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Ammonia borane (AB), with high hydrogen contents and favorable dehydrogenation 

properties, is receiving intensive attention for its potential as the hydrogen storage materials. In 

this study, we demonstrates a new type of solvent-free AB fuel system to obtain a high 

hydrogen systemic gravimetric capacity needed for practical fuel cell application. The new 

storage material constitutes AB soaked in tetraethylene glycol dimethyl ether (TEGDE) with 

catalytic amount of palladium nanoparticles. Notably, TEGDE is very essential for the 

successful preparation of semi-solid state AB fuel system. The use of a minimum amount of 

TEGDE in this system allows the hybrid AB catalytic system to be fabricated as an efficient 

solvent and catalytic reaction medium, enabling a high gravimetric and volumetric capacity. 

For a real application, AB pellets with spherical shapes are manufactured by the co-

precipitation of AB/TEGDE/PdNPs, followed by the compression of semi-solid AB fuel 

mixture for fuel transfer from fuel tank to the hydrogen generator. Consequently, this hybrid 

semi-solid state catalytic system exhibits a high gravimetric capacity of hydrogen [10.01 

material weight%]. With a high hydrogen capacity, a high performance dehydrogenation is 

obtained as a result of synergistic effects facilitated by highly active PdNPs well-dispersed in 

the TEGDE medium. 

 

 

Introduction 

An on-board hydrogen storage system with a 5.5 total system weight 
(wt)%, enabling a 300 mile driving range, will be a milestone for the 
hydrogen economy.1 Various hydrogen storage materials have been 
proposed and developed to meet the corresponding material-based 
gravimetric target of 9 mat. wt%.2 Among other potential storage 
materials, aqueous NaBH4 (H2 source) with pressurized air as an 
oxidant has been used as the fuel for the proton-exchange membrane 
fuel cells (PEMFCs).3 However, the practical limitation of NaBH4-
based system is the low system wt%4: the optimal concentration of 
NaBH4 for maximum hydrogen is limited to 20 wt% (<2 wt% based 
on the system), because of the viscosity and low conversion 
efficiency at high concentration (>30 wt%). As shown in Equation 1, 
the consumption of water solvent by the produced NaBO2 increases 
the solution viscosity. It, in turn, leads to a diffusion limitation in the 
contact between NaBH4 and catalyst with a significant decrease of 
the hydrogen generation rate. For example, the high concentration 
(30 wt%) SBH (sodium borohydride) and conversion efficiency from 
NaBH4 to H2 (95%) are demanded for 4.5 system wt%. Therefore, 
new hydrogen storage materials for high gravimetric hydrogen 
storage capacity are necessary.  
 
NaBH4 + 2H2O → NaBO2·xH2O + 4H2 + heat (x = 2 or 4)                    (1) 

 
As an alternate material for hydrogen storage, ammonia borane 

(NH3BH3, AB) seems to be the most promising owing to its high 

gravimetric hydrogen storage capacity. AB possesses extremely high 
gravimetric and volumetric hydrogen density of 19.6 wt% and 0.145 
kg H2 L

−1, respectively, far exceeding the DOE 2015 target (9.0 wt% 
and 0.082 kg H2 L

−1).5  
 

 
Fig. 1 A demand for AB or SBH ratio and H2 storage capacity (material-base) for target 
of 4.5 system wt% target at 1 kW-h H2 generation system. 

 

With its high hydrogen density, AB is safe, nontoxic, chemically 
stable, easy to transport in its dry state, and highly soluble in water, 
enabling it to be used as a potential fuel for PEMFCs.6 
Homogeneous metal-catalyzed dehydrogenation is convenient and 
effective in harvesting hydrogen from AB. The drawback in this case 
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is the solvent contribution to the weight of the system, lowering 
overall hydrogen wt% of the system; 3.6 mat. wt% was estimated to 
be the maximum based on the best AB catalyst system developed to 
date.7 To achieve the storage capacity over 9 mat. wt%, solid or 
semi-solid AB is suggested as the best option,8 and the development 
of a heterogenous catalyst system is necessary.9 

Neat AB can release H2 in a stepwise thermolysis reaction. 
However, the practical application of AB is still inhibited by its slow 
thermal kinetics at <100 °C.10 To lower the onset temperature, the 
use of nanoscaffolds,11 ionic liquids,12 and transition metals13 was 
attempted. Autrey et al. reported the thermolysis of AB contained 
within mesoporous scaffolds. In his system, mesoporous silica 
decreased the thermolysis onset temperature by ∼15 °C than that of 
neat AB.14 Sneddon et al. reported the thermolysis of AB in minimal 
1-butyl-3-methylimidazolium chloride which lowered the reaction 
onset temperature (versus solid AB) and increased dehydrogenation 
rate in the temperature range 85–95 °C.15,16 Manners et al. also 
demonstrated that heterogeneous Rh(0) colloids (1.5 mol%) 
activated AB, releasing 2 equiv of H2 to form borazine in tetraglyme 
at 45 °C in 72 h.17 

In the course of developing an AB dehydrogenation catalyst,  we 
recently reported that tetraethylene glycol (TG) derivative was not 
only a good solvent for AB dehydrogenation,18a but also an efficient 
growth source for the synthesis of metal nanoparticles (NPs). The 
TG-promoted route afforded size-controlled PdNPs, stabilizing 
against conglomeration without additional stabilizers. Consequently, 
the use of an atom-economical reagent, tetraethylene glycol dimethyl 
ether (TEGDE), enabled large-scale, one-pot production of PdNPs, 
which are very useful for practical fuel cell applications.  

With such significance of PdNPs in hand, we focused on 
achieving the storage capacity target of 9 mat. wt% H2 based on 

an AB semi-solid state system. To achieve the highest mat. 
wt% H2 in the semi-solid state system featuring an 
AB/TEGDE/PdNP composite, minimal use of TEGDE is 
essential. The TEGDE-mediated PdNPs were applied for the 
generation of H2 from AB/TEGDE semi-solid state system, 
resulting in a high capacity hydrogen storage system. For 
convenient fuel transfer from fuel tank to hydrogen generator 
and controllable H2 release, the pellet type semi-solid material 
was manufactured by the developed “co-precipitation” method 
and subsequent compression of the AB/TEGDE/PdNPs 
mixtures. When the ratio of TEGDE/AB was adjusted to 35:65, 
the optimal performance of AB dehydrogenation with a high 
gravimetric capacity of H2 (10.01 mat. wt%) was achieved. In 
this study, we describe a systematic investigation for the 
development of new type of hybrid hydrogen storage/release 
catalytic system based on AB material. 
 
 

Experimental Section 
 

Materials  

 

All experiments were conducted under nitrogen atmosphere 
using Schlenk techniques or in an HE-493 dry box (Vacuum 
Atmosphere Co., Hawthorne, CA, USA). Ammonia borane was 
purchased from Aviabor (99%) and grounded to a free-flowing 
powder using a commercial coffee grinder. Tetraethylene 
glycol dimethyl ether (Tetraglyme, Alfa Aesar, 98+%), 
triethylene glycol and ethylene glycol dimethyl ether 
(Monoglyme, Sigma-Aldrich, 99%), triethylene glycol dimethyl 
ether (TGDE), diethylene glycol dimethyl ether (DGDE), 
ethylene glycol dimethyl ether (EGDE), tetraethylene glycol 
monomethyl ether (TEGME), tetraethylene glycol (TEG), and 

3,6,9,12-tetraoxatridecanal (TEOTD) were purchased from 
Sigma-Aldrich and vacuum distilled over sodium under 
heating. Palladium acetate [Pd3(OAc)6] was purchased from 
Strem Chemicals Inc. The solvents tetraglyme and TEGDE 
were dried over Na, and methanol was distilled over CaH2 

under nitrogen. 
 
Fabrication, Size Control, and Characterization of PdNPs 

 

Large-scale one-pot surfactant-free synthesis of PdNPs was 
achieved by glycol ethers based on alkyl ethers of ethylene 
glycol: TEGDE, TGDE, DGDE, EGDE, TEGME, TEG, and 
TEOTD. The preparation of PdNPs from Pd3(OAc)6 in TEGDE 
1, TGDE 2, DGDE 3, EGDE 4, TEGME 5, TEG 6, and 
TEOTD 7 solvents was performed at 140 °C. The PdNPs were 
synthesized by adding Pd3(OAc)6 (0.2 g, 0.3 mmol) to 20 mL of 
the solvent. These solutions were stirred at room temperature 
for 5 min under N2 atmosphere for deoxygenation and further 
heated at 140 °C for 3 h. The color of the solution changed 
from orange to black, then the solution was cooled to room 
temperature. The product was separated by the centrifugation, 
and the solvent was removed by vacuum distillation. The 
resulting residues were washed with methanol (50 mL) twice, 
yielding black powders consisting of 3.6 (1), 4.7 (2), 6.1 (3), 
5.9 (4), 50–100 (5), 10–15 (6), and 20–40 (7) nm particle size 
PdNPs. 
 
Large-scale one-pot production of PdNPs 

 

All reactions and handling were performed under a dry nitrogen 
atmosphere using standard Schlenk techniques including a 
vacuum system unless otherwise specified. For large-scale one-
pot production of PdNPs, Pd3(OAc)6 (52.7 g, 234.9 mmol) was 
added to 800 mL of TG. The solutions were stirred for 5 min 
under N2 atmosphere at room temperature, then heated at 
140 °C for 3 h, followed by cooling them at room temperature. 
The color change from light brown to dark brown indicated the 
formation of palladium(0) nanoparticles. Black solutions 
containing Pd colloids were formed in this manner (see Fig. 
S3). The solvent was removed by vacuum distillation, and the 
resulting residue was washed twice with methanol (300 mL), 
yielding a black powder consisting of 4-nm PdNPs (20.5 g, 
187.9 mmol) in 80% yield. 
 
Kinetic profiles of Dehydrogenation of AB activated by 

Pd(0) nanoparticle catalysis 

 

The concomitant dehydrogenation of AB was performed in a 
typical oil bath using a two-necked reaction flask connected to 
a water-filled cylinder glass tube. Hydrogen gas was released 
from semi-solid sate AB by the catalytic reaction, followed 
using a typical water-filled gas burette system, and the 
displaced volume of the water level in the gas burette was 
recorded every minute until no more hydrogen generation was 
observed. After complete hydrogen release, the reaction was 
stopped, and the reactor was seperated from the water-filled 
burette and disconnected from the water-filled tube with 
nitrogen purging, followed by releasing hydrogen pressure. 
 
Preparation of AB/TEGDE/PdNPs pellet 

 

All reactions were performed following standard Schlenk line 
techniques. AB (1.23 g, 40 mmol) was added to 30 mL 
monoglyme (ethylene glycol dimethyl ether) under a nitrogen 
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atmosphere. The resulting solution was stirred for at least 20 
min. Then, for 30/70 TEGDE /AB pellet, TEGDE (0.66 g, 
density: 1.009 g mL‒1) was added to the AB solution; for 30/70 
PdNPs + TEGDE/AB pellet, TEGDE (0.61 g) and PdNPs (0.05 
g, 1.17 mol%) were added to the AB solution. The solution was 
stirred for at least 3 h at room temperature under nitrogen 
atmosphere. Then, the solvent was removed by vacuum 
distillation for 12 h, and the residual solvent was further 
removed by high vacuum (10−6 torr) for 3 h. AB/TEGDE and 
AB/TEGDE + PdNPs pellets were formed by the compression 
molding method. The AB/TEGDE/PdNPs powder (88 mg) was 
located in the mold cavity. Pressure was applied to force the 
material into contact with all mold areas, whereas the pressure 
was maintained until the molding material was cured. The 
pellets with spherical shape were removed from the mold cavity 
after AB dehydrogenation. 
 
Analytical Methods 

 

The PdNP samples were analyzed using field-emission 
transmission electron microscopy (TEM, FEI Tecnai F20). A 
very dilute solution of palladium(0) nanoparticle was 
redispersed in ethanol or hexane, and a drop of this solution 
was placed on the carbon curved copper grid for electron 
diffraction (ED) and energy-dispersive X-ray fluorescence 
spectroscopy (EDX). Powder XRD data were collected using a 
Rigaku D/MAX-2500 (18 kW) diffractometer. For the XRD 
measurements, the PdNP sample was dried, mixed with 325-
mesh Si powder, and placed on a Si wafer sample holder. TGA 
study was performed using a TGA/DSC 1 (Mettler-Toledo Inc.) 
thermogravimetric analyzer. For TGA study, sample mass was 
limited to <2‒3 mg, because AB/TEGDE/PdNPs, AB/TEGDE, 
and AB have a tendency to significantly expand in the volume 
during the pyrolysis, which may cause an obstacle on the TGA 
profile or a contact with the internal wall of the TGA furnace. 
Therefore, TGA was conducted, and the data were confirmed 
several times. The sample was loaded into a weight tared 
alumina pan, and heated at a rate of 5 °C min−1 from 25 to 
180 °C under flowing nitrogen (50 mL min−1). DSC 
experiments were performed using a DSC 1 system (Mettler-
Toledo incorporated). AB/TEGDE/PdNPs, AB/TEGDE, and 
AB were weighed in an aluminum pan, which was then 
crimped. A pinhole allowed the escape of the evolved gases. 
The samples were heated at a heating rate of 5 °C min−1 from 
25 °C to 180 °C under N2 purging (50 mL min−1), after an 
initial 30 min isothermal period at 40 °C for removing 
atmospheric gases and adsorbed moisture. Both instruments 
were calibrated in the studied temperature  25–180 °C min−1. 
Solution NMR spectra were recorded at room temperature 
using a Mercury-300BB spectrometer (Varian Inc., Palo Alto, 
CA, USA), unless otherwise stated. The spectral frequency was 
96.3 MHz for 11B, and NMR shifts in ppm are reported with 
reference to external standards of BF3·Et2O for the 11B nucleus. 
 

Results and discussion 
 
TG derivatives as an essential additive for high performance 

PdNPs catalyst preparation: the structural optimization of TG 

derivatives by varying alkyl chain length and type of terminal 

group 

 

Previously, we reported TG derivative as an efficient growth source 
for producing PdNPs.18b The large-scale one-pot TG-mediated 
PdNPs preparation is an efficient and convenient method in the 

absence of surfactant. Approximately 20 g of PdNPs was 
synthesized in a single reaction; however, in most other known NP 
syntheses, only subgram quantities have been produced. Further 
investigation on the effect of TG moiety was investigated by 
systematic structural and alkyl chain length control for the 
optimization of the PdNPs synthesis. For this study, the PdNPs were 
freshly prepared from a series of ethylene glycol derivatives with 
different alkyl chain length [n = 4, TEGDE; n = 3, triethylene glycol 
dimethyl ether (TGDE); n = 2, diethylene glycol dimethyl ether 
(DGDE); and n = 1, ethylene glycol dimethyl ether (EGDE)]. The 
TEM images and particles size distributions of the glymes are shown 
in Fig. 2. The particles size decreases with increasing glymes chain 
length, indicating that particle size depends on chain length (‒
(OCH2CH2)n‒). EGDE, DGDE, TGDE, and TEGDE additives 
formed 5.9, 6.1, 4.7, and 3.6 nm size PdNPs, respectively, with 
narrow particle size distributions. 
 

O
O

n

Pd(OAc)2 PdNPs

EGDE = Ethylene glycol dimethylether

DGDE = Diehtylene glycol dimethyl ether

TGDE = Triethylene glycol dimethyl ether

TEGDE = Tetraethylene glycol dimethyl ether

(a) (b)

1 (EGDE) 5.9 0.5
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4 (TEGDE)

4.7 2.5
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6.1 1.2
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Chart 1 a) Synthesis of PdNPs from Pd(OAc)2 precursor in different glymes. b) 
Viscosities of glymes and sizes of PdNPs prepared from different glymes.  

 

 
 
Fig. 2 TEM images and particles size histograms of PdNPs from a) TEGDE, b) TGDE, c) 
DGDE, and d) EGDE. 
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Fig. 3 a) The effects of glymes chain length and solvent viscosity on PdNPs size. b) The 
effect of PdNPs size on catalytic activity for AB dehydrogenation. 

Such trend can be interpreted as a result of different mass 
transfer rate of both the reducing agent and Pd2+, affecting the 
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formation and growth rate of PdNPs. Naturally, the extent of mass 
transfer is closely related to the degree of solvent viscosity. Indeed, 
the solvent viscosity increases with glymes chain length (4.1 
(TEGDE) > 2.5 (TGDE) > 1.2 (DGDE) > 0.5 (EGDE) mm2/s at 
20 °C).19 The variation in the viscosity as a function of type of 
glymes is plotted with the change of the particle size as shown in Fig. 
3a. The correlation showed a good agreement with the previous 
report,20 demonstrating that the viscosity of the medium is a crucial 
factor affecting the aggregation of nanoparticles. TG group only 
controls the particle size in these systems (any other reagent except 
tetraethylene glymes (TG) group is not used); therefore, the solvent 
viscosity is indicated to be a key parameter that affects the 
aggregation of nanoparticles. A theoretical analysis also explains 
that the solvent viscosity is a key parameter affecting the particle 
size, thus determining the morphology of particles during the 
nanoparticle synthesis in the solution.21 The catalytic activities of the 
controlled-size PdNPs prepared in TEGDE, TGDE, DGDE, and 
EGDE were tested and compared. PdNPs (1, TEGDE) with particle 
size of 3.6 nm showed the best catalytic performance than PdNPs (2, 
TGDE), PdNPs (3, DEGE), and PdNPs (4, EDGE) with 4.8, 6.2, and 
5.9 nm particle sizes, respectively, (Fig. 3b) and released 1.5 equiv 
of H2 in 5 min and 2 equiv of H2 in 20 min at 80 °C for the first and 
second equivalents of hydrogen released, respectively.  

 

O
O

O

OO
TEGDE

O
O

O

OO

H

TEGME

O
O

O

OO

H H
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O
O

O

OO
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TEGDE = Tetraethylene glycol dimethyl ether
TEGME = Tetraehtylene glycol monomethyl ehter

TEG = Tetraethylene glycol
TEOTD = Tetraoxatridecanal  

Chart 2 Molecular structures of TEGDE and its substituents. 

 

 

Fig. 4 TEM images of PdNPs (5‒7 and 1) prepared in TEGME 5, TEG 6, TEOTD 7 and 
TEGDE 1 [Scale bar: 100 nm for a); 50 nm for b), c), and d)]. 

 

For further study on the substituent effect, three different 
functional moieties viz., carboxylic acids, aldehydes, and hydroxyl 
functional groups, which are generally used as a common additive in 
nanocrystal syntheses for improving the reproducibility of growth 
rates and size control,22 were investigated as the terminal group of 
the TG derivatives. A series of tetraethylene glycol ether substituents 

having different terminal functional groups such as tetraethylene 
glycol monomethyl ether (TEGME), tetraethylene glycol (TEG), and 
3,6,9,12-tetraoxatridecanal (TEOTD) were prepared as shown in 
Chart 2. 

Each PdNPs was synthesized from the prepared TEGME, TEG, 
TEOTD, and TEOTDA additives to check the functional group 
effect on the AB dehydrogenation kinetics. Fig. 4 shows the TEM 
images of the prepared PdNPs. The PdNPs 5–7 prepared from 
TEGME, TEG, and TEOTD, respectively, revealed much bigger 
particle size in the range 50–100 nm with more structural pattern 
than ∼4 nm particle size of PdNPs 1 synthesized from TEGDE, 
indicating that all the functionalized TG moieties other than TEGDE 
does not efficiently prevent the aggregation of the PdNPs (Fig. 4). 
Their catalytic activities were also tested and compared to the parent 
PdNPs 1. The relatively poor catalytic activities of the PdNPs 5–7 
than that of 1 were consistent with their similar dehydrogenation 
performances (see Fig. S1 in Supporting Information). A poor 
catalytic behavior can be simply explained in terms of the general 
size-dependence of transition metal catalysts (activity–particle size 
relationship), indicating that the rate of catalytic reaction increases 
with decreasing particle size.23 This comparison clearly indicates 
that the small particle size of the PdNPs effectively accelerate the 
dehydrogenation efficiency. Consequently, among various PdNPs 1–
7 prepared from different oligoethylene glycol ethers, 4 nm particle 
size of PdNPs 1 was selected and used for the fabrication and 
optimization of semi-solid system.  

 

Optimization of AB:TEGDE ratio for improvement of 

gravimetric density (material weight percent, mat. wt%) 

 

With highly active 4 nm PdNPs 1 synthesized in TEGDE, we 
focused on achieving the storage capacity target of 9 mat. wt% 
H2 based on an AB semi-solid state system. To obtain a high 
mat. wt% H2 in the semi-solid state system, a minimum amount 
of TEGDE was used as a solvent and catalytic reaction 
medium. The effect of TG weight on mat. wt% H2 and PdNPs 
kinetics with the AB is listed in Table 1.  
 
Table 1 Effect of TEGDE weight percentage on mat. wt% and PdNPs kinetics with ABa)  

Entry 
TEGDE 

wt% 
AB wt% Equiv of H2 

Time 
(min) 

Mat. wt%b) 

1 25 75 1.59 120 7.75 
2 30 70 1.81 120 8.26 
3 35 65 2.37 120 10.01 
4 40 60 1.99 120 7.78 
5 50 50 1.18 120 3.82 

a)General conditions: 0.123 g AB, 80 °C, PdNPs 1 (0.005 g, 1.17 mol%); b)Mat. wt% = 
released H2-wt./(AB+TEGDE+PdNPs-wts.).  
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Fig. 5 a) AB dehydrogenation kinetic profiles by PdNPs in TEGDE. AB:TEGDE 
ratio [1 (75:25), 2 (70:30), 3 (65:35), 4 (60:40), and 5 (50:50)] at 80 °C. b) Mat. 
wt% measurements of the reaction with different AB:TEGDE ratio at 80 °C. 
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AB (1.23 g) was used to optimize the TG amounts. The 
optimal amount of TG was 0.3 g (25:75 TG/AB mixture, 10.7 
mat. wt% H2), and it significantly enhanced mat. wt% H2 and 
H2 release rates when compared to 0.15 g (12:88 TG/AB, 7.2 
mat. wt% H2), 0.5 g (40:60 TG/AB, 6.1 mat. wt% H2), and 1.0 
g (80:20 TG/AB, 1.1 mat. wt% H2) TG systems (Fig. 3a). 
Pseudo first-order rate constants of 0.4 × 10−3 s−1 (0.15 g), 6.7 × 
10−3 s−1 (0.3 g TG), 1.7 × 10−3 s−1 (0.5 g TG), and 0.5 × 10−3 s−1 
(1.0 g TG) were obtained from logarithmic plots (Fig. 8b).24 
When these conditions were applied to the generation of H2 
from AB, the highest capacity H2 storage system of 10.7 mat. 
wt% H2 was achieved (Entry 2 in Table 1). Fig. 5b shows that 
the dehydrogenation reaction of AB/TEGDE with PdNPs 
reveals unexpected results, but a favorable concentration 
dependence. A decrease in mat. wt% in 40:60 and 50:50 
TEGDE/AB ratios results from lower diammonate of diborane 
[BH2(NH3)2]

+[BH4]
– (DADB) concentration than that of 35:65 

ratio. The relative amounts of both DADB and B-
(cyclodiborazanyl)aminoborohydride (cyc[NH2BH2NH2BH]-
NH2BH3, BCDB) as AB dehydrogenation intermediates formed 
during the thermal decomposition increased in highly 
concentrated solutions.25 A decreases in mat. wt% in 25:75 and 
30:70 TEGDE/AB ratios is attributed to the solid-state case of 
the AB and a mixing problem of AB with TEGDE. 
 
The manufacture of semi-solid state pellets composed of AB, 

TEGDE, and PdNPs mixture for fuel cell application 

 

Materials applicable for chemical hydrogen storage are available in a 
variety of forms including pure-component liquids (cyclohexane,1a 
decaline,26 and n-ethylcarbazole27), solutions (low concentration 
aqueous sodium borohydride4 and AB in diglyme9f or THF6b), 
slurries (high concentration aqueous sodium borohydride4 and 
magnesium or lithium hydride in oil28), and solids (AB).29 These 
different classes of materials have been processed in diverse ways. 
Most liquid systems involve the use of a catalytic reactor for 
hydrogen release, and moving the fuel within the system is achieved 
using pumps similar to those used in gasoline-powered vehicles. The 
most significant difference from the traditional fueling systems is in 
the case of processing solids or slurries. Slurries can be difficult 
because the formulation is not optimized to keep particle suspended 
in the flow and can damage the catalyst and clog the system. For 
solid chemical storage materials, the use of catalysts for hydrogen 
release is mostly prohibitive, because the catalyst would have to be 
incorporated into the fuel formulation, enhancing the reaction rates 
at lower temperature and greater fuel instability in the storage tank. 
It is more likely that hydrogen would be released thermally from 
solid chemical hydrogen storage systems or a second reagent is 
blended with the fuel to enable release of hydrogen as needed.  
 

 
Fig. 6 Photo image of a) AB pellet and b) AB/TEGDE/PdNPs pellet (AB:TEGDE ratio= 
70:30, 1.17 mol% PdNPs), and c) schematics of configurations with transfer of pellets. 

 
In this study, we combined solid and liquid systems for their 

synergistic effect on semi-solid state system. A solid AB is blended 
with a small amount of TEGDE and highly active Pd nanocatalysts. 
The appeal of a system operating in this manner is the pelletizing of 
materials (molding AB/TEGDE/PdNPs to a shape of pellet). For 

these semi-solids, less gravimetric penalty exists, but void volume in 
the pellet bed represents a significant volumetric penalty. To 
overcome this problem and reduce void volume, the packing in 
close-packed spheres was used as shown in Fig. 6.30  
The co-precipitation method by introducing 1.17 mol% PdNPs based 
on the catalyst to AB with a small amount of TEGDE in the semi-
solid was investigated. AB (60 mg, 1.95 mmol) was added to 
TEGDE (monoglyme), and after dissolving AB, the pellets 
composed of AB:TEGDE with 65:35 ratio, TEGDE (30 mg), and 
PdNPs (2 mg, 1.17 mol%) were added to the AB solution. After 
mixing and drying of TEGDE-soaked AB/PdNPs, 
AB/TEGDE/PdNPs pellets were formed by the compression 
molding. A small pellet (92 mg) was capable of storing relatively 
large quantities of hydrogen (0.1 L) in a very small volume mixture. 
Fig. 6c shows the schematics of the configurations with transfer of 
pellet in fuel tank from pellet tank to H2 generator.30 
 

 
Fig. 7 XRD patterns of a) PdNPs, b) AB, and c) AB/TEGDE/PdNPs pellet. ▼ 
Diffraction peaks of palladium hydride (Pd‒H). 

 
The X-ray diffraction (XRD) patterns of AB/TEGDE/PdNPs 

pellet, PdNPs, and commercial AB are shown in Fig. 7. The typical 
diffraction peaks of AB are also observed in AB/TEGDE/PdNPs 
(curve C), revealing that AB (JCPDS No. 74-0894) exists as the 
crystalline phase in the mixed sample. The newly generated peaks in 
the range ~20–30° can be explained as a result of interaction 
between TEGDE and PdNPs. Interestingly, when AB is mixed with 
TEGDE, the typical diffraction patterns of PdNPs at 40, 46, and 68° 
(JCPDS No. 87-0637) disappeared, whereas three distinct peaks 
defining as Pd‒H species appeared at 38, 45, and 65° (JCPDS No. 
65-0057). These observations is in well agreement with that the 
dehydrogenation from AB is proceeded by the abstraction of H 
atoms from AB by PdNPs at low temperature, indicating that the 
Pd‒H species play an important role in destabilizing AB. 

 
Table 2 TGA results of AB/TEGDE/PdNPs, AB/TEGDE, and AB/PdNPs. 

Entry 
Total weight loss per unit 
weight of sample (wt%) 

Total weight loss per unit 
weight of AB (wt%)a) 

A 35.4 50.6 
B 36.2 55.7 
C 11.6 12.0 
D 35.2 50.3 
E 35.9 55.2 
F 36 36 

a)The weight loss per unit weight of AB is calculated according to the following equation: 
total weight loss per unit weight of AB = [(total wt. loss of AB/TEGDE or 
AB/TEGDE/Pd or AB/Pd) / (AB ratio 70 or 65%). 

 
The thermal properties of the AB/TEGDE/PdNPs pellets were 

tested and compared by thermogravimetric analysis (TGA). The 
following samples were examined: AB/TEGDE/PdNPs (65:35), 

Page 5 of 9 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

AB/TEGDE/PdNPs (70:30), AB/TEGDE (65:35), AB/TEGDE 
(70:30), AB/PdNPs, and neat AB. The total weight losses of these 
sample when heating from room temperature to 180 °C are listed in 
Table 2. To check the effect of PdNPs on AB dehydrogenation, TGA 
was performed for AB/PdNPs samples. The TGA curve of 
AB/PdNPs (curve C in Fig. 8a) shows three temperature regimes as 
follows: 3.0%, 5.0%, 3.6% weight losses in the ranges ∼50–100 °C 
(regime 1); 100–120 °C (regime 2); and ∼120–180 °C (regime 3), 
respectively. The total weight loss of sample C is ∼11.6 %. The TGA 
of AB in the presence of TEGDE was also measured to investigate 
the role of TEGDE on AB dehydrogenation. The TGA data of 
AB/TEGDE and sample E (AB:TEGDE, 65:35) show two 
temperature regimes as follows: 1.4% and 34.5% weight losses in 
the ranges ∼30–100 °C (regime 1) and ∼100–180 °C (regime 2), 
revealing a total weight loss of ∼35.9% for neat AB. Meanwhile, for 
the TGA curve of neat AB (curve F in Fig. 8a), the significant 
weight loss started at relatively higher temperatures (>100 °C): 
14.9%, 1.1%, and 20% weight losses in the ranges ∼100–122 °C 
(regime 1), ∼122–136 °C (regime 2), and ∼136–180 °C (regime 3), 
indicating that both the PdNPs and TEGDE promotes AB 
decomposition. Interestingly, when AB was mixed with TEGDE and 
PdNPs, the decomposition of AB was accelerated. As shown in Fig. 
8a, these AB/TEGDE/PdNPs samples (samples A and B) showed 
high reaction rates at lower temperature (even at below 50 °C): 
sample B (AB:TEGDE, 65:35) with PdNPs revealed 9.0% weight 
loss in the range ∼30–100 °C (regime 1), besides 19.2% and 8.0% 
weight losses in the ranges ∼100–140 °C (regime 2) and ∼140–
180 °C (regime 3), respectively. Sample A (AB:TEGDE, 70:30) 
with PdNPs also showed the similar feature to sample B; however, a 
slightly larger AB content in the sample A decreased loss of total 
mass than that of sample B.  
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Fig. 8 a) TGA results of AB/TEGDE/PdNPs, AB/TEGDE, and AB/PdNPs. The heating 
rate is 5 °C min‒1. b) AB dehydrogenation kinetic profiles based on the TGA data [1 
AB/TEGDE/PdNPs, 65:35; 2 AB/TEGDE/PdNPs, 70:30; 3 AB/TEGDE, 65:35; 4 
AB/TEGDE 70:30] at 80 °C. 

 
To elaborate TGA results and evaluate the amount of PdNPs 

taken part in the activation of AB dehydrogenation, as shown in Fig. 
8b, the dehydrogenation of AB semi-solid fuels in different ratio was 
performed to compare the kinetic profiles of AB/TEGDE fuels with 
or without PdNPs. A 20 min measurement time maximized the 
difference among the fuel ratios with or without PdNPs. Without 
PdNPs, AB/TEGDE dehydrogenations was sluggish even at 80 °C, 
only giving off 0.28 and 0.53 equiv H2 in 20 min in 70:30 and 65:35 
AB/TEGDE ratios, respectively, and proceeded to the completion 
with a total H2 amounts of 1.17 equiv in 120 min. However, the 
PdNPs participation was noticeable in the dehydrogenation kinetics 
for 70:30 fuel ratio of AB/TEGDE: during initial 20 min time span, 
1.3 equiv H2 was released, 1.7 equiv H2 in 60 min, and finally 
subsided with 1.8 equiv H2 in 250 min. The optimal H2 liberation 
was accomplished at a fuel ratio of 65:35 for AB/TEGDE with 
PdNPs by releasing 2.0 and 2.3 equiv of H2 in 20 and 60 min time 
intervals, respectively, and finally subsided with 2.4 equiv H2 in 250 

min. From these experiments, the mixing of both PdNPs and 
TEGDE in the hybrid AB system significantly increased AB 
dehydrogenation kinetics for AB/TEGDE semi-solid fuels, 
regardless of the fuel ratios at temperatures <100 °C. 

A noticeable difference derived from the synergetic effect is also 
observed by differential scanning calorimetry (DSC). Fig. 9 shows 
the DSC curves of AB/TEGDE/PdNPs: (A) AB/TEGDE/PdNPs 
(65:35), (B) AB/TEGDE/PdNPs (70:30), (C) AB/Pd, (D) 
AB/TEGDE (70:30), (E) AB/TEGDE (65:35), and (F) neat AB. The 
DSC exothermal onset temperatures (Ton), peak temperatures (Tp), 
and exothermic enthalpies (∆H) of these three samples are listed in 
Table 3.  
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Fig. 9 DSC results of AB/TEGDE/PdNPs, AB/TEGDE, and AB/PdNPs. The heating 
rate is 5 °C min‒1. 

Table 3 DSC Ton, Tp, and exothermic ∆H data of AB/TEGDE/PdNPs, AB/TEGDE, and 

AB/PdNPs. 

Entry 
Ton1

(°C) 
Tp1 

(°C) 
∆H1 

(J(g-AB) ‒1) 
Ton2 

(°C) 
Tp2 

(°C) 
∆H2 

(J(g-AB)−1) 
∆Htotal 

(J(g-AB)−1) 

A 75 80 52.27 98 107 878.27 930.54 

B 50 65 49.37 93 107 942.75 992.12 
C 98 105 25.55 113 118 856.69 882.24 
D 76 79 36.43 101 111 776.16 812.59 
E 74 77 56.85 98 109 899.52 956.37 
F - - - 111 118 1309.64 1309.64 

 
First, neat AB (curve F) revealed the relatively big endothermic 

and exothermic peaks over the temperature ranges 110–115 and 
120–160 °C, respectively. A significant change in ∆H and high Ton 
can be interpreted as a result of a compromise between the 
endothermic process required to break hydrogen bonds between AB 
molecules/to melt the neat AB solid and the exothermic reaction 
derived from AB decomposition. However, such big peaks and high 

Ton were decreased significantly and lowered by adding PdNPs or 
TEGDE. As shown in Fig. 9, the endothermic peaks C, D, E, and F 
have much smaller peak size and lower temperature than neat AB 
(F), indicating the weakened hydrogen bonding interaction between 
AB molecules. Notably, the decreasing and lowering trends were 
maximized when AB was mixed with TEGDE and PdNPs. Curves A 
and B show significantly smaller value of the second exothermic 
peak than others (neat AB, only Pd mixture, and only TEGDE 
mixture), and their thermal decomposition (hydrogen releasing) 
temperature decreased <100 °C. The relieved enthalpy change also 
shows a relationship with the gentle (gradual) downhill of the TGA 
curves for AB/TEGDE/PdNPs samples over broad temperature 
range (30–180 °C). For convenience, the changes in the enthalpy per 
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unit weight of AB (i.e., ∆Htotal/g-AB) are included in Table 3 with 
DSC data. In turn, such gentle change in enthalpy as a function of 
temperature can be a significant advantage in real fuel cell 
application, which is necessary for the controllable hydrogen 
releasing system and stability of the AB fuel that would be improved 
under the mild condition. 
 

Conclusion 

 

In summary, we demonstrated that the use of TEGDE for the 
development of the AB dehydrogenation catalytic system is an 
effective pathway to obtain high gravimetric capacity and 
enhance the dehydrogenation kinetics. TEGDE plays not only 
as the most suitable element for PdNPs preparation, but also as 
an effective medium for good miscibility in heterogeneous 
multi-components (AB, TEGDE, and PdNPs), significantly 
improving the dehydrogenation kinetics. When TEGDE-
mediated PdNPs was applied for the generation of H2 from 
AB/TEGDE semi-solid state system with 35:65 ratio of 
TEGDE/AB, the high hydrogen storage system {10.01 mat. wt% 
[mat. wt% = H2-wt./(AB+ TG + PdNPs-wts.)]} was achieved 
with the optimal performance of AB dehydrogenation 
completing hydrogen release in 20 min at 80 °C. For building a 
convenient fuel transfer and controllable H2 release for the 
practical application such as potential long-endurance and long-
range fuel cell unmanned aerial vehicle, we manufactured a 
small size of pellet material (AB/TEGDE/PdNPs), confirming 
that this hybrid system provides various advantages for 
improvement in the gravimetric and volumetric capacity of 
hydrogen storage materials with the synergistic effect obtained 
in the disparate combination of AB, highly active PdNPs, and 
TEGDE. Efforts toward mechanistic investigation and 
performance optimization of the AB catalytic system utilizing 
different types of transition metal NPs are currently underway. 
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New hydrogen storage material (pellet type semi-solid) shows the high-performance 

dehydrogenation with its high gravimetric capacity (10.01 mat. wt%).  
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