 cm-1

and a C=O stretch at 1680-1690 cm-1 [141,142]. These acidic modes are significantly decreased
in T.
Consistent with our previous report [137], the PB doping technique does not significantly
alter the characterization of the material prior to H2 exposure: The XP spectrum of PB-T (Figure
3-7A, Figure C-2AB, Supporting Information) is virtually identical to T (Figure 3-2), as is the
PXRD pattern (Figure 3-8). The FTIR spectra (Figure 3-9) is also very similar, although there is a
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very minor blue shift in the asymmetric C=O mode of PB-T (~1720 cm-1, see inset) relative to T
(~1700 cm-1, see inset). This blue-shift may be due to interaction with the inserted Pt/AC,
particularly as the asymmetric carboxylate C=O bonds are expected to be concentrated at defects
and/or termination of the T crystal. A similar blue-shift was not seen for AC-T (Figure C-10,
Supporting Information), suggesting the effect is due to Pt rather than carbon.

3.3.1.2 High temperature dissociation of T into its components is catalyzed by Pt
In order to later differentiate the effect of hydrogen spillover at 300 K, high temperature
H2 reduction at 423 K was intended to represent the other extreme, namely dissociation of T into
Cu metal and the H6TDPAT ligand. Exposing undoped T to H2 at 423 K leads to an irreversible
reduction of Cu in XPS (Figure 3-2A), and in PXRD, a very slight indication of the formation of
bulk Cu (111) metal at 43.3° [155] with broadening of the T pattern is observed (Figure 3-3).
Similar partial Cu reduction in XPS has been observed previously for the closely-related Cu-BTC
structure, after heating in vacuum to 420 K in the absence of H2 [156], and this has been
attributed to the formation of defects [151]. This explanation is consistent with the observed
broadening of the PXRD pattern, if we presume defects are located at the termination of a
crystallite, particularly as XPS is a surface-sensitive technique. FTIR of T after 423 K H2 shows
loss of the Cu-O stretch mode at 492 cm-1, the C-O asymmetric stretch at 1642 cm-1, and an
increase and red-shift (relative to T) of the C=O stretch at 1694 cm-1 (Figure 3-4, inset). Other
modes associated with the ligand remain intact in FTIR (black lines, Figure 3-4), as do the C and
O 1s XPS modes (Figure C-2AB, Supporting Information). Overall, the very subtle changes
suggest a very small portion of T has been dissociated by H2 reduction at 423 K. Elsewhere, hightemperature (423 K) reduction of the related Cu PDW present in Cu-BTC was reported in the
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absence of catalyst [126,157], but the MOF stability is likely sensitive to not only the ligand but
also the structural integrity of the sample.
Direct doping (DD)/insertion of Pt into the T structure via incipient wetness with
subsequent 423 K H2 reduction leads to very pronounced broadening of the characteristic T
pattern and a pronounced Cu (111) metal diffraction peak at 43.4°, as reported elsewhere [137].
Similarity between the Cu2+: Cu+/Cu0 ratios in XPS spectra of DD-T-423-1 (30:70, Figure 3-6A)
and T-423-1 (25:75, Figure 3-2A), despite pronounced differences in the intensity of the Cu(111)
phase in PXRD, suggests surface-sensitive XPS is not reflective of bulk Cu reduction. This
corroborates the explanation given above: namely, the apparent irreversible Cu reduction detected
in XPS is due to defects that occur at the termination of T crystals.
The N 1s XP spectrum of DD-T-423-1 shows a tertiary peak at 401.5 eV (Figure 3-6B,
DD-T-423-1), which was not found in T-423-1. The feature is irreversible after heating DD-T423-1 to 400 K in Ar (DD-T-423-1-D, Figure 3-6B), as is the Cu reduction observed in XPS. For
N, a shift to higher binding energy is indicative of increasing hydrogen content1 [138]. As a
similar mode is found in the H6TDPAT precursor (Figure 3-6), we suspect the 401.5 eV mode in
indicative of a zwitterion effect, i.e. protonation of the secondary NH group by the carboxylic
acid, and similar shifts in the N 1s spectra have been observed for zwitterionic amino acids. (For
example, 399.5 eV to 401.5 eV in L-cysteine/Au(110) and to 401.5 eV in L-methionine
nanogratings on the Ag(111) [158]; from 401.2-401.3 eV for NH3+ on L-methionine amino acid
on Ag(111) and on Cu(111) to 402.2 eV for protonated NH3 on L-tyrosine on Ag(111) [159];
from 399.1 eV (NH2) to 401.4 (NH2-Hδ+) to 402.2 eV (NH3+) for glycine on Si(111) [160]). As
will be discussed further below, DFT calculations suggest nitrogen hydrogenation is much more
probable for a charged ligand, and thus DFT is supportive of the zwitterionic assignment. Thus,

1

For example, NH3 in ammonium salt has a binding energy of 400.5~403.1 eV,
compared to nitride in between 396 and 398 eV [138].
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we conclude direct introduction of Pt catalyzes dissociation of T into its components (i.e.
H6TDPAT and bulk Cu metal) by H2 reduction at 423 K.
The ‘pre-bridge’ (PB) Pt doping technique is a solvothermal method to introduce Pt/AC
catalyst into the MOF synthesis solution prior to precipitation and crystal growth. Relative to DDT-423-1, the Pt content of PB-T is reduced by 20-fold, and an intermediate AC surface is
introduced between the Pt catalyst and the T surface. As shown previously, the PB method
alleviates the need for high-temperature Pt reduction which can destabilize the MOF; thus PB-T
maintains the surface area and crystallinity of T, with only a minor reduction in the thermal
stability (i.e. ~20-25 K shift in the TGA profiles, relative to the MOF precursor) [137]. Here,
catalyst insertion in PB-T has accelerated the structural dissociation and bulk Cu reduction at 423
K in H2 relative to T. However, the effect is significantly less pronounced than observed for DDT-423-1. The Cu (111) diffraction of PB-T after 423 K H2 (Figure 3-8, PB-T-423-1) is less than
DD-T-423-1 [137] and greater than T-423-1 (Figure 3-3). Further evidence for regeneration of
carboxylic acid is found in the changing nature of the O 1s XPS (Figure C-2, Supporting
Information) and FTIR of PB-T-423-1. In FTIR, the COOH and asymmetric C=O stretch features
(at 1214 and 1694 cm-1, respectively) become pronounced, and at high wavenumber, closely
resemble the H6TDPAT ligand (Figure C-8B, Supporting Information). The similarity between
the FTIR of PB-T-423-1 and H6TDPAT demonstrates the ligand is not degraded by 423 K H2,
and in particular, the oxygen of the TDPAT ligand does not combine with H2 to form water. Like
DD-T-423-1, a zwitterionic 401.5 eV peak is found in N 1s XPS after 423 K H2 (Figure 3-7B)
and in high wavenumber FTIR (Figure C-8B). Unlike DD-T-423-1, however, this feature
disappears in the XP spectra after heating to 400 K in Ar. The reversibility of this feature,
combined with the intact T pattern in PXRD, suggests the PB-T structure is not fully degraded
after 423 K H2. This can be attributed to a decreased transfer of H atoms to T due to the reduced
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Pt content and intermediate AC surface. Slower hydrogen transfer in PB-T can also account for
the greater thermal stability of the PB technique relative to the DD technique [137].

3.3.1.3 Low Pressure H Chemisorption at 300 K, and the effect of Pt
Previously, we reported that the 300 K hydrogen adsorption of PB-T up to 1 bar (5 cc/g
STP) greatly exceeds (by a factor of 8) that expected for physisorption and chemisorption to the
catalyst, and attribute this to hydrogen spillover (as reproduced in Figure 3-10) [137]. At
comparable conditions, this magnitude exceeds any previous reports of hydrogen uptake to MOFs
after introduction of a catalyst (Supporting Information, Figure C-11) [46,73,161]. At these
conditions, the adsorption isotherms were reversible and cyclable (see Figure C-12, Supporting
Information); and thus the ex situ characterization techniques are unable to detect evidence for
hydrogen chemisorption. The high level of hydrogen uptake for PB-T is at least partially
attributable to defects introduced by incorporation of the Pt/AC particles, as AC-T (with no added
Pt) also had uptake exceeding that expected (by a factor of 4) for physisorption to its components
(Figure 3-10). The textural properties of AC-T were generally more favorable than PB-T for
physisorption (i.e. increased BET surface area). A wider particle size distribution of the
embedded AC relative to Pt/AC (See Supporting Information, Figure C-6), increased the external
surface area and Cu defect ratio while decreasing the crystallite size (see Supporting Information
Figures C-1, C-3, and C-5, respectively), and thus AC-T would have been more prone to
hydrogenation of T defects/terminal sites. Thus, it seems that both added Pt and introduced
defects play a role in increasing room temperature hydrogen storage. One potential explanation of
the combined effect is that structural defects at the edge site help to ‘seed’ hydrogenation via a
hole-mediated effect [135] and/or crystal termination sites are more prone to hydrogenation
and/or the heteroatoms contribute to partial ligand charging. Although it seems likely that
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incorporation of AC (and Pt/AC) contributes to structural instability and the creation of defects,
the XPS, FTIR, XRD, and N2 physisorption were relatively insensitive to the effect (see
Supporting Information). Additional methods to characterize Cu-TDPAT defects such as in situ
FTIR probes of CO adsorption (as used previously for Cu-BTC [151,162,163]) are discussed in
Chapter 4.
After the 300K, 1 bar H2 isotherm of T, surface reduction of Cu in XPS (Figure 3-2A)
and broadening of the PXRD pattern (Figure 3-3) is observed, which is attributed to an increase
in structural defects at the crystalline surface, for reasons discussed above. The effect was
observed for AC-T (See Supporting Information, Figure C-1 and C-3), likely due to its smaller
crystallite size. As before, the apparent surface Cu reduction is not reflective of bulk-phase
reduction detected by PXRD, as no evidence for Cu0 is found in PXRD (Figure 3-3). In FTIR, T300-1 exhibits distortion of the Cu-O features and a subtle decrease in the C-O asymmetric
stretch at 1642 cm-1 (red lines, Figure 3-4); however, there are no indications that the carboxylate
of T has converted to the acidic form. No other changes in the ligand are observed after exposing
T to 1 bar H2 at 300 K.
Insertion of Pt via the PB technique leads to similar XPS, PXRD, and FTIR
characterization results after 1 bar, 300 K H2 exposure (i.e. comparing T-300-1 to PB-T-300-1).
A more pronounced red-shift is observed in the C=O mode (1694 cm-1) of PB-T after 1 bar H2
exposure (Figure 3-9, inset), relative to the T analog (Figure 3-4, inset). However, like T-300-1,
PB-T-300-1 does not show a significant increase in the acidic character of the carboxylate. Thus,
300 K H2 has led to structural defects in PB-T, but the effect is comparable to undoped T. A
parallel broadening of the PXRD pattern suggests the defects are located at the edge of
crystallites.
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3.3.1.4 High Pressure H Chemisorption at 300 K, and the effect of Pt
Single-point adsorption measurements at 70 bar shows slow adsorption rates for five
measurements of PB-T, including three batches with two sequential measurements (Figure 3-11).
The adsorption amount for PB-T at long time ranges from 0.35 to 0.8 wt%. Some variation is
seen between different PB-T batches, which can be attributed to slight variations in sample
synthesis and catalytic doping. Subsequent runs on the same sample after intermittent
pretreatment at 393 K showed some loss of capacity: 0.22 wt% for batch 2 and 0.035 wt% for
batch 3; the latter is within the error bar of measurement. All of the H2 adsorption rate curves are
still increasing at the conclusion of the experiment (i.e. in excess of 60 hours), showing more
adsorption is likely with longer experimental time. Subsequent He measurements (dotted lines)
showed this was observed only for PB-T in H2, and thus cannot be attributed to leakage or cyclic
temperature variations. Similarly, H2 physisorption to T (black data, Figure 3-11) does not show
the slow uptake with time. Although the final long-time uptake of PB-T exceeds that of T, the
rate of uptake is prohibitively slow for PB-T. It is notable that the increased uptake of PB-T
(relative to T) would not be observed if short equilibration times were used, and this issue would
likely be exacerbated for multiple step adsorption isotherms. (Multiple-step isotherms have a
decrease in adsorption signal and also allow for equilibration of the sample in high-pressure
hydrogen during sequential steps when the manifold is being charged.) Slow rates of adsorption
can be attributed to activate diffusion with a particularly high activation barrier. For example, to
H to travel 1 nm via activated diffusion, it would take 0.166 seconds if the barrier was 0.6 eV, but
10 days if the barrier was 1 eV. (This estimate utilizes: t = L2/D; D ~ 10-8 exp [-EA/RT] m2/sec;
See also Supporting Information.)
Further differentiation between T and PB-T, and spectroscopic evidence of H
chemisorption in the presence of Pt, is found after the 70 bar, 300 K H2 exposure of the high-
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pressure adsorption measurements. First, PB-T exhibits a new N 1s XPS mode that is at higher
binding energy (405.3 eV) than previously observed (Figure 3-7B, PB-T-300-70). This mode is
not found in T after comparable exposure (Figure 3-2B), demonstrating hydrogenation of this site
is enabled by dissociation of H2 by the Pt catalyst. Yet, the mode was not found for PB-T after 1
bar H2 exposure, indicative of increasing access of hydrogenation sites at high pressure. The
unique binding energy is suggestive of a new N-H binding site on the TDPAT ligand, particularly
as no significant changes were observed in the C or O 1s XP spectra that would suggest N
becomes bound to carbon or oxygen (Figure C-2, Supporting Information). As the 401.5 eV was
assigned to a zwitterion effect of the secondary-amine type NH in the branches, the mode of 405
eV is tentatively assigned to hydrogenation of the sp2 N in the center ring. This feature is
reversible after mild heating to 400K in Ar (PB-T-300-70-D, Figure 3-7B), demonstrating
hydrogen is weakly chemisorbed to this site. No sign of N-H hydrogenation is found in the high
energy FTIR spectra (Figure C-8B, Supporting Information), reflecting the low intensity of NH
stretches relative to the predominant OH stretches, and perhaps suggesting this hydrogenation
occurs only at the surface of the particle.
Secondly, FTIR of PB-T after 70 bar, 300 K H2 exposure shows regeneration of the
carboxylic acid character of the C-O modes (at 1694 cm-1), and additional evidence is found in
the high wave-number FTIR region (Figure C-8B, Supporting Information) and the O 1s XP
Spectra (Figure C-2D, Supporting Information). Regeneration of the carboxylic acid character is
not observed for T-300-70 (Figure 3-4). Unlike the dissociation found at 423 K (see Section
3.3.1.2), the Cu-O modes in FTIR persist (at 492 and 774 cm-1, Figure 3-9) and there is no sign of
bulk Cu0 in PXRD (Figure 3-8). The reappearance of features characteristic of carboxylic acid
without concomitant structural degradation of the Cu PDW implies hydrogenation between the
carboxylate group and the Cu PDW, similar to what we described previously for the related CuBTC structure in the presence of a Pt/AC catalyst [74]. This is explored in more detail in Section
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3.3.2. Like the N case discussed in the previous paragraph, increasing evidence for hydrogenation
at high pressure in the presence of Pt indicates increasing access of atomic H to the T surface at
increasing pressure.
Furthermore, the 70 bar, 300 K H2 exposure leads to a decrease in the Cu2+:Cu+/Cu0 ratio
of both T (from 87:13 to 59:41) and PB-T (90:10 to 65:35), where no obvious Cu reduction is
monitored by XPS in various He exposures (see Supporting Information, Figure C-4). The
increase in FWHM of PXRD is also significant, nearly the same after the 423 K reduction (Figure
3-3 and Figure C-1). In several cases, the surface areas of both T and PB-T were significantly
reduced after the high-pressure measurements, suggesting loss of the fraction of T that was intact
in the sample (See Table C-1, Supporting Information). Loss of surface area after 1 bar H2
adsorption measurements was not observed, nor was it observed after high-pressure (20 bar) He
exposure, but the pressure at which surface area was lost in H2 tended to be unpredictable (Table
C-1, Supporting Information). It appears that the high-pressure H2 exposure and creation of
defects tended to lead to structural instability, although this is somewhat speculative at this time.
Thus, there is spectroscopic evidence that the extent of PB-T hydrogenation is greater at
70 bar than at 1 bar: a new mode appears in XPS that is attributed to hydrogenation of the central
sp2 N groups (Figure 3-7), and there is increasing carboxylic acid character including growth of
the C=O stretch without destruction of the Cu-O stretch (Figure 3-9). The pressure dependence of
hydrogen spillover has been highly debated in the field: Certain measurements exhibit adsorption
isotherms that have not plateaued even at pressures in excess of 70 bar; whereas other
laboratories have reported isotherms where the enhancement to hydrogen spillover is evident only
at low pressure [64,77,79]. Part of the former could conceivably be associated with the incredibly
slow rates of uptake observed here, as typically, 40-60 hours is well beyond the amount of
allowed measurement time in high pressure measurements [17,60,164]. Furthermore, the
spectroscopic evidence for additional hydrogenation sites at high pressures demonstrates spilled
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over hydrogen has access to a greater surface at high pressures. However, the rate of
hydrogenative adsorption to PB-T appears prohibitively slow at high pressure and induced
defects and structural instability accompanied high-pressure measurements.

3.3.2 Density Functional Theory

3.3.2.1 Hydrogenation of the H6TDPAT ligand
Density functional theory calculations were used to establish trends for potential
hydrogenation sites on the TDPAT ligand, using the H6TDPAT ligand (Figure 3-1) as an
analogue for modelling. Although exclusion of the Cu PDW is an extreme simplification of the T
structure, such structural truncations of MOFs are common in the literature, and it is also
common to pin the external oxygen atoms in place in an attempt to mimic structural rigidity
present in the crystal [134,135,165]. Up to 12 hydrogen molecules (24 H) could be
exothermically added to the constrained H6TDPAT ligand (ΔE = -0.55 eV/H2), six per ring, and
this introduced a minor strain energy (~1 eV) in the ligand relative to the fully relaxed structure
(Figure 3-12). Placement of H atoms on the secondary amine NH groups (i.e. NC in Figure 3-1) or
the carbon of the carboxylate (Cα) was endothermic.
Next, the overall order of hydrogenation on the organic ligand was calculated by
determining the lowest energy hydrogenation site for each H addition (Table 3-1), considering the
energy for each possible unique site. Placement of the first H atom (on C1) was endothermic with
respect to H2 (ΔE = 1.24 eV), but exothermic with respect to atomic H (δE = -1.75 eV). Beyond
the third H, hydrogenation of the structure relative to the initial reactants (i.e. ΔE) was
exothermic, even though addition of an H at a particular site was occasionally endothermic with
respect to molecular hydrogen (i.e. δE > -2.41 eV, the calculated dissociation energy for H2). In
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particular, addition of an odd number of H atoms tended to be less favourable than addition of an
even number of H atoms, which can be attributed to breaking the aromaticity and creation of an
unpaired electron. The most favourable H addition was always the sixth H added to a ring.
Similar trends for hydrogenation of other MOF structures have been reported previously
[69,134,135,165,166].
Hydrogenation of the outer carbon rings (‘a’, Figure 3-1) was favoured over
hydrogenation of the inner C-N ring (‘b’, Figure 3-1), and although addition of 24 H was
exothermic (i.e. ΔE=-0.47 eV/H2), the global energy minimum was after addition of 9 H2 to the
outer C rings (n=18, ΔE=-0.70 eV/H2). Furthermore, hydrogenation of H6TDPAT at the NC in the
branch position was endothermic with respect to atomic H, regardless of whether it was the first
H added (δE1 = 0.23 eV), the last H added (δE25C = 0.14 eV, Table 3-1), or the 19th hydrogen
added (δE18C = 0.007 eV, Table 3-2). The latter scenario represents surface diffusion ‘in’ from the
outer rings after full hydrogenation of the outer rings (gray arrows, Figure 3-1). The calculations
suggest atomic H would prefer to be in the gas phase rather than chemically adsorbed to the NC
branch site, suggesting that the NC branch site effectively serves as a ‘blockade’ for surface
diffusion. Thus, any experimental evidence for nitrogen hydrogenation is found only at high
pressure or high temperature; furthermore, experimental evidence for nitrogen hydrogenation
tends to be accompanied by partial T dissociation and/or creation of defects.
We also explored direct hydrogenation of a charged H6TDPAT ligand, with variations on
the degree of prior hydrogenation. Partial charging of the ligand is intended to explore the effect
of partial Cu reduction noted in the XPS above. For example, creation of a Cu2+/Cu+ defect [151]
from the Cu22+ of the Cu PDW requires the addition of one electron, and would thus correspond
to a positive charge on the TDPAT ligand (represented by L+ in Table 3-3). Charging of the
ligand would also be consistent with the zwitterionic effect suspected in the interpretation of the
XPS data. Presuming the ligand is positively charged, a possible reaction sequence for subsequent
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hydrogenation, with corresponding reaction energies, is summarized in Table 3-3. Addition of the
first H2 to L+ was exothermic with respect to molecular H2, at -0.27 eV, whereas the comparable
energy in the uncharged case was endothermic at 0.15 eV. Addition of an H2 to the NC position is
not only possible for a charged ligand, but is exothermic with respect to H2, at -0.90 eV if the
prior structure has 17 H atoms. If the prior structure has 18 H atoms, the addition of H2 to LH18+
is mildly endothermic with respect to H2, but significantly reduced relative to the uncharged case
(0.43 versus 4.40 eV, Table 3-3). Thus, charging of the ligand tends to make hydrogenation of the
ligand more favourable in all studied cases, and even provides a feasible route to get H on the NC
branch site via an exothermic reaction. Presuming the Cu2+/Cu+ defects are concentrated at crystal
termination sites, partial charging of the ligand may seed further hydrogenation. A similar “holemediated” mechanism was put forth to explain the kinetics of hydrogen spillover in IRMOF-1
[135].

3.3.2.2 Hydrogenation of the Cu-O-C bond
Insertion of 2 H atoms between two Cu-O bond was exothermic for various “2H” isomers
(see Figure 3-13), with a reaction energy of 3.0-3.1 eV/H or ~1.4 eV/H2. 2H isomers in which H
was added on adjacent carboxylate groups (not shown) were unstable due to distortion caused by
hydrogen bonding between the carboxylic acid and the neighboring oxygen group in the PDW. In
contrast, isomers with alternating H addition tended to lead to less distortion of the truncated Cu
PDW. In particular, alternating, opposite-sided H addition (i.e. Figure 3-13a) led to a minor
expansion in the plane of H addition (from 5.07 Å to 6.85 Å) and contraction in the other formate
plane (to 4.92 Å), bud did not significantly alter the length of the Cu-Cu bond. Although the
distortions seen for the truncated cluster cannot be extrapolated to predict what might be seen in a
periodic crystal, the minor expansion for the model structures helps to reconcile the FTIR data
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demonstrating hydrogenation of the Cu-O-C bond in the T crystal while PXRD data demonstrates
the crystal remains intact.
No exothermic structures (with respect to H2) were found that included more than 2 H
atoms. Notably then, the 2H isomers are consistent with the 1H:2COO ratio reported in our
previous paper at a minimum pressure of 5 bar [74]. For the T ligand with the given Pt/AC
content, the 0.3 - 0.8 wt% uptake (Figure 3-11) correspond to a 1:0.9 to 1:2.5 H:COO ratio. The
larger values, combined with the slow uptake, suggest hydrogenation occurs at the ligand in
addition to the Cu-O-C bonding site, consistent with the XPS data that suggests hydrogenation of
the central N group.
Calculated FTIR spectra of the 2H isomers (Figure 3-13) were consistent with conversion
of a carboxylate to a carboxylic acid (i.e. the C-O symmetric stretch was significantly reduced
and broadened in 2H, and there was a shift in the asymmetric stretch), and also showed distortion
and significant broadening of the Cu-O modes (Figure 3-13). Both of these trends were observed
experimentally. For comparison, calculated FTIR spectra of select endothermic “4H” and “8H”
isomers, which included H both on the oxygen and on the Cu (see Figure 3-13), led to only minor
shifts in the carbon-oxygen vibrational modes and the Cu-O stretch modes. A Cu-H mode was not
observed when H was attached directly to Cu (i.e. 4H), but required some interaction with both
Cu atoms to exhibit a notable Cu-H mode (8H, Figure 3-13). Furthermore, the exothermic
proposed 2H isomers were generally consistent with the Cu reduction seen in XPS, as the number
of bonds to the Cu atoms has decreased.

3.4 Summary and Conclusions
The first goal of the paper was to use spectroscopic techniques to complement adsorption
isotherms to provide site-specific evidence of hydrogen binding sites in PB-T. Evidence for
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hydrogen chemisorption is found at the following surface sites: (1) the sp2 N aromatic
heterocycles in the center ring, (2) the secondary-amine type NH in the branches, and (3) the CuO-C bond that connects the TDPAT ligand to the Cu PDW. A fourth potential binding site is the
carbon atoms present in the TDPAT ligand, but the characterization techniques are relatively
insensitive to C-H modes. Although the ex situ spectroscopic techniques probe only irreversible
hydrogen binding sites, they provide evidence for hydrogenation of the TDPAT ligand at 300 K
without full dissociation of T to Cu metal and H6TDPAT. Evidence for hydrogenation of (1) and
(3) was found only in the presence of Pt in indirect contact with T (i.e. supported on AC), and
thus confirms the hydrogen spillover mechanism.
Hydrogen uptake after incorporation of Pt/AC exceeds that expected for physisorption by
a factor of 8, and is reversible and cyclable in low-pressure measurements. However, the uptake
of AC-T also exceeds that expected for physisorption, suggesting incorporation of heteroatoms
and/or creation of defects and/or partial ligand charging also contributes to enhanced hydrogen
storage. Yet, no significant changes are found in the FTIR, XPS, XRD and N2 adsorption
isotherms of AC-T and PB-T, suggesting the changes are quite subtle. The results indicate that
low-temperature hydrogen chemisorption to PB-T is possible without structural degradation,
although degradation occurs at higher temperatures and pressures. High-pressure adsorption
measurements also exceeded that expected for physisorption, and the magnitude of high-pressure
adsorption combined with ex situ spectroscopic techniques, demonstrated hydrogenation of the
TDPAT ligand at high pressure. Notably, the ex situ characterization techniques demonstrated not
only corroborating evidence for enhanced room-temperature adsorption, but also that the degree
of hydrogenation was increased at high-pressure, both of which have been the subject of on-going
debate in hydrogen spillover literature. Elsewhere [137] we demonstrate the observation of
enhanced uptake is dependent upon the nature of the catalyst-MOF contact, and in fact not
observed when the catalyst is not in sufficient contact with another MOF structure. Unfortunately,
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the Cu-TDPAT structure exhibited some instability at high-pressure, even without incorporated
AC or Pt/AC. That, combined with the incredibly slow rate of hydrogen uptake at high pressure,
makes this material an unsuitable candidate for practical hydrogen storage applications.

Figure 3-1: The H6TDPAT (TDPAT = 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-triazine)
ligand, which contains (a) external sp2-hybridized outer carbon rings, (b) sp2-hybridized N
heterocylces in a center ring, and (c) 3 branches with secondary-amine sites. The labels
correspond to the hydrogenation order in Tables 3-1 and 3-2, and the gray arrows refer to
directional diffusion as discussed in the text. Inset: The Cu paddlewheel (Cu PDW). In the T
structure, the TDPAT ligand replaces the formate in the image shown. Atom colors are as
follows: C=gray, O=red, N=blue, H=white, Cu=Brown.
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Figure 3-2: The XP spectra of pure T, including (A) Cu 2p 3/2 and (B) N 1s, after various H2
exposures. Numbers following the sample name indicate the temperature (in K) and pressure (in
bar) of H2 exposure. The sub-peak ratio is listed. An increase in the Cu+/Cu0 peak is observed
after all exposures to H2, but no appreciable variation in nitrogen is observed.
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and (B) N 1s, with N 1s spectrum of organic ligand precursor H6TDPAT. DD-T-423-1 has been
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Figure 3-7: The XP spectra of pre-bridged Cu-TDPAT (PB-T) in (A) Cu 2p 3/2 and (B) N 1s.
The sub-peak ratio is listed. An increase in the Cu+/Cu0 peak is observed after all exposures to H2,
while reversible nitrogen hydrogenation is observed for -300-70 and -423-1. The –D samples
have been desorbed at 400 K in 1 bar argon.

99

Cu (111)
43.2
☆

PB-T-423-1

PB-T-300-70

PB-T-300-1

PB-T

T
10

20

30

40

50

60

2θ
Figure 3-8: PXRD patterns of Cu-TDPAT (T), pre-bridged Cu-TDPAT with Pt/AC (PB-T), and
the pre-bridged sample after hydrogen exposure of 300 K 1 bar (PB-T-300-1), 300 K 70 bar (PBT-300-70), and 423 K 1 bar (PB-T-423-1). Bulk Cu metal (star) is found only after 423 K H2
treatment.
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Figure 3-12: Density Functional calculation to estimate total hydrogenation capacity, with
external oxygens held in place (top, right), or allowed to freely relax (bottom, right).
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Table 3-1: The energy for hydrogenation the H6TDPAT ligand at the SVP level of theory. (a: As
labelled in Figure 3-1; b: Incremental binding energy, with respect to atomic H: δEn= En - En-1 EH; c: Incremental binding energy, with respect to molecular H2: δ 2En= En - En-2 – EH2; d: Overall
hydrogenation energy, with respect to the pristine H6TDPAT ligand: ΔEn= (En - E0 –n/2 EH2 ) /
(n/2); ND: Not determined.)

nHa

δEb

δ2Ec

ΔE (ev/H2)d

1

-1.75

---

1.24

2

-2.84

0.15

0.15

3

-2.70

-0.80

-0.12

4

-3.11

-1.06

-0.46

5

-2.09

-0.46

-0.25

6

-3.91

-1.25

-0.72

7

-1.77

-0.93

-0.45

12

-3.89

ND

-0.70

13

-1.86

-1.00

-0.57

18

-3.92

ND

-0.70

19

-0.67

0.16

-0.49

20

-3.41

0.67

-0.57

21

-1.38

-0.04

-0.44

22

-3.24

0.12

-0.50

23

-1.44

0.06

-0.40

24

-3.45

-0.15

-0.47

25α

-0.52

0.77

-0.31

25β

-0.74

0.55

-0.32

25C

0.14

1.43

-0.25
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Table 3-2: The energy for hydrogenation the H6TDPAT ligand at the SVP level of theory based
on directional H diffusion.

nHa

δEb

δ2Ec

ΔE (ev/H2)d

6

-3.91

-1.25

-0.72

12 (two a rings)

-3.89

ND

-0.70

18 (three a rings)

-3.92

ND

-0.70

18+C

0.007

0.83

-0.42

18CCC

ND

4.40

0.04

24C

0.14

1.43

-0.25

Table 3-3: Calculation of direct hydrogenation energies (from H2) for a charged ligand. (a: As
labeled in Figure 3-1; b: for the reaction LHn+ + H2 à LHn+2+, with δ 2E+n= E(n+2)+ - E(n)+ – EH2
c: From Table 3-1: δ 2En= En - En-2 – EH2)

LHn+ + H2 à LHn+2+
na =

Lowest energy hydrogenation sitea

δ2E+n (eV)b

δ2En
(eV),
c
uncharged

0

H added to C1 and C2

-0.27

0.15

17

H present on 1-17; added to C18 & NC -0.90

ND

18

H present on 1-18; added to NC, C20

4.40

0.43
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Chapter 4

Effect of Ligand Type on CO Adsorption to Cu-BTC and Cu-TDPAT via in
situ FTIR Spectroscopy
Carbon monoxide adsorption to Cu-TDPAT, probed with in situ Fourier-transform
infrared (FTIR) spectroscopy, is notably different than adsorption to Cu-BTC, despite similar Cu
paddlewheel structures. Whereas CO adsorption to Cu-BTC gives rise to perturbation of the CO
spectra at ~2170 and ~2120 cm-1, that have been previously assigned to adsorption at Cu2+ axial
positions and defect sites, respectively [151,162,163,167,168], these features are notably absent
in CO adsorbed to Cu-TDPAT at all studied pretreatment and adsorption conditions. We explore
the role of ligand, porosity, pretreatment, and degradation in giving rise to these CO perturbations
in FTIR. Temperature-programmed desorption (TPD) of the FTIR spectra is qualitatively
consistent with predicted binding energies for axial positions and defect sites. A degraded
structure exhibits perturbations in the FTIR spectra, but a less pronounced effect in TPD-FTIR.
The FTIR spectra of CO adsorbed to Cu-BTC and Cu-TDPAT are quite sensitive to local bonding
environment, aging, associated solvent, and thermal degradation.

4.1 Introduction
Metal-organic frameworks (MOFs) consist of metal clusters joined by organic ligands,
leading to the high surface area and pore volume of MOFs, combined with nanometer sized
pores, have led to widespread interest in gas separation and storage [34,110,169], drug delivery
[96], gas sensing [97], and catalysis [105,170]. To realize commercialization in these areas, issues
with reproducibility in synthesis, stability and structural integrity will need to be overcome. For
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example, MOFs combined with catalysts have been researched in hydrogen adsorption. Li et al.
[46] reported high improvement in hydrogen storage of MOFs from 0.5 wt% of pure IRMOF-8
(Zn4O(NDC)3, NDC = 2,6-naphthalenedicarboxylate) to 4 wt% of Pt/AC/CB/IRMOF-8 (platinum
on activated carbon sugar carbonization bridged with IRMOF-8) at 298 K, 10 MPa. However,
some groups claim that the addition of the catalyst in MOFs results in reduced RT hydrogen
uptake [80,81]. This could be due to the weak MOF catalysts structure reproducibility [137].
Different synthesis methods [38,45], aftertreatments [17], and air/solvent exposure may
cause the generation of defects in MOFs. The structural quality of MOF is dependent on
framework integrity, and thus the powder X-ray diffraction (PXRD) has been used as a technique
to probe the MOF quality [104], where the defects are due to the interpenetration or partially
disconnection between metal cluster and organic ligand resulting Cu reduction, etc. However,
minor structural variations may be difficult to be observed merely by PXRD. Alaerts et al. studied
the catalytic activities of Cu-BTC (copper benzene-1,3,5-tricarboxylate, Cu3(BTC)2) and found
even though the PXRD patterns are identical, conversion of α-pinene oxide over different batches
of Cu-BTC varied with time [167].
Probing adsorption of gas molecules to defect sites with FTIR (Fourier transform infrared
spectroscopy) has been proposed as a more sensitive means to evaluate the structural integrity of
MOFs, as defects in MOFs may be associated with a metal-ligand vacancy, and the difference in
metal oxidation states that arises leads to variations in the vibrational spectra of adsorbed species.
For example, CO adsorption to Cu in different oxidation states in metal oxides and zeolites gives
rise to different frequencies: In CuO/SiO2 with 1 wt% CuO, CO adsorption to Cu2+ gives rise to
peaks at 2216, 2199, and 2180 cm-1, whereas CO adsorption to Cu+ gives rise to a mode at 2126.5
cm-1 [171]. The vibrational mode may also be sensitive to gas loading, as high energy sites are
filled prior to low energy sites, as shown for Cu-ZSM-5 with 11 wt% of CuO: low gas loading led
to a CO-Cu+ interaction at 2137 cm-1, with added modes at 2177.5 and 2151 cm-1 with increased
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CO, assigned to dicarbonyl Cu+(CO)2 species [171]. In the MOF literature, Alaerts et al. [167]
used CO adsorption at 100 K to probe defect sites on Cu-BTC, and two distinct perturbations of
the CO vibrational modes (at 2123 and at 2179 cm-1) were observed, and attributed to interaction
of CO with Cu+ and Cu2+, respectively. Adsorption of CO to Cu2+ sites is attributed to adsorption
at the axial positions vacated by coordinated water molecules upon degassing, whereas the origin
of the Cu+ site is more controversial. Both Alaerts et al. [167] and Szanyi et al [163] claimed CO
adsorption led to reduction of the Cu sites, although this was disputed by Bordiga et al. [168] for
negligible intensity of CO-Cu+ relatively to CO-Cu2+. Bordiga et al. also assigned the peak at
2152 cm-1 to Cu2+(CO)2, instead to Cu+. Szanyi et al. found this apparent reduction could be
avoided by using low temperature (150 K) in situ FTIR measurements of CO adsorption [163].
CO adsorption was used to probe the effect of pretreatment temperature on structural integrity,
with irreversible binding of CO to Cu+ in Cu-BTC (i.e. the 2125 cm-1 feature) [162]. Elsewhere,
the emergence of the Cu+ mode (at 2125 cm-1) was attributed to defect formation, without
appreciable formation of oxides [151]. Density functional theory calculations of CO adsorption to
a Cu paddlewheel with a missing ligand supported this assignment [151]. The original intent of
this work was to extend the FTIR CO adsorption technique from Cu-BTC to Cu-TDPAT
([Cu3(TDPAT)(H2O)3]·10  H2O), as the two MOFs have identical Cu paddlewheel structures.
Although the FTIR adsorption spectra of CO to Cu-BTC were reproduced, no similar feature was
found for Cu-TDPAT. After observing this discrepancy, we then attempted to vary pretreatment
and adsorption conditions of Cu-BTC to inactivate the mode in an attempt to explain the lack of
observation for Cu-TDPAT. We also use temperature-programmed desorption of the CO FTIR
modes to probe the binding energy of CO to the Cu-BTC structure.
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4.2 Experimental

4.2.1 Sample Preparation
Cu-BTC was obtained from Sigma-Aldrich (SA) with the trade name Basolite C300, as is
abbreviated as B(SA). A second Cu-BTC sample was obtained from Rutgers University, and is
abbreviated B(RU). B(RU) was prepared in a microwave reaction [109] of 0.81 mmol copper
nitrate precursor, 0.6 mmol 1,3,5-benzene tricarboxylic acid in 6 ml DMF (Dimethylformamide)
at 413 K for 1 hr. The crystals were collected and washed with DMF, and further exchanged with
ethanol every 1 hr for one week. Judging from an observed color change, the B(RU) sample was
partially degraded by age due to extended storage, and the partial degradation facilitates
characterization of the defect sites. In our previous report [137] the BET [41] surface area of
B(RU) was 1770 cm2/g, and the XRD and TGA patterns are found in Figure 2-9 and D-3. Color
change was later observed, which is the indication of degraded Cu-BTC (abbreviated B(CC)).
Measurement of the surface area of B(SA) is in progress. The other MOF, i.e. Cu-TDPAT (T)
was prepared following previously reported procedures [108]. In brief, similar solvothermal
procedures were used with 0.68 mmol copper nitrate precursor, 0.05 mmol H6TDPAT in 2 ml
DMA (Dimethylacetamide), 2 ml DMSO (Dimethyl sulfoxide), 0.2 ml H2O and 0.9 ml HBF4 at
358 K for three days. The blue polyhedron crystals were washed with DMA and exchanged with
methanol every 1 hr during daytime for one week. In our previous report [137] the BET [41]
surface area of T was measured to be 1640 cm2/g, and the XRD and TGA patterns are found in
Figure 2-9 and 2-17.
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4.2.2 Characterization
The room temperature FTIR spectra were measured in a Bruker IFS 66/S Spectrometer in
transmittance mode. The MOF samples were pressed with KBr to form pellets. The low
temperature in situ FTIR spectra with CO as the probing gas were operated with Bruker Hyperion
3000 Microscope plus the Linkam stage (THMS600PS Pressure System). The stage can be
operated at 14 bar from 148 K to 773 K, and from 77 K to 873 K in vacuum. The aperture hole
has the diameter 1.3 mm, and the stage has top and bottom ZnSe window adaption. MOF
powders were pressed on to the TEM grid with 400 mesh, and directly placed on the Linkam
stage aperture. After an Ar purge to remove air, the MOF samples were pretreated at high
temperature (varying from 373 K to 573 K) in ~5 psig Ar gas flow. The pretreated samples were
cooled to the adsorption temperature (typically, 100 K or 150 K), which was selected to minimize
transient CO effects attributed to reduction of Cu, as denoted above. At this temperature, an initial
baseline spectrum (in Ar) of the MOF was collected, and is labeled as ‘0’ in all subsequent
figures. The MOF sample was then exposed to CO in a static environment (~5 psig), and initial
spectra were obtained (labeled CO static in subsequent figures). When this spectrum reached
steady state (typically after ~10 minutes, See Supporting Information, Figure D-1), gaseous CO
was purged with Ar such that only adsorbed CO (at the given temperature) was retained by the
sample (labeled ‘Ar purging’). During this purging/CO desorption step, the FTIR spectra was
collected at various times (numbers in subsequent figures refer to the progression of time during
this step) until no significant changes were observed. Typically, no variation was observation. In
select cases, the purge samples with residual CO were heated to monitor the spectra with
temperature-programmed desorption (TPD) of CO. After the samples were exposed to CO and
reached the steady state, the temperature was raised at desired set points and we collected FTIR
spectra. We moved on to the next temperature until the spectra reached the steady state. In all
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cases, the stated temperature refers to the temperature of both the sample when we collected the
in situ FTIR spectra.

4.3 Results and Discussion

4.3.1 CO-Cu Adsorption in Cu-BTC
Adsorption of CO to B(SA) at high loading (i.e. ‘static CO’, Figure 4-1A) at 150 K leads
to perturbations of the FTIR spectra of CO at ~2120 and ~2170 cm-1, reproducing previous
reports [151,167,168]. The two modes are assigned to CO-Cu+ and CO-Cu2+, respectively, for
reasons discussed previously [163]. As CO is removed by Ar purging, both peaks remain for over
30 minutes (labeled (4) to (11), Figure 4-1A), and the resulting spectra ((11), Figure 4-1A)
represents CO at low loading, retained by high energy sites. Preliminary estimates of binding
energy versus desorption temperature (data not shown) demonstrate the retention of CO to high
energy sites at 150 K, is generally consistent with calculated CO-Cu binding energy of 290 meV
for the axial Cu2+ position and 710 meV at defect sites [151]. The tie between binding energy and
desorption temperature is explored further in Section 4.3.3 below.
Shifts in the CO spectra at different gas loading are indicative of different binding
environments, and one would expect low energy sites to be desorbed first [162,167,168]. The
initial spectra of B(SA) at high CO loading has a distorted feature relative to gas-phase CO
(Figure 4-1A), suggesting a portion of the CO is affected by the electronic environment of the
surface. As CO is removed, the CO-Cu2+ mode blue shifts from 2169 cm-1 to 2171 cm-1, while the
CO-Cu+ peak has a minor red shift. Drenchev et al. [162] observed similar FTIR shifts for CuBTC, and attributed the low coverage Cu2+ blue shift to the transformation from polycarbonyls to
monocarbynyls. The red shift of Cu+ was attributed to differences in the perturbation of CO
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arising from adsorption to the aromatic ligand versus the Cu+ site (from 2141, 2128, 2123 cm-1 to
2125 cm-1).

4.3.2 CO-Cu Adsorption in Cu-TDPAT
In a previous study, we demonstrated introduction of a secondary activated carbon
surface into the Cu-TDPAT structure led to increased hydrogen storage, and suspected this was
due to introduced defects (Chapter 3). Thus, the original intent of this study was to extend the CO
FTIR probe of defects from Cu-BTC to Cu-TDPAT. However, adsorption of CO to T leads to
much less pronounced perturbations of the FTIR spectra at high loading, and no retention of the
modes after CO is removed at 150 K (Figure 4-1B). In the data shown, T and B(SA) were
handled at identical conditions (i.e. pretreatment at 543 K 1 min, cooling in Ar, CO loading at
150 K, followed by an Ar purge at 150 K), but T showed no signs of CO adsorption at lower
temperatures (down to 100K) or with variations in preparation/pretreatment (see Table D-1,
Supporting Information).
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Figure 4-1: FTIR spectra of (A) Cu-TDPAT (T) and (B) B(SA) at 150 K in Ar purging (0), CO
static atmosphere ((1)-(3)), and in Ar purging to remove gas phase CO ((4)-(11)). The number
represents the sequence of each spectrum, where (0) was collected in Ar purging before the
sample was exposed to CO.
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To explain the apparent lack of CO adsorption to T, we examined subtle differences in
the Cu-O stretch modes of the Cu paddlewheel (PDW). Previously, we utilized DFT calculations
of an analog truncated Cu PDW, in which the two copper atoms were found to four terminal
formate ligands. These DFT calculations predict the Cu-O bend (δ) and stretch (ν) modes to be at
770 and 410 cm-1, respectively [137], as reproduced in Figure 4-2. Experimentally, the stretch
mode is found at 480 and 490 cm-1 for B(SA) and T, respectively, and the shift relative to the
experimental spectra is likely due to constraint within the crystal structure that is not captured by
the simulations of the truncated analog. Experimentally, the bend mode is found at 760 cm-1 and
775 cm-1 for B(SA) and T, respectively, which is a closer match to the simulation. An aromatic
bend mode (at 730 cm-1) is found in both experimental spectra, but absent from the simulated Cu
PDW, which exclude the aromatic ligands. Comparing B(SA) to T, the measured 10-15 cm-1 shift
is likely associated with different degrees of electron donation from the organic ligand. Similar
shifts in the stretching frequency of the Cu-O bond in mixed copper complexes has been observed
previously, and attributed to electron withdrawing groups of associated organics [153]. The
following generalized statement can be made: electron withdrawing groups weaken the strength
of a bond, leaded to a reduced frequency and a red-shift in the corresponding FTIR mode.
Applying this to the case here, the red-shift of B(SA) relative to T implies the single carboxylate
of B(SA) contributes less electron density than the H6TDPAT ligand present in T. Although the
FTIR reflects the nature of the Cu-O bond, it is difficult to extrapolate how this might translate to
the bonding environment seen by CO at the axial position without a more detailed quantum
chemistry study. However, in our previous study, we noted a tendency for the Cu the assynthesized Cu-TDPAT to become reduced with various thermal and reductive treatments,
suggesting a tendency for an electron deficiency in this structure [137]. The effects were more
pronounced than when Cu-BTC was treated in a similar way. Thus, the depletion of electrons
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around the Cu pair is consistent with the observed red-shift for T, and could explain the lack of
perturbation of the FTIR spectra of CO in proximity to Cu-TDPAT.

υCu-O

aromatic
C-H bend

T
Cu PDW

0

200

B(SA)

400

δCu-O

600

800

1000

Wavenumber (cm⁻¹)
Figure 4-2: Low wavenumber FTIR modes of the Cu paddlewheel, including that predicted by
DFT (see text), and experimentally determined for Cu-TDPAT (T; red) and Basolite (B(SA);
blue). Spectra were collected in flowing Ar at 300 K. Notation is as follows: δ = bend; ν = stretch,
as assigned from the DFT simulation. A 10-15 wavenumber shift is observed in the Cu-O bonds
for T vs. B(SA).
The distance between the adsorbed CO and Cu adsorption site at the energy minimum in
the adsorption potential may also influence the electron transfer. The theoretical pore size of the
Cu-BTC crystal is ~ 11.3 Å (Supporting information, Figure D-2D, Cu to Cu), whereas the
theoretical pore size within the as-synthesized Cu-TDPAT ranges from 7.5 – 8.5 Å (Supporting
Information, Figure D-2ABC). Although the theoretical estimates are for as-synthesized
structures with coordinated water molecules, neither Cu-TDPAT [108] or Cu-BTC [109] have
appreciable changes in their PXRD patterns as the coordinated water molecules are removed with
heating. It is clear that the pore size of Cu-BTC is larger than that of Cu-TDPAT, and this leads to
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a pronounced step in the experimental N2 adsorption isotherm at 77K [137]. Application of the
Horvath-Kawazoe (H-K) model led to evidence of a distinct 14 – 17 Å pore in Cu-BTC, with no
pronounced pores in Cu-TDPAT between 10 – 20 Å [137]. Although the pores of both Cu-BTC
and Cu-TDPAT are large enough to easily accommodate CO (with a kinetic diameter of 3.76 Å
[172] and a Lennard-Jones diameter of 3.763 Å [173]), the larger pores of Cu-BTC may be able
to accommodate a greater density of CO molecules, which would lead to a decreased distance
between CO and Cu and a greater perturbation of the CO spectra. As a first approximation, if the
equilibrium distance between CO and a surface is approximated at 3.8 Å, an 11 Å pore would
accommodate two CO molecules. In pores smaller than ~10 Å, close packing of CO would lead
to repulsion, allowing insertion of only one CO. The latter case would lead to less perturbation of
the single CO molecule due to a larger equilibrium distance between the surface and the CO
molecule. Thus, the small pores of Cu-TDPAT (<10 Å) may contribute to the lack of electronic
perturbation of CO in T, for all measurements.
We also considered the possibility that associated water molecules may adversely affect
the CO adsorption to the Cu PDW. The goal was to see whether incomplete removal of water in
B(SA) or partial degradation of B(SA) may reproduce the lack of adsorption behavior seen for T.
For example, water may block CO adsorption sites and be more difficult to remove in Cu-TDPAT
due to the smaller pore size. We thus examined two extremes: no pretreatment of B(SA) and a
short pretreatment at a temperature just below the onset of thermal degradation. In the former
case, incomplete removal of water was confirmed by the OH stretch region in FTIR (Figure 44A). Retention of water virtually eliminated CO adsorption to the axial position of the
paddlewheel (i.e. the Cu2+), as expected. CO adsorption to Cu+ defect sites was still observed at
long time, but the CO-Cu+ peak position was red shifted to 2115 cm-1 (Figure 4-3A) from 2123
cm-1 seen after water removal (Figure 4-1B). A similar red shift was seen by Hadjiivanov et al.
when introduced water vapor red-shifted the CO adsorption feature of CuO/SiO2 from 2126.5 to
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2116 cm-1 [174]. For the reasons discussed above, a red-shift implies a weakened interaction, thus
implying water withdraws electrons from the adsorption site.
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Figure 4-3: FTIR spectra of Basolite (B(SA)) after (A) no pretreatment, and (B) 15 minutes at
633 K in flowing Ar. Both spectra are cooled to 150 K. (Recall that an intermediate pretreatment
of 1 min at 543 K is found in Figure 4-1A.) The notation is as defined in Figure 4-1.
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A pretreatment of 633 K for 15 minutes was used to partially degrade the B(SA)
structure, as the onset of thermal degradation of B(RU) was found to be 623 K in TGA
experiments (Supporting Information, Figure D-3). This pretreatment led to a decrease (but not
elimination) of the modes associated with the Cu-O bend and stretch (Figure 4-4B), suggesting a
portion of the B(SA) remained intact. Partial thermal degradation of B(SA) led to disappearance
of the CO-Cu2+ mode and a significant decrease in the CO-Cu+ mode (Figure 4-3B). First, this
demonstrates that the observation of CO adsorption at 150 K requires an intact paddlewheel, as
the binding energy of CO to bulk Cu is weaker. Although thermal degradation is consistent with
the lack of CO adsorption seen for T, lowering the temperature and time of the pretreatment of T
did not lead to CO adsorption in FTIR (Table D-1).
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Figure 4-4: FTIR spectra (higher (A) and lower (B) wavenumber regions) of Basolite (B(SA))
under different pretreatment conditions (no pretreatment, 543 K 1 min, and 633 K 15 min) in Ar
purging before the sample was exposed to CO.

4.3.3 TPD-FTIR of CO bound to Cu-BTC
As discussed above, binding energies of CO to a model Cu paddlewheel analog (bound to
four terminal carboxylates) have been calculated previously with adsorption to the axial position
calculated to be 290 meV, and adsorption to a Cu+ defect site with a missing ligand calculated to
be 710 eV [151]. We were interested in further evaluating the desorption temperature of the two
sites to qualitatively correlate the binding energy of the sites to the theoretical predictions.
Samples pre-adsorbed with CO at 150 K were gradually heated in Ar, with the corresponding
TPD-FTIR spectra shown in Figure 4-5. As before, the initial static CO measurement represents
high-loading whereas a subsequent Ar purge should retain only high energy sites that occur at
low CO loading. At 150 K, the high- and low- loading measurements to B(SA) were similar to
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that shown in Figure 4-1A at 150 K. As the temperature was increased, the intensity of CO-Cu2+
peak gradually reduced and was eliminated between 200-300K. The CO-Cu+ peak remained in
B(SA) to higher temperatures, with significant reduction occurring between 300-400K. This
behavior is qualitatively similar to that predicted by the DFT calculation for the binding energies
of the axial Cu2+ position versus adsorption at defect sites.
We further probed the TPD-FTIR behavior of an aged B(CC) sample, which no longer
had the characteristic blue color of the original sample. Qualitatively, the CO desorption behavior
was similar between B(SA) and B(CC) (Figure 4-5A vs. 4-5B), with desorption from the Cu2+
and Cu+ sites occurring at ~200K and >300 K, respectively. Relative to the intact B(SA), the
degraded B(CC) had more pronounced distortions in the CO spectra at high loading and
additional distortions in the CO-Cu+ site with heating. The distortions are indicative of a more
complex bonding environment than that found in crystalline B(SA). Qualitatively, the CO signal
is quite sensitive to the local bonding environment, although more study is needed to assess the
specific features that lead to the various CO distortions.
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Figure 4-5: TPD-FTIR spectra of (A) B(SA) and (B) B(CC) after a preliminary exposure in CO
at 150 K, followed by purging in Ar, then heating from 150 K (in Ar) to 200 K, 300 K, and 400
K, as shown.

4.4 Conclusion
Although monitoring CO adsorption to the Cu paddlewheel found in Cu-BTC may be a
sensitive probe of defects, it is highly sensitive to pretreatment, electronic environment, ligand,
and pore size. Extending the results from one MOF to another is not necessarily straightforward,
even though the bonding site may be similar. Most striking is the fact CO adsorption to Basolite
Cu-BTC led to pronounced and tractable perturbations in the CO spectra, which were virtually
absent for Cu-TDPAT for all pretreatments and adsorption temperatures. We explored several
potential explanations for the apparent lack of CO adsorption to Cu-TDPAT at 150 K, and it
seems likely that both pore size and electronic donation from the ligand contribute. In Cu-BTC,
adsorption of CO to the axial paddlewheel site may be blocked by water adsorption and/or partial
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decomposition of the structure. TPD-FTIR is qualitatively consistent with predicted binding
energies to the axial position versus defect sites, with a decreased temperature of desorption for
the latter. The FTIR spectra of CO adsorbed to Cu-BTC and Cu-TDPAT are quite sensitive to
local bonding environment, aging, associated solvent, and thermal degradation.
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Chapter 5

Conclusions
The study explores different metal doping methods on MOFs in order to have the
catalyst-MOF composites with highest hydrogen uptake at room temperature. The hydrogen
uptake of catalyst Pt/AC on MOF Cu-TDPAT did not reach the DOE target 5.5 wt% at the
pressure 70 bar, with the limitation of slow kinetics. The major limitations to catalyzed CuTDPAT to meet the gravimetric targets at 300 K are:
•

Heavy metal clusters in MOFs can reduce the hydrogen gravimetric uptake.

•

Slow kinetics of atomic hydrogen diffusion, which must be overcome by lowering
the activation energy for diffusion. TDPAT ligand, for example, has an unfavorable
surface amine site for diffusion.

•

Possible structural integrity of the MOF; Cu-TDPAT was unstable in high-pressure
hydrogen.

However, spectroscopic evidence supported adsorption isotherms confirming the basic premise of
using hydrogen spillover to increase room temperature hydrogen uptake. More specific findings
of the work include:
•

Compared to other traditional metal addition methods, pre-bridge (PB) technique to
combine Pt/AC with MOFs shows good structural integrity (high specific surface
area and porosity) and hydrogen adsorption reproducibility.

•

Pre-bridged Cu-TDPAT (PB-T) shows the highest hydrogen uptake at 300 K, 1 bar,
among other copper and zinc types of MOFs (Cu-BTC and IRMOF-8, respectively),
as well as the highest data among the literature.
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•

The thermal stability of the composite catalyst PB-T in 1 bar hydrogen can reach up
to 423 K and PB-I has durability up to 593 K. The temperatures are only 20 degrees
lower than that of the as-received MOFs.

•

With catalyst Pt/AC, PB-T shows three hydrogenation sites, which support that
spillover atomic hydrogen may be generated by the catalyst Pt/AC, and further
hydrogenate MOFs:
1. In between Cu (from copper paddlewheel, Cu PDW) and O (from
carboxylate of organic ligand), based on the increasing reduced Cu 2p 3/2
peak in XPS and regeneration of carboxylic acid peaks in FTIR,
2. The sp2 N aromatic heterocycles in the center ring, and
3. The secondary-amine type NH in the branches, based on the additional N-H
peak observed in XPS.

•

The copper paddlewheel of MOF T is subject to hydrogen reduction even without
Pt/AC shown by XPS. However, no X-ray diffraction peak of Cu can be found, and
there are no peaks of carboxylic acid in FTIR.

•

The composite of activated carbon with MOF Cu-TDPAT (AC-T) also shows higher
hydrogen adsorption than expected for physisorption to its components. However, it
is not due to atomic hydrogen from spillover, but possibly because of the defects of
Cu+, supported by the preliminary data of enhanced external surface area, copper
reduction found in XPS, and DFT simulation.

•

CO-Cu adsorptions can only be observed in Cu-BTC but not in Cu-TDPAT. It could
be due to restricted pore sizes and/or the effect of electron donation/withdraw of the
organic ligand on copper paddlewheel.

•

TPD-FTIR consists with the predicted binding energies of the Cu sites of Cu-BTC.
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Chapter 6

Future Works
•

Even though enhanced hydrogen adsorption is observed, slow kinetics is hindering
the application. We need to study new catalysts/adsorbents to reduce the activation
energy in atomic hydrogen diffusion via spillover. One candidate may be COF
(covalent-organic framework), which has no metal cluster that decreases the
gravimetric capacity and it has higher binding energy to atomic H.

•

To understand how MOFs are connected to Pt/AC via PB technique, we vary catalyst
interface with oxygen functional groups as anchors for MOF metal clusters.

•

A new doping method is needed to avoid the complexity of pre-bridge treatment to
prepare catalyst-MOF composite.

•

Synthesize pre-bridged MOFs possibly using organic ligand with amine functional
groups or unsaturated carbon-carbon bonds, in order to improve hydrogen storage via
spillover effect.

•

We report the ex situ evidences for hydrogen spillover adsorption in this dissertation,
and need the in situ FTIR with PB-T under various hydrogen environments to
confirm hydrogenation, and to do TPD-FTIR to get the atomic hydrogen desorption
temperature.

•

Improve the FTIR CO-Cu adsorption technique with better CO pressure control, in
order to observe the transformation of CO-Cu adsorption peaks in detail with
controllable CO concentration.

127
•

Correlate the Cu+/Cu2+ ratio in FTIR to hydrogen adsorption with/without catalysts.
To systematically introduce defects by MOF aging, and collect FTIR CO spectra
after MOF hydrogenation via spillover.

•

Resolve the factors of lacking FTIR peaks of CO-Cu in Cu-TDPAT. Possible reasons
like: (1) pore size issue, (2) ligand effect, and (3) kinetic issue can be answered by
CO adsorption isotherm plus TPD-MS, in order to confirm if there is any CO
adsorption/desorption, or to do a CO-MOF adsorption simulation at the same
environment.

•

Other possible reason to the lack of CO-Cu peaks in Cu-TDPAT is reduced surface
area, which can be confirmed by checking the characteristic FTIR peaks of CuTDPAT.

128

Appendix A

Hydrogen storage system targets for onboard purpose
Hydrogen storage for fuel cells is one of the key challenges in onboard transportation
utilization. The U.S. Department of Energy (DOE) set up the target in hydrogen storage in order
to have a driving range greater than 300 miles while meeting cost and safety requirements. The
target is applied to the system for practical purpose. After the original goals were set, the market
and technology have changed, including the developments in fuel cells, hybrid vehicles, and the
next generation of vehicle technologies. With the advances of new technologies, the new baseline
is proposed as shown in Table A-1 [5].
Table A-1: New high level storage system targets for light-duty vehicles textural.
Target

2010 (new)

2010 (old)

2015 (new)

2015 (old)

Ultimate

Gravimetrical

4.5

6

5.5

9

7.5

Density (wt%)

(1.5 kWh/kg)

(2.0 kWh/kg)

(1.8 kWh/kg)

(3 kWh/kg)

(2.5 kWh/kg)

Volumetric

28

45

40

81

70

Density (g/L)

(0.9 kWh/L)

(1.5 kWh/L)

(1.3 kWh/L)

(2.7 kWh/L)

(2.3 kWh/L)

Time for 5-kg

4.2

3

3.3

2.5

2.5

fill (min)

(1.2 kg/min)

(1.67 kg/min)

(1.5 kg/min)

(2.0 kg/min)

(2.0 kg/min)

Storage

TBD

133

TBD

67

TBD

system cost
($/kg H2)

($4/kWh)

($2/kWh)
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Appendix B

Supporting Information of Chapter 2: Stability and Catalytic activity of
Metal-Organic Frameworks Prepared via Different Catalyst Doping Methods

130

Figure B-1: The examples of (A) nitrogen 77 K 1 bar adsorption-desorption isotherms of
IRMOF-8 (I) and (B) the BET fitting in P/P0 ranging from 0.05-0.3 (blue) and P/P0 ranging from
0-0.04 (red). Note that the intercept (which can lead to the constant C) is negative in the fitting of
0.05-0.3, which is not reasonable since C is related to the heat of adsorption.
In Figure B-1, there are two steps in the experimental isotherm, which confirms two
theoretical pore sizes in IRMOF-8, free and fixed [48]. To know the ratio of free and fixed pores,
gas adsorption isotherm and Horváth-Kawazoe equations (H-K) with Yang’s correlation [113] is
utilized. With calculation based on carbon cylinder geometry and parameters, the ratio of 8.4 Å to
18.0 Å (free:fixed) is 9.97% to 90.03%, and the simulation nitrogen isotherm is close to
experimental result. Structure modification degree can also be estimated according to the ratio of
pores. On the other hand, in DD-I the ratio of free to fixed pores is 68.03% to 31.97% (Figure B2B).
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(A)

(B)

Figure B-2: Simulated and experimental N2 isotherms of (A) I and (B) DD-I at 77 K.
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Figure B-3: The comparison of pore size distribution (PSD) from H-K model in MOFs (thin) and
pre-bridged MOFs (thick) of I (black ■), T (blue ▲), and B (purple ▼).

(A)
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(B)

(C)

Figure B-4: The optical microscope images of (A) PB-I, (B) PB-T, and (C) PB-B in small
magnifying power to show the particle size dispersion.
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Figure B-5: The backscattered electron (BSE) images of PB-T, in which bright particles are
expected to be Pt/AC insertion.
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(A)

(B)
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(C)

(D)

Figure B-6: The SEM images of (A) I, (B) PB-T, (C) B, and (C) PB-B.
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The metal dispersion of catalysts calculation was demonstrated below. We fitted the last
four points linearly (y = ax + b) in the hydrogen 300 K 1 bar isotherms of Pt/substrate and
obtained the equation with slope and the y-axis intercept as shown in Figure B-7. The intercept at
y-axis when pressure at x-axis is zero means the hydrogen chemisorption on the Pt nanoparticle
surface with Pt:H = 1:1 ratio. Thus, the number of atomic H represents the surface Pt, and the
ratio of surface to bulk Pt is defined as metal dispersion D. In Pt/AC_1, the hydrogen uptake at 0
pressure was 0.831 cc/g at STP. The molecule numbers from gas volume at STP condition can be
calculated as

PV = nRT
1l
PV
1000cc
=
=
= 4.4646 × 10 −5 Vmol
RT 0.082 atm ⋅ l mol ⋅ K × 273.15K
1atm ⋅V ⋅

nH 2

(B-1)

nH = 2nH 2 = 8.9292 × 10 −5 Vmol = nPtS

in which V stands for hydrogen gas adsorption in the unit of cc, nH₂ represents the hydrogen
amount in molecule after conversion from volume, and we further convert nH₂ into nPtS, which
stand for Pt amount on the nanoparticle surface. Hence, 0.831 cc/g means 7.423×10-5 mol of
atomic hydrogen H on 1 gram of Pt/AC_1. We expect to have 5 wt% Pt on the AC substrate, and
thus 1 gram of Pt/AC_1 implies 0.05 g of Pt in total, which is 0.05/195.09 = 2.563×10-4 mol of Pt
(nPtT). Based on the definition of metal dispersion, D = nPtS/nPtT = 29.0 %. In addition, d = 1.13/D
= 3.9 nm.
The same calculation can be applied to Pt/AC_2 as well. In Figure B-7 we know that the
intercept of Pt/AC_2 is 1.62111 cc/g at STP, which means 1.448×10-4 mol of atomic hydrogen H
on 1 gram of Pt/AC_2. Hence, 1.448×10-4 mol of H / 2.563×10-4 mol of Pt is 56.5 % metal
dispersion, and d = 1.13/D = 2.0 nm.
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Similarly, in DD-I the intercept is 0.912 cc/g at STP, which is equivalent to 8.143×10-5
mol of atomic hydrogen H on 1 gram of DD-I, and 8.143×10-5 mol of H / 2.563×10-4 mol of Pt is
31.8 % metal dispersion, and d = 1.13/D = 3.6 nm. Assuming that the Pt particle size is equal to
the I cage size estimated theoretically as 1.8 nm, which is half of 0.912 cc/g calculated above.
Thus, the H2 excess adsorption will be twice as 1.824 cc/g.
In DD-T, the intercept is 0.200 cc/g at STP, which is equivalent to 1.786×10-5 mol of
atomic hydrogen H on 1 gram of DD-T, and 1.786×10-5 mol of H / 2.563×10-4 mol of Pt is 6.97
% metal dispersion, and d = 1.13/D = 16.2 nm. Recall that Pt particles of DD-T are estimated to
be 3±0.5 nm from PXRD (Figure 2-2), which if the surface of the metals were completely

H₂ Excess Adsorption (cm³/g STP)

covered with H atoms, would correspond to a ~5 times greater than 0.200 cc/g.
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Figure B-7: The hydrogen 300 K 1 bar isotherms of AC, Pt/AC_1, Pt/AC_2, and DD-I. The
curve equations of the linear part in the isotherms were also shown in the plot.
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As discussed in the manuscript, we introduce pseudo-dispersion µ, which is defined as
chemisorbed atomic H to total Pt ratio at RT. It describes the enhanced hydrogen adsorption other
than physisorption from the pure MOF substrate due to the addition of Pt. The reason why we can
exclude physisorption in the calculation below is based on the assumption that in the same
material, SA is proportional to physisorption, since heat of adsorption (HoA) is constant as the
same adsorbent. As we observe in the N2 77 K isotherms, pre-bridged MOFs have similar SA as
pure MOFs, and the same case happens in Pt/AC. Here we demonstrate the calculations to each
Pt/AC and catalyst-MOF composite at 1 bar, RT.
Table B-1: Pseudo-dispersion µ and spillover efficiency η of Pt/AC_1.

2.057 cc/g

2.057 cc of H2 on 1 g of AC

2.972 cc/g

2.972 cc of H2 on 1 g of Pt/AC_1

H = 2.972 – 0.95 × 2.057 =
1.018 cc/g
1.018 × 20 =
20.36 cc/g
20.36 cc × 8.9292×10-5
mol/cc in Eq. (B-1) =
0.001818 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.001818 mol / 0.005126
mol = 0.3546
35.5 %
η = 35.5% / 29.0% = 1.22

1.018 cc of H2 enhancement on 1 g of Pt/AC_1,
where Pt:(Pt+AC) = 1:20
20.36 cc of H2 enhancement due to 1 g of Pt
0.001818 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
35.5 % (mol of additional H to mol of Pt ratio)
1.22

Table B-2: Pseudo-dispersion µ and spillover efficiency η of Pt/AC_2.

2.057 cc/g

2.057 cc of H2 on 1 g of AC

4.020 cc/g

4.020 cc of H2 on 1 g of Pt/AC_2
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H = 4.020 – 0.95 × 2.057 =
2.066 cc/g
2.066 × 20 =
41.32 cc/g
41.32 cc × 8.9292×10-5 mol/cc
in Eq. (B-1) =
0.003690 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.003690 mol / 0.005126
mol = 0.7199
72.0 %
η = 72.0% / 56.5% = 1.27

2.066 cc of H2 enhancement on 1 g of Pt/AC_2,
where Pt:(Pt+AC) = 1:20
41.32 cc of H2 enhancement due to 1 g of Pt
0.003690 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
72.0 % (mol of additional H to mol of Pt ratio)
1.27

Table B-3: Pseudo-dispersion µ and spillover efficiency η of PB-I (I + Pt/AC_1).

2.057 cc/g

2.057 cc of H2 on 1 g of AC

1.307 cc/g

1.307 cc of H2 on 1 g of IRMOF-8

2.589 cc/g

2.589 cc of H2 on 1 g of Pt/AC@IRMOF-8

H = 2.589 – (0.95 × 1.307 +
0.05 ×0.95 × 2.057) =
1.250 cc/g
1.250 × 20 =
25.00 cc/g
25.00 × 20 =
499.9 cc/g
499.9 cc × 8.9292×10-5
mol/cc in Eq. (B-1) =
0.04463 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.04463 mol / 0.005126
mol = 8.7072
870.7 %
η = 870.7% / 29.0% = 29.9

1.250 cc of H2 enhancement on 1 g of
Pt/AC@IRMOF-8, where Pt/AC:(Pt/AC+MOF) =
1:20, Pt:(Pt+AC) = 1:20
25.00 cc of H2 enhancement due to 1 g of Pt/AC
499.9 cc of H2 enhancement due to 1 g of Pt
0.04463 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
870.7 % (mol of additional H to mol of Pt ratio)
30.0
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Table B-4: Pseudo-dispersion µ and spillover efficiency η of PB-T (T + Pt/AC_2).

2.057 cc/g

2.057 cc of H2 on 1 g of AC

0.631 cc/g

0.631 cc of H2 on 1 g of Cu-TDPAT

4.898 cc/g

4.898 cc of H2 on 1 g of Pt/AC@Cu-TDPAT

H = 4.898 – (0.95 × 0.631 +
0.05 × 0.95 × 2.057) =
4.201 cc/g
4.201 × 20 =
84.02 cc/g
84.02 × 20 =
1680.3 cc/g
1678.3 cc × 8.9292×10-5
mol/cc in Eq. (B-1) =
0.1500 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.1500 mol / 0.005126
mol = 29.2705
2927.1 %
η = 2927.1% / 56.5% = 51.8

4.201 cc of H2 enhancement on 1 g of Pt/AC@CuTDPAT, where Pt/AC:(Pt/AC+MOF) = 1:20,
Pt:(Pt+AC) = 1:20
84.02 cc of H2 enhancement due to 1 g of Pt/AC
1680.3 cc of H2 enhancement due to 1 g of Pt
0.1500 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
2927.1 % (mol of additional H to mol of Pt ratio)
51.8

Table B-5: Pseudo-dispersion µ and spillover efficiency η of PB-B (B + Pt/AC_2).

2.057 cc/g

2.057 cc of H2 on 1 g of AC

1.987 cc/g

1.987 cc of H2 on 1 g of Cu-BTC

2.072 cc/g

2.072 cc of H2 on 1 g of Pt/AC@Cu-BTC

H = 2.072 – (0.95 × 1.987 +
0.05 × 0.95 × 2.057) =
0.087 cc/g
0.087 × 20 =
1.73 cc/g
1.73 × 20 =
34.7 cc/g

0.087 cc of H2 enhancement on 1 g of Pt/AC@CuBTC, where Pt/AC:(Pt/AC+MOF) = 1:20,
Pt:(Pt+AC) = 1:20
1.73 cc of H2 enhancement due to 1 g of Pt/AC
34.7 cc of H2 enhancement due to 1 g of Pt
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34.7 cc × 8.9292×10-5 mol/cc
in Eq. (B-1) =
0.003095 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.002911 mol / 0.005126
mol = 0.6037
60.4 %
η = 60.4% / 56.5% = 1.07

0.003095 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
60.4 % (mol of additional H to mol of Pt ratio)
1.07

In addition, we calculated the pseudo-dispersion µ and spillover efficiency η of BMMOFs. Compared to the pseudo-dispersion of PB-I 867%, BM-I-10 with sugar bridge, BM-I-4
with commercial catalyst Pt/AC, and BM-I-6 with commercial catalyst and mixed by hand
grinding all have µ smaller than that of PB-I. Note that BM-I-6 has pseudo-dispersion ~20%,
which is similar to the metal dispersion of the catalyst Pt/AC. The spillover efficiencies of BMMOFs are 8.91, 4.11, and 0.36, respectively. They are much lower than 30 of PB-I.
Table B-6: Pseudo-dispersion µ and spillover efficiency η of BM-I-10 (I + Pt/AC_2 with sugar
bridge).

2.057 cc/g

2.057 cc of H2 on 1 g of AC

1.307 cc/g

1.307 cc of H2 on 1 g of IRMOF-8

1.307 × 260/1380 = 0.246
cc/g
1.838 cc/g

0.246 cc of H2 on 1 g of IRMOF-8 with reduced
BET SA based on Chahine Rule
1.838 cc of H2 on 1 g of Pt/AC@IRMOF-8

H = 1.838 – (0.8 × 0.246 + 0.1
× 0.95 × 2.057) =
1.446 cc/g
1.446 × 10 =
14.46 cc/g
14.46 × 20 =
289.2 cc/g
289.2 cc × 8.9292×10-5 mol/cc
in Eq. (B-1) =
0.0258 mol

1.446 cc of H2 enhancement on 1 g of
Pt/AC@IRMOF-8, where Pt/AC:MOF = 1:8,
Pt:(Pt+AC) = 1:20
14.46 cc of H2 enhancement due to 1 g of Pt/AC
289.2 cc of H2 enhancement due to 1 g of Pt
0.0258 mol of H enhancement due to 1 g of Pt
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M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.0258 mol / 0.005126
mol = 5.033
503.3 %
η = 503.3% / 56.5% = 8.91

0.005126 mol of 1 g Pt
503.3 % (mol of additional H to mol of Pt ratio)
8.91

Table B-7: Pseudo-dispersion µ and spillover efficiency η of BM-I-4 (I + Pt/AC from Strem
Chemical).

2.057 cc/g

2.057 cc of H2 on 1 g of AC

1.307 cc/g

1.307 cc of H2 on 1 g of IRMOF-8

1.307 × 380/1380 = 0.360
cc/g
1.185 cc/g

0.360 cc of H2 on 1 g of IRMOF-8 with reduced
BET SA based on Chahine Rule
1.185 cc of H2 on 1 g of Pt/AC@IRMOF-8

H = 1.185 – (0.9 × 0.360 + 0.1
× 0.95 × 2.057) =
0.666 cc/g
0.666 × 10 =
6.66 cc/g
6.66 × 20 =
133.2 cc/g
133.2 cc × 8.9292×10-5 mol/cc
in Eq. (B-1) =
0.0119 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.0119 mol / 0.005126
mol = 2.321
232.1 %
η = 232.1% / 56.5% = 4.11

0.666 cc of H2 enhancement on 1 g of
Pt/AC@IRMOF-8, where Pt/AC:MOF = 1:9,
Pt:(Pt+AC) = 1:20
6.66 cc of H2 enhancement due to 1 g of Pt/AC
133.2 cc of H2 enhancement due to 1 g of Pt
0.0119 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
232.1 % (mol of additional H to mol of Pt ratio)
4.11

Table B-8: Pseudo-dispersion µ and spillover efficiency η of BM-I-6 (I + Pt/AC from Strem
Chemical with hand grinding).

2.057 cc/g

2.057 cc of H2 on 1 g of AC
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1.307 cc/g

1.307 cc of H2 on 1 g of IRMOF-8

1.307 × 670/1380 = 0.635
cc/g
0.825 cc/g

0.635 cc of H2 on 1 g of IRMOF-8 with reduced
BET SA based on Chahine Rule
0.825 cc of H2 on 1 g of Pt/AC@IRMOF-8

H = 0.825 – (0.9 × 0.635 + 0.1
× 0.95 × 2.057) =
0.0581 cc/g
0.0581 × 10 =
0.581 cc/g
0.581 × 20 =
11.62 cc/g
11.62 cc × 8.9292×10-5 mol/cc
in Eq. (B-1) =
0.001038 mol
M = 1 g / 195.09 g/mol =
0.005126 mol
µ = 0.001038 mol / 0.005126
mol = 0.2025
20.25 %
η = 20.25% / 56.5% = 0.358

0.0581 cc of H2 enhancement on 1 g of
Pt/AC@IRMOF-8, where Pt/AC:MOF = 1:9,
Pt:(Pt+AC) = 1:20
0.581 cc of H2 enhancement due to 1 g of Pt/AC
11.62 cc of H2 enhancement due to 1 g of Pt
0.0119 mol of H enhancement due to 1 g of Pt
0.005126 mol of 1 g Pt
20.25 % (mol of additional H to mol of Pt ratio)
0.358
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Figure B-8: The TGA shows the mass loss of T series ramping from 300 K to 773 K in N2 and
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H2 gas flows. The sample weight profile of PB-T redone in H2 without prior H2 exposure shows
overlapping curve to pure T in H2.
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Figure B-9: PB-T sample heated in IGA with H2 flow shows the weight gain after cooling.
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Appendix C

Supporting Information of Chapter 3: Hydrogen Storage with Spectroscopic
Identification of Chemisorption Sites in Cu-TDPAT via Spillover from a
Pt/activated carbon catalyst
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Figure C-1: Full width at half maximum in 2θ of T series and PB-T series from Figure 3-3 and
Figure 3-10.
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Figure C-2: The XP spectra of (A) C 1s and (B) O 1s of pure T after various H2 exposures; (C) C
1s and (D) O 1s of PB-T after various H2 exposures, which shows increased 534 eV peak as
H6TDPAT in (F); and (E) C 1s and (F) O 1s of the as-received organic ligand H6TDPAT.
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Figure C-3: The XP spectra of (A) Cu 2p 3/2 and (B) N 1s of AC-T and PB-T series. No N
hydrogenation was observed in AC-T, even though AC-T-300-1 shows more reduced Cu.
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Figure C-4: The XP spectra of Cu 2p 3/2 of T series after various helium exposures. Note that
compared to Figure 2 and Figure 7 there is only minor Cu reduction observed in He tests.
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Figure C-5: The SEM images of (A) AC-T and (B) AC-T-300-1. The latter shows finer grains in
the polycrystalline T after hydrogen exposure.

(A)

(B)

Figure C-6: The SEM images of (A) the substrate AC and (B) the catalyst Pt/AC. The particle
size distribution of Pt/AC is narrower than the carbon substrate AC (Note the difference in scale
bar.).
In order to estimate the external surface area, αS-plots were applied for this purpose.
Originated from the t-method, αS-method can be used to evaluate micropore volume and external
surface area by referencing the adsorption of non-porous material, hydroxylated silica in this
case,[175] using Eq. (C-1):

( )
( )

atest ntest nref
=
aref nref nref
⇒ atest =

aref

(n )

ref 0.4

0.4

0.4

=

ntest

(n )

ref 0.4

αS

× SS , when SS = ntest α S

(C-1)
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where a represents the surface area of unknown (test) or reference (ref) sample, n stands for the
gas adsorption amount. According to the Eq. (C-1), when we plot the N2 adsorption of unknown
sample to αS, the ratio of N2 adsorption in hydrolated silica to that at P/Po 0.4, the slope of
unrestricted linear range SS, which implies the absence of capillary condensation in pores, can be
used to determine external surface area [23]. With the BET SA of hydroxylated silica aref is 38.7
m2/g and the uptake at P/Po = 0.4 is 13.4 cm3 STP/g, Eq. (C-1) becomes:

a ( ext ) = 2.88SS

(C-2)

Hence, as shown in Figure C-7, the external surface area of AC, Pt/AC, AC-T, T, and PB-T can
be estimated with Eq. (C-2) with the last 6 adsorption points in the αS-plots.
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Figure C-7: The αs-plots of AC and MOF series samples and the corresponding external SA in
m2/g.
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Figure C-8: Higher wavenumber FTIR of Cu-TDPAT (T) series (A), and pre-bridged CuTDPAT with Pt/AC (PB-T) series (B). Water can be observed in pure T series. Main similarity
between PB-MOFs (PB-T-300-70 and PB-T-423-1, marked red) and H6TDPAT (blue) can be
observed [142,176-178].

Figure C-9: Comparison of experimentally measured FTIR for Cu-BTC and DFT predictions for
Cu paddlewheel and the H3BTC ligand [74]. Straight solid lines: (a) DFT Predicted CuPDWformate (orange) and BTC3-, (b) H3BTC ligand (blue). DFT was calculated with Turbomole
RIDFT/def2TZVP. Curved lines are experimental data from Li et al. for (a) Cu-BTC MOF and
(b) H3BTC ligand. DFT predicted frequencies have been multiplied by 0.96 [150], which is the
recommended correction factor for the B3-LYP functional; however, this tends to over correct
some peaks relative to the experimental data (as shown above). Corresponding assignments
between predictions and experiment are indicated with arrows. No major peaks are predicted or
observed above 2000 cm-1.
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Figure C-11: The hydrogen 300 K 1 bar isotherms of (1) Pt/AC + IRMOF-8 with sugar
carbonization bridge [67], (2) Pt direct doped IRMOF-8 [73], (3) Pt/AC + MOFs with sugar
carbonization bridge [161], (4) PB-T, and DD-T-423-1 [137].
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Figure C-12: The hydrogen 300 K 1 bar isotherms of pre-bridged Cu-TDPAT with Pt/AC (PBT). It shows reasonable reproducibility.
In the paper from Xiao et al. [179], two diffusion mechanisms for zeolite were discussed:
the gas translation (GT) model, in which the molecules are still viewed as gas, and the solid
vibration (SV) model, in which the gas molecules lose the gaseous properties due to strong
interaction between molecules and frameworks. Based on the reports claiming that spilled over H
belongs to surface chemisorption [59,83,84], here we adopt the SV model for H surface diffusion
mechanism (see Eq. (C-3), where D is diffusivity, z is the coordination number, ve is the effective
vibrational frequency, α is the diffusion length between adjacent sites, and E is the activation
energy.).

1
# E&
D = veα 2 exp % − (
$ kT '
z

(C-3)
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A linker TDPAT is C27O12N6, with 45 atoms (Figure 3-1). 33 out of 45 atoms have z = 2,
while 12 out of 45 atoms have z = 3, and thus the average <z> = 33/45×2 + 12/45×3 = 2.27. To
estimate the vibrational frequency ve, we utilize the interaction between atomic H and carbon
SWNT (single-walled nanotubes) from Maruyama et al. [180], where the energy well ε for H-C is
2.762 meV, at the distance σ 3.179 Å. With Taylor’s expansion to Lennard-Jones potential, we
can obtain the Hooke’s constant k = 72ε. The vibrational frequency ve can be obtained with k, ε
(2.762 meV), and m, which is defined as the combination of C and H (mC × mH / (mC + mH) =
12/13 amu). Thus, ve is equal to 7.25×1012 1/s. Consider C-C as the diffusion length between
adjacent sites, sp2-sp2 C-C α = 150 pm = 1.5 Å. At room temperature 300 K, kT is equal to
0.02586 eV.
With the information above, we can convert Eq. (C-3) to Eq. (C-4).

D=

2
1
1
E &
#
× 7.25 × 1012 × 1.5Å × exp % −
$ 0.02586 ('
2.27
s

(

)

E & m2
#
≈ 10 exp % −
sec
$ 0.02586 ('

(C-4)

−8

Using the simplification as time = L2/D, when E = 0.6 eV, to travel 1 nm it takes 0.166
sec; when E = 1 eV, it takes 240.5 hr as 10 days for the same 1 nm distance.
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Table C-1: The BET surface areas of T, T-300-70, PB-T, and PB-T-300-70.

Sample

prior H2 exposure

BET SSA (m2/g)

T (batch A)

None

1570

T-300-1 (batch B)

1 bar

1640

T-300-70 (batch B)

70 bar

730

T (batch C)

None

2300

T-300-20 (batch C)

20 bar

60

T-300-He20 (batch C)

None (20 bar He exposure) 2300

PB-T (batch 4)

None

2000

PB-T-300-1 (batch 4)

1 bar

2040

PB-T-300-1 (batch 1)

1 bar

1750

PB-T-300-70 (batch 2)

70 bar

170

PB-T-300-70 (batch 3)

70 bar

10

159

Appendix D

Supporting Information of Chapter 4: Effect of Ligand Type on CO
Adsorption to Cu-BTC and Cu-TDPAT via in situ FTIR Spectroscopy
Table D-1: Summary of the existence of Cu+/Cu2+ peaks in Cu-TDPAT and Cu-BTC.
Sample

Preparation

Pretreatment

2120 cm-1 (Cu+)

2170 cm-1 (Cu2+)

Cu-TDPAT

No grinding

270°C, 1 min

150 K: N

150 K: N

T_2

Grinding

Not applied

100 K: N

100 K: N

T_3

Grinding

120°C, 10 hr

150 K: N

150 K: N

T_4

Grinding

270°C, 1 min

150 K: N

150 K: N

T_5

No grinding

Not applied

100 K: N

100 K: N

No grinding

270°C, 1 min

100 K: N

100 K: N

No grinding

100°C, 60 min

100 K: N

100 K: N

No grinding

150°C, 30 min

100 K: N

100 K: N

No grinding

300°C, 1 min

100 K: N

100 K: N

No grinding

Not applied

150 K: Y

150 K: N

No grinding

270°C, 1 min

150 K: Y

150 K: Y

200 K: Y

200 K: Weak

300 K: Y

300 K: N

400 K: Weak

400 K: N

150 K: Weak

150 K: N

200 K: N

200 K: N

300 K: N

300 K: N

150 K: Y

150 K: Y

200 K: Y

200 K: N

300 K: Y, blue shift

300 K: N

T_1

T_6

Cu-BTC
B(SA)_1
B(SA)_2

B(SA)_3

B(CC)

No grinding

No grinding

360 °C, 15 min

270°C, 1 min
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Figure D-1: The CO gas phase spectra changing with time. It can be found that the peak reaches
the steady state with the maximum intensity.
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(A)

(B)
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(C)

(D)

Figure D-2: The structural configurations of Cu-TDPAT (A) (B) (C) and Cu-BTC (D).
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Figure D-3: The TGA profile of Cu-BTC (B(RU)) in heating scans (10 K/min) in N2 (25 sccm).
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