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Executive Summary

This project was part of the DOE Center of Excellence for chemical hydrogen
storage led by the Los Alamos National Laboratory. The project was initiated at
UCLA in 2005 and later moved to the University of Missouri in 2006 due to the
transfer of the Pl to Missouri. This program was divided into two phases; phase 1
was focused on development of transition metal-catalyzed hydrolysis of golyhedral
borane anions, specifically nido-Bs1H14", closo-B1oH10°” and closo-B1,H1,° to release
hydrogen, while phase 2 was focused on the synthesis and dehydrogenation of
aluminum amido-boranes.
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Phase 1. Hydrolysis of borohydride compounds offer the potential for significant
hydrogen storage capacity, but most work to date has focused on one particular
anion, BH4", which requires high pH for stability. Other borohydride compounds, in
particular polyhedral borane anions offer comparable hydrogen storage capacity
without requiring high pH media and their long term thermal and hydrolytic stability
coupled with non-toxic nature make them a very attractive alternative to NaBHj.

The University of Missouri project provided the overall program focal point for the
investigation of catalytic hydrolysis of polyhedral borane anions for hydrogen
release. Due to their inherent stability, a transition metal catalyst was necessary for
the hydrolysis of polyhedral borane anions. Transition metal ions such as cobalt,
nickel, palladium and rhodium are known to form metal borides in the presence of
reactive borane species. During the initial exploration, nickel boride (Ni;B) and cobalt
boride (Co,B) were investigated for their catalytic activity in the hydrolysis of nido-
KB11H14, closo-K;B1oH10, and closo-K;B12H42. Both Ni and Co borides were able to
catalyze the hydrolysis of KB11H14, but not the other two closo- boranes. This was
expected as nido-KB11H14 is an open nido- system and easily hydrolysable. We
investigated other transition metal catalysts including ruthenium, palladium, platinum
and iridium for the hydrolysis and found that only rhodium was able to catalyze all
polyhedral borane anions investigated. The rate of hydrolysis follows first-order
kinetics with respect to the concentration of the polyhedral borane anion and surface
area of the rhodium catalyst. The rate of hydrolysis depends upon a) choice of
polyhedral borane anion, c) concentration of polyhedral borane anion, d) surface
area of the rhodium catalyst and e) temperature of the reaction. In all cases the yield
of hydrogen was 100% which corresponds to ~7 wt% of hydrogen (based on
material wt%).

We also investigated the mechanism of the hydrolysis reaction. Our preliminary
observations suggest that a B-H bond is necessary for the hydrolysis of these
polyhedral borane ions.

This project was down selected by the center for on-board storage applications due
the cost prohibitive regenerative approach and limited hydrogen wt%.

Key findings of the project

* Rhodium catalyst exhibited the highest catalytic activity among a number of
transition metal catalysts investigated. Co,B and Ni,B were able to catalyse
hydrolysis of nido-KB11H14 but not the other two closo-K;B1oH10 and closo-
K2B12H12 borane ions.

* The rate of hydrogen release follows first-order kinetics with respect to the
concentration of borane anions and surface area of the the Rh catalyst.

* The calculated activation energy values shows that the rate of hydrolysis
decrease in order of nido-KB11H4 > closo-Ks:B1gH10 > KoB1oH1 2.

* The presence of a B-H bond is necessary for the hydrolysis of polyhedral
boranes
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* These polyhedral borane ions are a viable alternative to sodium borohydride
for portable power generation due to their non-toxic nature and their thermal
and hydrolytic stability in the absence of catalysts.

Phase 2. In phase 2 of the program the Center has focused its efforts on developing
amino boranes and metal ammonia-borane complexes (M-AB) as candidates for
chemical hydrogen storage. The program at the University of Missouri was focused
upon developing aluminum ammonia-boranes (Al-AB) specifically their synthesis
and studies of their dehydrogenation. The ammonia borane molecule (AB) is a
demonstrated source of chemically stored hydrogen (19.6 wt%) which meets DOE
performance parameters except for its regeneration from spent AB and elemental
hydrogen. The presence of an aluminum center bonded to multiple AB residues
might combine the efficiency of AB dehydrogenation with an aluminum mediated
hydrogenation process leading to reversibility. The Al-AB complexes have
comparable hydrogen capacity with other M-AB and have potential to meet DOE’s
2010 and 2015 targets for system wt%.

For this study we evaluated Al(NH2BH3)3, LiIAI(NH2BH3)4 [ referred to as Al(AB); and
LiAI(AB)4 respectively] and the ammonia adduct of Al(AB)s. The synthesis of Al(AB)3
and LiAl(AB)4 was accomplished using ammonia borane. A TGA-MS analysis of Al-AB
complexes indicated that Al(AB); starts releasing hydrogen at around 60 °C analogous
to other MAB (M=Li, Na) complexes. The LiAl(AB), complex starts releasing hydrogen
at 80 °C and peaks at around 170 °C. The ammonia adduct NH3*Al(AB); generates
hydrogen at 100 °C but also releases ammonia at 100 °C. A differential scanning
calorimetric analysis on Al(AB); indicates that the hydrogen release process is
exothermic and therefore will require an off-board regeneration process.

Hydrogen release experiments on Al(AB); and LiAI(AB), complexes were carried out at
various temperatures by heating the complexes up to 190 °C in the presence and
absence of solvent or a catalyst. In the case of Al(AB)s; complex, approximately 4.1
moles of hydrogen is released at 190 °C, which corresponds to about 6 wt% hydrogen
based on material wt%. The LiAl(AB)s complex under similar experimental conditions
released approximately 5.2 moles of hydrogen which corresponds to around 7 wt%
hydrogen based on material wt%. Addition of an ionic liquid catalyst increased the
hydrogen release performance of these materials by 25-30% with virtually no induction
period.

Key findings of the project
* Synthesized various AlI-AB complexes. These include Al(AB)s, LiAI(AB), and
their ammonia adduct of Al(AB)s.
* AI(AB); complex releases hydrogen at 60 °C while the LiAl(NH2BH3)4 complex
starts releasing hydrogen at 80 °C.
* The ammonia adduct of Al(AB)s; generates hydrogen at 100 °C, but also
releases a significant amount of ammonia.
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* Presence of an ionic liquid enhances hydrogen release perfomance of Al-AB
complexes.

» Differential scanning calorimetric studies on Al(AB); indicate that the
hydrogen release from this complex is exothermic and will require off-board
regeneration.

This program involved active collaboration from other center partners in the form of
analytical support, meetings and regular discussions. The hydrolysis project has
resulted in one publication and number of presentations. The aluminum amido-
borane project results will shortly be submitted for publication.
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Phase I: Chemical Hydrogen Storage Using Polyhedral Borane Anion Salts.

Objective:

* Develop heterogeneous catalysts for the controlled generation of hydrogen from
the hydrolysis of salts of By,H12>, B1gH10% and B4H4 ions.

* Determine the kinetics and mechanism of these catalyzed borane anion
hydrolysis reactions to provide design data for large-scale hydrogen generation
devices.

Technical Barriers

This project addresses the following technical barriers from the 3.3.4 section of the
Hydrogen, Fuel Cells and Infrastructure Technologies Program Multi-Year Research,
Development and Demonstration Plan:

(A) System Weight and Volume

(B) System Cost

(C)Efficiency

(E) Charging/Discharging Rates
1. Introduction -
Hydrogen is considered to be a clean alternative to hydrocarbon-based fuels.
Hydrogen coupled with the proton exchange membrane (PEM) fuel cell is an
attractive power source capable of providing clean energy for transportation, and
both portable and stationary power applications.[1] Hydrogen fuel can be derived
from a variety of sources, including chemical hydrogen storage systems such as
metal hydrides and borohydrides. Considerable efforts have been focused on
hydrogen generation from the hydrolysis of light metal hydrides such as NaBH,,
NaH, CaH,, MgH., LiAlH,4, etc.[2] Among these metal hydrides, NaBH, has attracted
the most attention because of its relatively low cost, its hydrogen capacity of > 6 wt%
(including water co-reactant), and because its hydrolysis can be catalytically initiated
and controlled at ambient temperature. Even though the metal-catalyzed hydrolysis
of NaBH, is straightforward and the byproduct NaB(OH), is environmentally benign,
[3] one of the drawbacks of NaBHj, is that the sodium borohydride storage solution
must be kept at a high pH. Even this does not completely prevent slow hydrolysis
over time due to slow protolysis with water.

Polynuclear (or polyhedral) boranes with the general formula B,H,> where n =
6-12 have been extensively studied for the past 50 years and their chemistry is well
established.[4] As shown in Figure 1, the B44H44 ion is an open-faced nido structure,
B1oH1o> dianion is a bicapped square antiprism closo structure and B1,H. dianion
has icosahedral closo geometry. Geometrically, polynuclear borane anions have
trigonal faces. For example icosahedral closo-B12H12> consists of 12 boron atoms
each bonded to 5 neighboring boron atoms within the icosahedron and to an
external atom such as hydrogen. One or more BH vertices can be exchanged for
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isoelectronic CH™ vertices giving rise to a variety of carborane structures. Diverse
functionalization at the resulting CH vertices provides novel structures having unique
applications in material science and biomedicine. [5]
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Figure 1. Polynuclear borane anions investigated in this study.

The polynuclear borane dianions closo-B1oH102' and closo-B1,H1,>" can be
considered to be non-toxic and stable alternatives to BH4 as hydrogen storage
materials. The hydrogen generating capacity of polynuclear borane anions
investigated in this report is comparable to sodium borohydride and shown in Figure
2. They are thermally stable at least up to 500 ‘C in the solid state and are stable in
aqueous solutions at elevated temperatures for an indefinite period of time. Major
advantages of using polynuclear boranes for hydrogen storage are a) Hydrolytic
stability: Salts of the polyborane anions are unreactive towards water in the absence
of a catalyst, thus eliminating the need for stabilization additives and caustic
solutions; b) Flexibility: Mixtures of polynuclear borane anions may be used as fuel
“blends”; [6] and c) Non-toxicity: The LDsg value for NazB12H12 in mice is 1,200 mg/kg
body weight. [7, 8]

system weights %
(wt. Ho /wt. boranes + wt. H>O) X 100

Li salts NHssalts Nasalts K salts

Catalyst
NaBH, + 2H0 ——— NaBO, + 4H, 6.5 %

_ Rh Catalyst R
[B11H14] + 34 Hgo —_— B(OH)4 +10 B(OH)3 + 24 H2 6.38 % 6.29 % 6.25 % 6.12 %

[B1oH1o] 2 Rh Catalyst - o
12H42 + 38H,O0 —————— 2B(OH)s4 + 10B(OH)3 + 25H, 6.00% 580% 573% 5.53%

Rh Catalyst

[BioH10]*™ + 32 H,0 2B(OH); + 8B(OH); + 21H, 593% 575% 567% 5.44%

Figure 2. Hydrogen wt% of the available borane anion systems including water co-
reactant.

2. Materials and Methods
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The starting materials closo-[(C2Hs)3sNH]2 B1gH1o [9] and closo-[(C2Hs)sNH]2 B12H+2
[10] were prepared according to published methods starting from commercially
available decaborane. Potassium salts of these boranes were prepared by
exchanging (C2Hs)sNH" ion to K* ion using DOWEX"™ 50W-X8 cation exchange resin
charged with K* ion. Borane anion derivatives closo-Cs;B2(OH)2, 111! and closo-
K2B10Cl1o [12] were synthesized using previously published procedures. Cobalt
boride (Co,B) and nickel boride (Ni,B) were prepared in accordance to literature
methods. [13]

The purity of all starting materials was established for the hydrolysis studies
based on their 'H, ''B and "'B{'"H} NMR and MS spectra. All "B NMR spectra were
recorded using a Bruker DRX-500 spectrometer at 160 MHz and externally
referenced to BF3°Et,0; resonances upfield to the reference are designated as
negative. Mass spectra were recorded on Applied Biosystems Mariner ESI-TOF
spectrometer.

21  Synthesis of nido-potassium undecaborate (KB11H14)

The title compound was prepared by modifying the published method. [14] A mixture
of decaborane (3.0 g, 24.5 mmol) and potassium borohydride (1.3 g, 24.2 mmol)
was evacuated at -30 °C and backfilled with argon at least three times. To this
mixture, 150 mL of anhydrous dioxane was added and the reaction mixture was
heated at 85 °C for 20 h under argon. The reaction mixture was chilled with an iced
water bath and filtered to give a yellow precipitate. The collected yellow products
were re-dissolved in hot glyme (120 mL) and filtered. The filtrate was concentrated
to 60 mL and mixed with 200 mL of dioxane. The solution was kept at4 °C in a
refrigerator for 2 days and resulting crystals were separated by filtration to give 1.51
g (36%) of nido-KB11H14. The spectral data agreed with literature values. [14a]

2.2  Synthesis of closo-dicesium dodecachlorododecaborate (Cs;B1,Cly2)
To a solution of K;B12H12 (1.00 g, 4.55 mmol) in 25 ml of dry acetonitrile, N-
chlorosuccinimide (9.11 g, 68.3 mmol) was added and the reaction mixture was
heated at reflux for 48 h. An additional amount of N-chlorosuccinimide (3.04 g, 22.8
mmol) was added and the reaction mixture was refluxed for another 24 h, after
which an additional portion of N-chlorosuccinimide (2.00 g, 9 mmol) was added to
the reaction mixture and heated for an additional 24 h. The reaction mixture was
evaporated to dryness, mixed with 20 mL water and filtered. Cesium sulfate (1.56 g,
4.55 mmol) was added and the resulting precipitate was filtered. The crude product
was crystallized from water to give 2 g (80%) of Cs,B+,Cl4, as a colorless solid.
”BgH} NMR (DMSO-dg, 160 MHz): & -12.10 (s). MS (ES’) calculated for B4,Clyz
(M)=: 277.868, Found: 277.389. These values are in agreement with literature
values. [15]

2.3  Synthesis of mixture of closo-heptachlorodecaborate and closo-
octachlorodecaborate, [(MesNH),B10H3Cl;] and [(MesNH).B10H>Clg].

To a solution of K;B1oH10 (0.100 g, 0.509 mmol) in 25 mL dry acetonilrile, N-
chlorosuccinimide (0.545 g, 4.07 mmol) was added and the reaction mixture was
heated at reflux temperature for 12 h. The reaction mixture was then evaporated to
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dryness, dissolved in 20 mL double distilled water and filtered. Addition of
trimethylamine hydrochloride (0.146 g, 1.53 mmol) to the reaction mixture gave a
white precipitate, which was filtered and crystallized from double distilled water to
give 0.180 g of mixture of [(MesNH),B1oH3Cl7] and [(Me3NH).B1oH2Cls] as a white
solid. MS (+ESI): Calculated for [(MesNH),B1oH3Cl7] MesNH" = 538.14, Found =
539.21; Calculated for [(MesNH),B1oH3Clg] MesNH™ = 574.10, Found = 573.18.

2.4 Preparation of a heterogeneous rhodium metal catalyst

A solution of sodium borohydride (0.14 g, 3.80 mmol) in 15 mL of double distilled
water was added dropwise to a solution of RhCl;-3H,0 (0.10 g, 0.38 mmol) in 5 mL
of double distilled water in an ice bath. The reaction mixture was stirred for 10
minutes and the fine black precipitate formed was filtered and washed with water
(10x15 mL) until no evidence of boric acid was visible in washings by ''B NMR. The
precipitate was further washed with ethanol (5 mL) and dried under vacuum at 100
°C for 12 h to give a fine black powder (0.037 g, 95%). Anal. Found = 99.9% Rh;
Particle Size:- 240 nm.; Surface Area:- 55 m?/g.

2.5 Synthesis of mixed rhodium catalysts

Three Rh/Co mixed catalysts were synthesized by varying the ratio of RhCl3-3H,0
and CoCl,-6H,0 from 3:1 to 1:1 and 1:3, respectively. The mixtures were then
reacted with an excess of NaBH, solution in water to give the corresponding Rh/Co
mixed catalysts. The procedure was identical to the one described above for the
preparation of a rhodium catalyst.

2.6 Typical rhodium metal-catalyzed hydrolysis experiment

A solution of borane anion salt in double distilled water (10 mL) was placed into a
heavy-duty Schlenk tube equipped with a magnetic stirring bar and an adapter to
connect to a mercury manometer. The solution was heated to 80 °C in an oil bath
equipped with a high precision temperature controller. After 20 minutes of stirring,
the Rh catalyst was added to the reaction mixture, and the system was sealed for
pressure monitoring. The production of hydrogen vs. time was measured using a
mercury manometer. On completion of the reaction, the pressure was released and
the reaction mixture was analyzed by ''B NMR. The NMR spectrum showed a single
peak at & 16.7 ppm corresponding to potassium metaborate, indicating that the
hydrolysis reaction was complete. Initial rate data was taken from the slope of the
PH. vs. time plot and converted to the initial d[H] / dt in the differential form of the
pseudo first-order rate expression.

3. Results and Discussion

3.1 Nature of the Catalyst

In this study a number of transition metal catalysts were investigated. Transition
metals such as Co and Ni form borides in the presence of borane. [13]
Consequently, ionic transition metal catalysts would most likely be converted to their
respective borides at the outset of the hydrolysis reaction. This possibility can be
eliminated by employing transition metal borides as exploratory catalysts that are
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inert to further modification by borane species present in the reaction mixture. For
purposes of initial exploration, nickel boride (NizB) and cobalt boride (Co,B) were
examined for their catalytic activity in the hydrolysis of closo-K;B1oH1o, closo-
K2B12H12 and nido-KB11H14. These catalysts were prepared by a modified
Schlesinger procedure [13] which involved the addition of an excess of aqueous
NaBH, solution to an aqueous solution of NiCl, and CoCly, respectively. The
product was isolated by filtration and washed with water to remove any excess
borohydride present. Both Ni and Co borides were able to catalyze the hydrolysis of
KB11H14, which is a open nido cage system and easily hydrolyzed. However these
Ni,B and Co,B were unable to catalyze the hydrolysis of closo-K;B1oH1o and closo-
K2B12H12. In order to find a catalyst that will control the hydrolysis of all three borane
clusters, we investigated late transition metals including palladium, iridium and
platinum in the form of sponges; ruthenium and rhodium metal catalysts prepared by
reacting RuCl; and RhCl3 with excess of NaBH, in water. From all metals tested only
rhodium metal was able to catalyze the hydrolysis of all the three borane anions
investigated in this study.

Rhodium black was prepared in a fashion similar to that used for cobalt boride
and nickel boride, by reacting RhCl3 with an excess of NaBH, in water. (See
Materials and Methods section for details). The elemental analysis of this rhodium
catalyst showed it to be rhodium metal rather than rhodium boride. Its measured
BET surface area was ~55 m?/g and the majority of the catalyst was monodisperse
with a particle size of 240 nm as determined by dynamic light scattering. However,
the presence of a few larger particles in the sample averages the particle size to
approximately 1 ym.

We also briefly investigated mixed catalyst systems of cobalt and rhodium,
synthesized by mixing various amounts of CoCl; and RhCl; and reacting these
mixtures with an excess of aqueous NaBH,. The catalytic activity of these mixed
catalyst systems corresponded to the percentage of rhodium present in the catalyst.

3.2 Hydrogen generation

In a typical hydrogen release experiment, the hydrolysis was performed at 80 °C by
adding the Rh catalyst to an aqueous solution of the polynuclear borane anion salt.
Figure 3 shows equivalents of hydrogen released as a function of time from the
hydrolysis of closo-K;B1oH1o (0.013 M) and closo-K;B12H42 (0.013 M) in the presence
of a Rh metal catalyst (0.077m? effective surface area) at 80 °C. The total hydrogen
yield obtained from this reaction was >95% of the theoretically expected value
(figure 2). The completion of the hydrolysis reaction was confirmed by taking the ''B
NMR of the reaction mixture and observing the presence of the potassium
metaborate peak at & 16.7 ppm, and the absence of peaks corresponding to the
borane anions. As expected, closo-K;B1oH+o releases hydrogen at a faster rate than
the more stable closo-K;B12H 1.
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Figure 3. Equivalents of hydrogen generated from the rhodium catalyzed hydrolysis
of borane anions, closo-K;B1oH1o (0.013M), closo-K2:B12H1, (0.013M), with 0.001M
Rh metal catalyst (1.4 mg, ~ 0.077 m? surface area) at 80 °C.

3.3 Hydrogen generation kinetics

Polynuclear borane anions are kinetically very stable in aqueous solution even at
elevated temperatures. In order to hydrolyze the borane anions employed in this
study, a transition metal catalyst was required. For this study a number of salts of
polynuclear borane anions such as Na, K and NH4 were investigated. The choice of
cations did not show any appreciable effect on the rate of hydrogen release.
However, for consistency the hydrolysis of potassium salts of the nido-B11H14", closo-
B10H102' and closo-B,H1,> anions are presented in this study. In each case the rate
of hydrogen release depends upon the choice of borane anion, the choice of metal
catalyst, the concentration of borane anion, and the effective surface area of
heterogeneous catalyst. The rate of hydrolysis of borane clusters can be expressed
by the following differential equation 1 where the concentration of borane anions and
the surface area of the metal catalyst are dominant factors.

diH] = k [Borane Dianion] [Catalyst] + k'[Cation] + K" [H*]
dt N Y, N )
Y Y
Dominant Term Negligible Term

10
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To effectively observe the kinetic expression of the rate of hydrolysis, the
initial rate of reaction was fitted to the equation 1 using the initial concentrations of
the reactants.

3.4 Effect of borane anion concentration on the rate of hydrogen release
To study the effect of borane anion concentration, the rhodium metal-catalyzed
hydrolysis reaction was performed in water with 0.013, 0.026, 0.039, 0.050 and
0.075M initial concentrations of C/OSO-KzB10H10, C/OSO-KQB12H12 and nido-KB11H14.
Appropriate solutions were made by adding a specific amount of the borane to 10
mL of water. The rate of hydrogen generation versus the initial concentration of
borane anions is shown in Figure 4. It clearly indicates that the rate of hydrolysis
increases with the increase in borane concentration. As expected, the closo-BioH 1>
anion hydrolyses slower than nido-B11H44 and closo-B10H102' since it is more stable
than the other two borane anions. In the case of nido-KB11H14, the open nido
structure facilitates a more rapid hydrolysis rate.

0.035

0.03

KB11H14
¢ K2B10H10
BK2B12H12

0.025

0.02

0.015

0.01

H, Release Rate (mmole/s)

0.005

0

0 0.01 0.02 0.03 0.04 005 0.06 0.07 0.08
Borane Anion Concentration (M)

Figure 4. Effect of initial borane anion concentration on the Rh catalyzed hydrolysis
of closo-K>B19H 10, closo-K2B12H12 and nido-KB11H14. Data shown for 5 mol%, Rh
catalyst (0.038 m? to 0.46 m? effective surface area) at 80 °C.

3.5 Effect of catalyst surface area on the rate of hydrogen production
Figure 5 shows the hydrogen release rate measured using the prepared Rh metal
catalyst and an 0.013 M aqueous solution of borane anions at 80 °C. To investigate
the effect of catalyst concentration on the rate of hydrogen release, various
concentrations of Rh metal catalysts were employed (from 0.0.038 m? to 0.46 m?).
The hydrogen release rate increased with an increase in the exposed catalyst

11
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surface, and followed a first-order dependence. This is expected since the rate of
hydrolysis occurs at the catalyst surface. It is reasonable to postulate that increasing
the surface area of the Rh metal catalyst by reducing the particle size will increase
the rate of the reaction at lower catalyst concentration. Similarly, attaching nano-size
(<100 nm) catalyst particles to a suitable surface will facilitate hydrogen release with
reduced quantities of catalyst.

0.02
0.018
0.016
0.014
0.012

0.01
0.008

0.006

KB11H14

©®K2B10H1 '
0

» Release Rate (mmole/s)

0 0.1 0.2 0.3 0.4 0.5
Catalyst Effective Surface Area (m?)

Figure 5. Effect of Rh catalyst surface area on the hydrolysis of nido-KB11H14,
closo-K-B1oH 19 and closo-K>B1oH1, . Data shown for 0.013 M initial borane anion
concentration at 80 °C.

3.6 Activation Parameters of the Polynuclear Borane Anion Hydrolysis
Reactions.

The enthalpy (AH) and entropy of activation (AS) of the polynuclear borane
hydrolysis reactions were determined using the Eyring equation and kinetic data
measured at three different temperatures (60, 70 and 80 °C). The Erying plot of
In(k/T) vs. 1/T for the various borane anions is shown in Figure 5. The calculated
activation enthalpies for nido-KB11H14, closo-K:B1oH10 and closo-K;B1,H1, were
found to be 56, 66 and 88 kJ-mol™, and activation entropies to be -189, -163 and -
108 J-mol-K ™ respectively. These values are similar to the activation parameter
values found for metal-catalyzed hydrolysis of NaBH,, [16] which suggests initial B-H
bond activation in polynuclear borane hydrolysis. Also, these values support the
hypothesis that since closo-B12H1.% is the most stable among the borane anions
investigated, it hydrolyzes at a slower rate than closo-B1oH10“ and nido-B11H14
anions.

12
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Figure 6. Eyring plot for Rh catalysed hydrolysis of nido-KB11H14, closo-K,B1oH 10
and closo-K>B1,H1, (borane anion concentration: 0.013 M; Rh catalyst: 1mg (0.038
m? effective surface area).

3.7 Mechanism of hydrolysis reaction

To understand the probable mechanism of the borane hydrolysis reaction, the
catalyzed hydrolysis of various derivatives of closo-B1oH10> and closo-B1,H1,> such
as closo-K;B1oCl4g, closo-K,B1,Cly2, closo-Cs,B12(OH)12 and closo-K,B1oClgH: (as a
mixture of isomers) was attempted. Closo-Cs;B12(OH)12 was prepared by following
literature method, [11] by reacting closo-Cs;B12H12 with hydrogen peroxide at
elevated temperature. Closo-Cs,B1oClyo was synthesized according to literature
methods [12] by reacting (NH4)2B10H10 with chlorine gas and ion exchanging the
resulting (NH4)2B10Cl1o with CsCl. Closo-B1,Cls,% and closo-B1,ClioH.* (mixture of
isomers) were prepared by chlorinating closo-K;B12H+2 with varying amount of N-
chlorosuccinimide in acetonitrile at reflux temperature. Conventionally these
chlorinated boranes are prepared using elemental chlorine. [12' 15] We chose a
milder chlorinating agent N-chlorosuccinimide to give the corresponding chlorinated
boranes in excellent yields. These salts were subjected to the same hydrolysis
conditions as the parent borane anions. Among these derivatives, only the mixture of
closo-B1oCl7Hs> and closo-B1oClsH.* underwent hydrolysis. This suggests that the
presence of a B-H bond is required to initiate the hydrolysis reaction. The Rh metal-
assisted polyhedral borane hydrolysis may begin with the oxidative addition of Rh to
a BH bond (Rh-H-B) followed by the formation of an H-Rh-B bond. Subsequent
hydrolysis takes place at a higher rate, releasing hydrogen and forming borates as
byproduct.
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4. Conclusion

Polynuclear borane anions B11H147, B1oH10? and B12H12> are viable candidates for
chemical hydrogen storage. They are very stable, non-toxic, environmentally
harmless, non-flammable materials and offer high storage capacity (>6.5% including
co-reactant water) at an easily accessible metal-catalyzed hydrolysis temperature. A
rhodium metal mediated hydrolysis of polynuclear borane anions releases more than
95% of hydrogen and forms non-toxic borates as by-products. The hydrogen release
rates follow first-order kinetics with respect to the concentration of borane anions
and surface area of the Rh catalyst. Overall, Rh black exhibited the highest catalytic
activity among a number of transition metal catalysts investigated. Co,B and Ni,B
were able to hydrolyze nido-B11H14” but were ineffective in hydrolyzing closo-B1oH 1>
and closo-B1,H1,% dianions. The calculated activation energy values show that the
rate of hydrogen release increases in order of nido-B11Hq4 > closo-BmHmz' > closo-
B12H12% anions. These borane anions can be considered a safer and non-toxic
alternative to unstable NaBH, for portable long-term (years) hydrogen storage
needs.

4.1 Key Results

* Determined an active Rh metal catalyst for the hydrolysis of polyhedral
borane anion salts. The hydrogen release rate meets DOE 2010 targets.

* The rate of hydrolysis is first-order with respect to the concentration of borane
anion salts and surface area of Rh metal catalyst.

* The presence of B-H bond is necessary for the hydrolysis of the borane
anions.

14
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Phase ll: Chemical Hydrogen Storage Using Aluminum Ammonia Borane
Complexes.

Objective:

Investigate aluminum ammonia-borane complexes (Al-AB) namely Al(NH,BH3); and
LiAI(NH2BHs)4, and related species as hydrogen storage materials.

* Synthesize AI(NH;BHj3)3, H3N-Al(NH2BH3)s3, LIAI(NH2BH3)4 and related
species.

* Investigate hydrogen release performance of Al-AB complexes by thermal
dehydrogenation process.

5. Introduction

The ammonia borane molecule (AB) is a demonstrated source of chemically
stored hydrogen and has the material capacity of 20 wt% hydrogen. [17 ] It can meet
DOE performance parameters except for its regeneration from spent AB materials.
There has been considerable interest in metal amido-borane complexes [ M-AB ; M
= Li, Na and Ca ] as hydrogen storage materials due to their facile hydrogen release
properties at lower temperatures. The purity of hydrogen released is also higher
compared to AB. [18] Our efforts were focused upon the synthesis and evaluation of
aluminum amido-borane complexes as hydrogen storage materials. The presence of
an aluminum center bonded to multiple AB residues might combine the efficiency of
AB dehydrogenation with an aluminum mediated hydrogenation process leading to
reversibility. The Al-AB complexes have comparable hydrogen capacity with other
M-AB and have potential to meet DOE’s 2010 and 2015 targets for system wt%
(figure 1). For this study we evaluated Al(NH2BH3)3, LiAI(NH2BH3)4 [ referred to as
Al(AB); and LiAl(AB)4 respectively] and ammonia adduct of Al(AB)s .

n AI(NH,BH3)3 (s) — [AI(NBH)3], (s) +6nHs (g) (10.3 wt.% Hydrogen)

n LIAI(NHoBH3), (s) —= [LIAI(NBH)4], (s) + 8nH, (g) (10.4 wt.% Hydrogen)

6.1 Synthesis and characterization of AI-AB complexes

All "B and ?’Al NMR spectra were recorded using a Bruker DRX-500 spectrometer
at 160 MHz and 130 MHz respectively. ''B NMR spectra were externally referenced
to BF3*Et,O and ?’Al NMR spectra are reported relative to AI(H20)63+. IR spectra
were recorded on a Nicolet NEXUS 470 FT-IR spectrometer.

Al(AB)s: A number of routes were investigated for the preparation of Al(AB)3
including reaction of AlH3; with AB as well as reaction of trialkyl aluminum with AB. Of
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these routes, the reaction of M(NH2BH3) where M = Li, Na or K with AICI; gave the
desired Al(NH>BH3)3 complex. The M(NH,BH3) were prepared from the reaction of
NH3;BH3; with corresponding metal hydrides. The reaction of Li(NH.BH3) with AICI; at
low temperature gives Al(NH;BH3); in good yield, but the isolation of the pure
product was not convenient due to the presence of LiCl in the mixture. Alternatively,
the reaction of Na(NH2BH3;) with AICI; proceeded well to give Al-AB in 89% yield.
The purity of the material was confirmed by ''B and ?’Al NMR and IR spectroscopy
(figure 7) .

3 M(NH2BH3) + AICl; — AI(NH2BH3); + 3 MCI
M = Li, Naor K

LiAl(NH2BH3)4: The synthesis of LiAl(AB)s was achieved by reacting LiAlH4 with AB
at room temperature for 24 h. The product was characterized by ''B and ?’Al NMR
spectra and IR spectroscopy.

LiAIHs + 4 NH3BH3 — LiAI(NH2BH3)4 + 2H>

NaAB in Glyme
-20.2 ppm, J,,, = 85 Hz

AB in Glyme
-21.7 ppm, J,, =95 Hz

h -5 -10 -15 -20 -25 -30 -35 -40 -45 PPM

Al(AB), in Glyme

-22.2 ppm, J,,, =90 Hz LiAI(AB), in THF

-22.7 ppm, Jg,, =92 Hz

T

16 -18 -20 -22 .24 ppm -5 -10 -15 -20 -25 -30 -35 -40 -45 pPpm

Figure 7 — NMR charecterization of Al-AB complexes.

NH;e¢ Al(NH2BH;)3; adduct: The ammonia adduct of Al(AB)s; was synthesized by
reacting Al(AB)3; with an excess of ammonia in THF and was isolated as an insoluble
precipitate. The complex was characterized by solid-state "B NMR and IR
spectroscopy.

Al(NHQBH3)3 + NH; (excess) — NH3.A|(NH28H3)3

16
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Both AI(AB); and LiAI(AB), are colorless solids. LiAl(AB), is thermally more stable
than AI(AB)s;. Ammonia adduct of Al(AB); is a colorless polymeric compound
insoluble in common organic solvents. A powder X-ray diffraction study (figure 8)
showed that the ammonia adduct is structurally similar to the parent Al(NH2BH3)3
complex.

3500 -
0 3000 -
S 2500 A
Q
O 2000 -
>
£ 1500 A
@ Al(AB),
g 1000 -
5 500- NH,*Al(AB),

O 1 I I 1
10 30 50 70 90

Two Theta (deg)

Figure 8 — Powder x-ray diffraction pattern of Al(AB)s; and its ammonium adduct.
6.2 Thermal Dehydrogenation Studies on Al-AB Complexes

TGA-MS analysis of AI-AB complexes performed at Los Alamos National
Laboratory show that Al(AB); releases hydrogen at 60 °C analogous to other MAB
(M=Li, Na) complexes (figure 9). The LiAI(AB), complex starts releasing hydrogen at
80 °C (figure 9C) and peaks at around 170 °C. The ammonia adduct NH3*Al(AB)3
generates hydrogen at 100 °C but also releases ammonia at 100 °C (figure 9B).

A differential scanning calorimetric analysis on Al(AB); indicates that the hydrogen

release process is exothermic and therefore will require an off-board regeneration
process (figure 9D).
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Figure 9 — TGA-MS and DSC of Al-AB complexes; (A) Al(AB)3; (B) Ammonium
adduct of Al(AB)3; (C) LiAI(AB)4; (D) DSC of Al(AB)3

Thermal dehydrogenation of Al-AB complexes

Hydrogen release experiments on Al(AB); and LiAI(AB)4 complexes were carried out
at various temperatures by heating the complexes up to 190 °C in the presence and
absence of solvent or a catalyst. A plot of moles of hydrogen released vs.
temperature is shown in figure 11. In the case of Al(AB); complex, approximately 4.1
moles of hydrogen is released at 190 °C, which corresponds to about 6 wt%
hydrogen based on material wt%. The LiAl(AB)s complex under similar experimental
conditions released approximately 5.2 moles of hydrogen which corresponds to
around 7 wt% hydrogen based on material wt%. It has been shown that in the
presence of an ionic liquid, the ammonia borane molecule releases hydrogen at
lower temperatures. [19] We expected similar behavior for Al-AB complexes. Thus,
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in the presence of a ionic liquid 1-butyl-3-metylimidazolium tetrafluoroborate, the Al-
AB complexes release 25-30% more hydrogen with virtually no induction period
(figure 11 C and 11 E). In both cases the hydrogen is released in a stepwise

manner.
Dehydrogenation of Al(AB), and LiAI(AB),
6
L0 LiAAB), '
T 4 —
S 3 ——
. —AI(AB),
g 2
1
0
60 70 80 90 100 110 120 130 140 150 160 170 180 190
Te°C
(A)
Al(AB); AI(AB), + lonic Liquid
3.00 4.00
o~ 140 °C
L 200 ~ 3.00
S -
g 1.00 ‘s 2.00
g 1.00
OOO T T T T T T T 1 w
0 1 2 3 4 5 0.00 T
time (hrs) 0 1 2 3 4 S
time (hrs)
(B) ©)
LiAI(AB
4.00 - (AB), LiAI(AB), + lonic Liquid
. 4.3 mat. wt% H, 140 °C 5.00 5.8 mat. wt% H, 140 °C
« 3.00 1 120°C 4.00 e
I / ~ 4.9 mat. wt% H,
© 200 1 3.4-mat-wt% H; I 3.00 10"
- Y
o o
" 100 - g =% 80°C
w
1.00
000 m T T T T T T T T T 000 f 1 T T T T T T T
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Figure 11 — Dehydrogenation of AI-AB complexes at various temperatures; (A)
Dehydrogenation of Al(AB); and LiAI(AB)4 at 190 °C; (B) Al(AB)3; (C) AI(AB);3 in
presence of ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate; (D) LiAI(AB)s;
(E) LiAI(AB)4 in the presence of ionic liquid, 1-butyl-3-methylimidazolium

tetrafluoroborate.
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6.3 Solution and solid phase NMR studies of dehydrogenation of Al(AB); and
LiAl(AB)4 complexes.

To understand the dehydrogenation pathway of AI-AB complexes, the products were
analyzed by solution phase and solid phase ''B NMR. The solution phase NMR
study was done by heating the respective glyme soltutions of Al(AB)s; and LiAI(AB),4
at 80 °C and recording the ''B NMR spectrum of the mixture every 30 minutes.
These results are presented in figure 12 for Al(AB); and figure 14 for LiAI(AB)s,
respectively. In both cases at the onset of the dehydrogenation process, a large
amount of precipitate is formed. In the case of Al(AB)s the solution showed the
formation of borazine at 31 ppm, u-aminodiborane at -27 ppm, and ionic BH4
species at -41 ppm (figure 12). The LiAl(AB)4 solution on the other hand did not
show formation of u-aminodiborane which is present in the dehydrogenation of
ammonia borane. The presence of u-aminodiborane in Al(AB)3; dehydrogenation
process indicates that the thermally unstable Al(AB); complex releases AB at the
onset of the dehydrogenation process and forms a insoluble polymeric Al-AB
complex. The AB released then follows ammonia borane dehydrogenation
pathway.® Due to formation of large amount of insoluble precipitate during
dehydrogenation in solution, we carried out solid state NMR studies on the Al-AB
dehydrogenated products. Both Al(AB); and LiAI(AB)4 were thermally decomposed
at 120 °C for 4h and the materials were analyzed using solid phase’'B NMR at
96MHz. Solid NMR experiments were done using cross polarization (CPMAS) and
magic angle spinning (MAS) methods in an attempt to observe the B-H coupling
peaks. However we could not quantify B-H coupling constants due to broad line
width and presence of boron background in the spectrum [figure 13 for Al(AB)3; and
figure 15 for LiAI(AB)4]. Dehydrogeantion products from both complexes showed
strong peaks for BH, anionic species at -39 and -41 ppm.

) >7hrs
4/& A -
| .
f 240 min
e
borazine BH "
ﬂ L 180 min ‘ A &
N\ - _ J
— — —_— —
‘!\ 120 min ‘
I\ —
p-aminodiborane
\ 60 min >‘
I - —— N ‘\_.)L ,_/17
AB_
30 min -\‘\ ‘
I\ — I g)ki
AI(AB)._.
ERN I

I\
. AN
T
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T T T T T T
30 20 10 0 -10 -20 -30 -40

Figure 12. Solution "'B NMR (160 MHz) of thermolysis products of Al(AB); at 80 °C
in glyme.
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Figure 13. Solid state CPMAS "B NMR (96 MHz) of thermolysis products of Al(AB)s
after 4h at 120 °C.
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Figure 14. Solution "'B NMR (160 MHz) of thermolysis products of LiAl(AB), at 80 °C
in glyme.
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Figure 15. Solid state CPMAS "B NMR (96 MHz) of thermolysis products of
LiAl(AB), after 4h at 120 °C.

7. Conclusions
Aluminum ammonia-borane complexes are viable candidates for chemical hydrogen

storage. They can be easily synthesized from ammonia borane precursors and they
generate hydrogen at lower temperature than AB alone. Thermal decomposition of Al-
AB complexes releases hydrogen in a stepwise manner and peak around 190 °C. The
Al(AB)s; complex releases approximately 4.1 equivalents (6 wt%) of hydrogen at 190 °C

and LiAI(AB),4 releases approximately 5.2 equivalents (7 wt%) under same conditions.
The presence of an ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate enhances
the hydrogen release performance of AI-AB complexes by almost 25-30%.

Key Results

* Synthesized various Al-AB complexes. These include Al(AB)s, LiAI(AB), and

their ammonia adduct of Al(AB)s.
* AI(AB); complex releases hydrogen at 60 °C while the LiAl(NH.BH3)4 complex

starts releasing hydrogen at 80 °C.
* The ammonia adduct of Al(AB)s; generates hydrogen at 100 °C, but also

releases a significant amount of ammonia.
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* Presence of an ionic liquid enhances hydrogen release perfomance of Al-AB
complexes.

» Differential scanning calorimetric studies on Al(NH2BHj3); indicate that the
hydrogen release from this complex is exothermic and will require off-board
regeneration.
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