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Abstract

A new process for generating hydrogen via near room temperature hydrolysis of AB complex using small amounts of platinum group metal
catalyst has been studied. Using in situ ''B NMR spectroscopy, the overall rate of K,ClgPt catalyzed hydrolysis of AB complex was calculated
to be third-order. The pre-exponential factor (A) and the activation energy (E,) of Arrhenius equation, Ink=1InA — E,/RT, were determined to be:
A=1.6x 10" Lmol~!s~! and E, =86.6 kI mol~! for temperature range of (25-35 °C). X-ray photoelectron spectroscopy of the residue suggested
that the platinum salt was reduced from Pt** to Pt° within the course of the reaction and X-ray diffraction analysis pattern for the residue showed

crystallized single-phase boric acid.
© 2007 Published by Elsevier B.V.
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1. Introduction

Compounds represented by the empirical formula B,N,H,
have been known and used as high capacity hydrogen (Hjy)
carriers. Hydrogen generators based on such carriers can be
employed for hydrogen on-demand applications. However, the
hydrogen is often too impure for the proton exchange membrane
fuel cell (PEMFC) applications, yield is low at low temperatures,
and generation requires environmentally harmful materials in
the process [1].

Ammonia-borane (AB) complex has the highest mate-
rial hydrogen content (about 19.6 wt%) with a system-level
H, energy storage density of about 2.74kWhL™! (versus
2.36 kWhL™! for a liquid hydrogen Dewar). At near room tem-
peratures and atmospheric pressure, AB is a white crystalline
solid, and is stable in both water and ambient air.

Thermolysis has been used as a method of choice to gener-
ate hydrogen from AB complex. There are several drawbacks
to this technique for generating hydrogen. First, the ammonia-
borane pyrolysis begins at temperatures below 140 °C. However,
to release substantial amount of the hydrogen contained in AB
complex, temperatures above 500 °C are needed. The overall
process is exothermic, but requires heat to be added to activate
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the material. The overall reaction can be written as follows:
NH3BHj3; +heat — BN + 3H; (N

Complete pyrolysis of ammonia-borane complex provides 3 mol
of hydrogen per mole of AB decomposed. Second, thermolysis
of AB involves competing reactions. The FTIR analysis of the
evolved gases from AB thermolysis has shown that monomeric
aminoborane (BH,NH,), borazine, and diborane are produced.
The aminoborane comprises poly-(aminoborane) (BH,NH>),,.

Poly-(aminoborane), the inorganic analog of polyethylene,
is a non-volatile white solid. These compounds are undesirable
impurities that make hydrogen from direct thermolysis of AB
complex unfit for PEMFC applications. Furthermore, formation
of these species lowers Hy yield from direct AB thermolysis.

An alternative to thermolysis is provided by hydrolysis or
methanolysis of AB complex. Hydrolytic or methanolic cleav-
age of AB provides 3 mol of hydrogen per mole of AB reacted
[2-5]. Although this process has been used in the field of modern
synthetic organic chemistry and for pharmaceutical applications,
only recently has it been applied as a way of utilizing AB com-
plex for the storage of hydrogen. Corresponding reactions are
given below:

NH3BH;3 +3H,0 — NH3 +H3BO3 +3H» ()

NH;BH; + 3CH3;0H — NH; + B(OCH3)s + 3H, 3)
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As noted above, AB complex is a stable adduct. Therefore, to
date, the hydrogen generating reactions (2) and (3) have involved
harsh acidic condition, such as refluxing in aqueous HCI or the
use of heterogeneous catalysts based on palladium or nickel. In
this paper, we describe a method for catalytic hydrolysis of AB
for production of high purity hydrogen at low temperatures.

2. Experimental
2.1. General

AB complex (NH3BH3) and catalysts used in this work were
obtained from Aldrich Chemicals and used without further treat-
ment.

2.2. Characterization and analysis

The X-ray photoelectron spectroscopy (XPS) analysis was
done using a Physical Electronic 5400 spectrometer and a Mg
anode, at 300 W power, high resolution scans from 1100 to 0 eV
step size 0.1 eV, dwell time 50 ms. The X-ray diffraction analysis
was done using a Rigaku D-MaxB instrument with a Cu X-ray
40kV at 30 mA, sample slit 4°, detector slit 1° and scan range
10-80°, scan rate 1°min~!. In situ ''B NMR measurements
were conducted using a Varian VXR300.

2.3. Hydrolytic dehydrogenation experiments

In a typical reaction, the catalyst was dissolved in water and
then added to as received AB. The amount of hydrogen was
measured volumetrically.

2.4. Kinetic studies using in situ /' B NMR

0.01 g of AB complex was added to 7 mL of 5, 10, and 30 mM
K> ClgPt solution in DO at 25, 30, and 35 °C. The NMR tube
cap was modified to allow hydrogen release.

3. Results and discussion

At near room temperatures, AB readily undergoes hydrolytic
cleavage in the presence of various platinum group metal (PGM)
salts, such as KyPtClg. Fig. 1 depicts the volume of hydrogen
generated versus time for K, PtClg salt.

The rate of hydrolysis can be affected by varying the rate at
which the catalyst solution is introduced onto the AB powder.

Fig. 2 depicts ''"B NMR of AB hydrolysis reaction
in progress. NH3BH3 exhibits a quadruplet centered at
§=—23.5ppm with !Jg_y =94 Hz (Fig. 2a). The chemical shift
at §=13.2ppm is associated with H3BO3 and it changes to
8=10.1 ppm as the reaction proceeds to completion (Fig. 2b).
The ''B NMR chemical shift for an aqueous boric acid solution
(pH 5.5) is § =19.0 ppm and it has been shown to be pH depen-
dant due to an equilibrium process between H3BO3, BO>™ and
other borate species [6]. The XRD pattern for the residue of AB
hydrolysis showed crystallized single-phase boric acid (Fig. 3).
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Fig. 1. Hydrogen evolution vs. time for the hydrolytic dehydrogenation of AB
complex (0.05 g) in the presence of 0.1 mL of 19 mM solution of K, PtClg catalyst
at room temperature.
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Fig. 2. ''B NMR spectra of AB hydrolysis using K, PtCls catalyst—(a) reaction
in progress, (b) end of reaction.

The kinetic studies were also conducted using in situ !'B
NMR. In aqueous solutions of K,PtClg, hydrolysis of the AB
complex is first-order with respect to AB concentration [AB].
The apparent first-order rate constant varies with the catalyst
concentration as shown in Fig. 4. Fig. 5 depicts the rate of
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Fig. 3. XRD pattern of the residue from AB hydrolysis.
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Fig. 4. Rate of hydrolysis for AB complex as a function of time and K, PtClg con-
centration. The rate is first-order with respect to AB concentration [NH3BH3].
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Fig. 5. Rate of NH3BH3 hydrolysis in D, O at 25 °C for 0.005-0.03 M K;,PtClg
catalyst concentration, slope =2.27 (correlation coefficient=0.92), v, =k'[AB].

the AB hydrolysis versus time for [K;PtClg] in the range of
0.005-0.03 M. The data indicate that hydrolysis of AB is second
order with respect to concentration of the catalyst. Therefore, the
overall rate of K,PtClg catalyzed hydrolysis of AB complex is
third-order and can be expressed as (it is assumed that the con-
centration of water remains constant throughout the reaction,
thus, &’ = k[H,01]):
_AAB] i ABIK,PCI P
dr

Fig. 6 depicts the temperature dependency (in the range
of 25-35°C) of the AB hydrolysis reaction rates. The first-
order rate constants increase as the temperature increased from
25 to 35°C (see Table 1). Based on the information given in
Table 1, the pre-exponential factor (A) and the activation energy
(E,) were determined from Fig. 7 using the Arrhenius equa-

Table 1
Rate constants and correlation coefficients for the AB hydrolysis at 7=25, 30,
and 35°C.

T(°C) k(L mol~!s1) R?

25 1.18 x 1074 0.999
30 142 x 1074 0.999
35 3.69 x 1074 0.987
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Fig. 6. Rate constant of NH3BH3 hydrolysis at 25, 30, and 35 °C for a first-order
reaction with respect to [NH3BH3] for 0.01 M K, PtClg solutions.
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Fig. 7. The Arrhenius plot for the hydrolysis of AB complex using K>ClgPt as
the catalyst, correlation coefficient =0.86.

tion, Ink=InA — E,/RT, to be: A=1.6 x 1011 L mol=! s~ ! and
E,=86.6kJmol !,

X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the state of Pt in the spent catalyst. The two binding energy
peaks at 71.3 and 74.6 in the spectra are in good agreement
with Pt” metal [7]. Results suggest that the platinum salt was
reduced from Pt** to Pt? within the course of the reaction. We
note that the metallic state of the PGM catalysts did not show
significant catalytic activity toward hydrolysis of AB complex
(Fig. 8).
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Fig. 8. Pt 4f XPS analysis of spent catalyst during hydrolysis of AB complex
with K, ClgPt.



N. Mohajeri et al. / Journal of Power Sources 167 (2007) 482—485 485

4. Conclusions

Near room temperature hydrolysis of AB complex has been
carried out using small amounts of K,PtClg salt. The AB
hydrolytic reaction is exothermic and can be extremely fast,
kinetically. The kinetics of the AB hydrolysis in the presence
of KoPtClg catalyst was studied using in situ "B NMR spec-
troscopy. The overall reaction-order was estimated to be three
with an apparent activation energy E, =86.6 kJ mol~!.

XPS analysis of the spent material showed that the Pt in the
catalyst is reduced to metallic state during the reaction and as
such Pt did not display any catalytic activity.

The XRD pattern for the residue of AB hydrolysis showed
crystallized single-phase boric acid as the final product.
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