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mmonia borane (AB) complex HsN-
ABH3 is considered to be the most

promising candidate for “on-board”
hydrogen applications among all other prac-
tical hydrogen storage materials."? It has a
high hydrogen content (19.6% wt) and is
soluble/stable in aqueous solutions. More im-
portantly, it is able to release hydrogen
via a room-temperature hydrolysis reaction
in the presence of a suitable catalyst3~'° In
its complete hydrolysis reaction, one mole
of AB complex can generate three moles
of hydrogen (H,):'" HsN - BHs(aq) + 2 H,O0 —
NH,BO,(aq) + 3 Hy(9).

The catalysts tested for AB hydrolysis
have mainly included nanoparticles (NPs)
of noble metals Rh, Ir, Ru, and Pt,'?~ "> which
are all unsuitable for practical applications
due to their limited resources and high price
tags. Recently, NP catalysts based on the
first-row transition metals Fe,'® Ni,'"’ 2" and
Co?*2* have also been studied, but they
have only moderate catalytic activity and
lack the needed stability in the hydrolysis
conditions. To make the AB complex a
practical H, reservoir for “on board” applica-
tions, highly efficient catalysts with much
reduced usage of noble metals Rh, Ir, Ru,
and Pt or, ideally, with non-noble metals are
desired. Recent research has indicated that
bimetallic NPs containing an alloy structure
of a noble metal and a first-row transition
metal have composition-dependent optical,
magnetic, and catalytic properties that are
different from any of the monometallic NP
components.?> With proper control of size,
morphology, and compositions, their phy-
sical and chemical properties can be greatly
enhanced.?® 28 These binary alloy NPs may
provide a solution for the future design and
synthesis of practical catalysts for AB hydro-
lysis and H, generation.
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ABSTRACT Monodisperse 8 nm CoPd nanoparticles (NPs) with controlled compositions were

synthesized by the reduction of cobalt acetylacetonate and palladium bromide in the presence of

oleylamine and trioctylphosphine. These NPs were active catalysts for hydrogen generation from the

hydrolysis of ammonia borane (AB), and their activities were composition dependent. Among the
8 nm CoPd catalysts tested for the hydrolysis of AB, the Co35Pdgs NPs exhibited the highest catalytic
activity and durability. Their hydrolysis completion time and activation energy were 5.5 min and 27.5

kJ mol ", respectively, which were comparable to the best Pt-based catalyst reported. The catalytic

performance of the CoPd/C could be further enhanced by a preannealing treatment at 300 °C under

air for 15 h with the hydrolysis completion time reduced to 3.5 min. This high catalytic performance

of Co3sPdgs NP catalyst makes it an exciting alternative in pursuit of practical implementation of AB

as a hydrogen storage material for fuel cell applications.

KEYWORDS: ammonia borane hydrolysis - bimetallic nanoparticles -
cobalt—palladium alloy catalyst - heterogeneous catalysis - hydrogen storage

Herein we report the synthesis of 8 nm
monodisperse CoPd alloy NPs and study
their catalytic hydrolysis of the AB complex
in water at room temperature. We chose
Co and Pd as the constituents of the bime-
tallic catalyst based on the fact that Co NPs
have the highest activity among the non-
noble metal catalysts?>~2* and Pd NPs are
moderately active among the noble metal
catalysts'>*° for AB hydrolysis. We demon-
strate that the activity and stability of these
CoPd NPs can be improved by controlling
their compositions. The optimum catalyst is
CossPdgs NPs with their catalytic efficiency
close to the benchmark Pt catalyst.

RESULTS AND DISCUSSION

Monodisperse 8 nm CoPd NPs were
synthesized by the reduction of Co(acac),
(acac = acetylacetonate) and PdBr, in the
presence of oleylamine (OAm) and trioctyl-
phosphine (TOP) via a high-temperature
solution phase synthesis procedure. In this
synthesis, OAm acted as the solvent, surfac-
tant, and reductant, and TOP served as a
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Figure 1. (A) TEM and (B) HRTEM image of the 8 nm
CossPdgs NPs and (C) XRD pattern of the 8 nm CozsPdgs NPs.

co-surfactant. Different from what we have reported in
the synthesis of Pd NPs,?® both PdBr, and TOP seemed
to be the key for the formation of the CoPd alloy
structure. Without them, the NP quality was very poor
and the NP product was often contaminated with
elemental Co and Pd NPs. The detailed synthesis of
CoPd and other Pd-based binary alloy NPs will be
published elsewhere. Figure 1A shows a transmission
electron microscopy (TEM) image of the 8 nm CoPd
NPs obtained from the synthesis for the current cata-
lytic studies. The NPs have a narrow size distribution
with a standard deviation of 9% with respect to NP
diameter. High-resolution TEM (HRTEM) studies of a
series of single CoPd NPs show that the as-synthesized
CoPd NPs have a polycrystalline structure (Figure 1B).
This polycrystalline nature is further confirmed by the
X-ray diffraction pattern of the NPs (Figure 1C).

Both metal content and Co/Pd composition of the
OAm- and TOP-coated CoPd NPs were analyzed by
inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). The 8 nm CoPd NPs generally
contain 30 wt % of Co/Pd metals. The Co/Pd composi-
tion of the CoPd NPs was controlled by the initial
molar ratio of the Co and Pd salts. Using metal salts
with the Co/Pd ratio of 4:1, 3:2, 1:1, 2:3, and 1:4, we
obtained Co,¢Pd,;, Cos5Pdgs, Coy7Pd;3, Coq4Pdge, and
CosPdgs NPs, respectively. Figure S1 also displays
more representative TEM images of the CoPd NPs
used for catalytic studies. The NPs are all 7—10 nm
with narrow size distribution, making it possible to
compare their composition-dependent activities and
to choose optimum composition for detailed analyses
in AB hydrolysis kinetics. We also made 4.5 nm Pd
NPs?® and studied their AB hydrolysis to demonstrate
that the hydrolysis activity of the CoPd NPs was
enhanced by alloying Pd with Co.
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Figure 2. Plot of time vs volume of H, generated from AB
hydrolysis catalyzed by CoPd/C with different CoPd compo-
sitions and Pd/C (CoPd NPs = 15 mg, Pd NPs = 15 mg, [AB] =
200 mM, T =25+ 1 °Q).

To study NP catalysis, the as-synthesized CoPd NPs
(15 mg) were first deposited on Ketjen carbon support
(45 mg) (25 wt % of NPs) and mixed with AB aqueous
solution at room temperature under a fast magnetic
stirring. H, generated from the AB hydrolysis was
collected in the buret with which the H, volume was
measured. Figure 2 is a plot of the H, gas generated
versus time for every 10 mL of AB (2 mmol, 200 mM)
solution in the presence of 15 mg of CoPd NPs. From
these curves, we can see that when 2 mmol of AB
complex is completely hydrolyzed, 6 mmol of H,
(~134 mL) is generated. This corresponds to the full
hydrolysis of AB complex with one mole of AB produ-
cing three moles of H,. The sooner the hydrolysis is
completed, the more active the NP catalyst is. From
the plot, we can see that CoPd NPs with too much
Co (Coy9Pdy;) or Pd (CosPdgs) show even lower ac-
tivity than the pure Pd NPs. Coq4Pdgs, Co,,Pd53, and
Coss5Pdgs NPs have a higher activity than the Pd NPs.
Under our evaluation conditions, the CozsPdgs NPs/C
catalyst is the most active in catalyzing the AB hydro-
lysis reaction with a completion time of 5.5 min. Here,
better catalytic activity of CossPdgs than pure Pd NPs
might be explained by the Sabatier principle, which
states that optimal catalytic activity can be achieved on
a catalytic surface with median binding energies of
reactive intermediates.®® If the reactant binds to the
catalyst surface too weakly, then it cannot be activated.
However, if it binds to the surface too strongly, it will
occupy all available surface sites and poison the
catalyst.' Thus, it appears that there is an optimal
ratio between Pd and Co to show the highest catalytic
activity for AB hydrolysis.

Since CossPdes NPs have the highest hydrolysis
activity among all the NPs prepared in this work, their
AB hydrolysis kinetics is further evaluated. This was
done by varying catalyst concentrations, substrate
concentrations, and temperatures. In the NP concen-
tration-dependent hydrolysis study, the hydrolysis reac-
tion was carried out under different NP concentrations
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Figure 3. (A) Plot of time vs volume of hydrogen generated from hydrolysis of AB catalyzed by Co3sPdss/C catalyst at different
catalyst concentrations ([AB] = 200 mM, T = 25 + 1 °C). (B) Plot of hydrogen generation rate vs catalyst concentration in

logarithmic scale.
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Figure 4. (A) Plot of time vs volume of hydrogen generated from hydrolysis of AB catalyzed by Co3sPdss/C catalyst at different
temperatures ([AB] = 200 mM, [CoPd] = 3.2 mM). (B) Arrhenius plot of In k vs (1/T).

of 1.6,3.2,4.8,and 6.4 mM (representing 5, 10, 15,and 20
mg of CossPdss NPs, respectively), while the initial AB
concentration was kept constant at 200 mM. In AB
concentration-dependent hydrolysis, the NP concentra-
tion was kept at 4.8 mM, while the AB concentrations
were set at 50, 100, 150, and 200 mM. Finally, to obtain
the activation energy (E,) of the hydrolysis reaction, AB
(200 mM) was hydrolyzed in the presence of 3.2 mM
CoPd NPs at various temperatures (15—40 °C). In all
these tests, the gas reaction product was characterized
by the acid—base titration method to ensure ammonia
was not formed via a direct decomposition of AB or
other reaction pathways. Our tests showed no sign of
ammonia, indicating that the gas generated during the
reaction was pure H,.

Figure 3A shows the plots of time versus volume of
H, generated from AB hydrolysis catalyzed by the
Cos5Pdgs/C catalyst at different catalyst concentrations
at temperature T=25 + 1 °C. A rapid and almost linear
H, gas evolution was observed. A stoichometric amount
of H, (~6 mmol) was generated within less than 15 min.
Figure 3B is the plot of H, generation rate versus CoPd
concentration in the logarithmic scale. The slope of 1.06
indicates that the hydrolysis of AB catalyzed by the 8 nm
Co35Pdgs/C catalyst is first-order with respect to the
catalyst concentration. The H, generation rate was found
to be practically independent of AB concentration

SUN ET AL.

(shown in Figure S2A). Figure S2B shows the plot of H,
generation rate versus AB concentration in logarith-
mic scale. The nearly horizontal line (slope of 0.05)
indicates that the hydrolysis catalyzed by the 8 nm
Co35Pdgs/C catalyst is zero-order with respect to the
concentration of AB. This infers that in the hydrolysis
reaction the adsorption of AB on the catalyst surface is
a rate-limiting step.

Figure 4 shows the plot of time versus volume of H,
generated during AB hydrolysis at various tempera-
tures. The values of the rate constant k at different
temperatures were calculated from the slope of the
linear part of each plot in Figure 4A for determining
the activation energy. Figure 4B shows the Arrhenius
plot (In k vs 1/T), from which E, for the hydrolysis is
calculated to be 27.5 kJ mol . Its activity can be further
evaluated in terms of a total turnover frequency (TOF)
value (mol of H,-(mol of catalyst-min)™"), which is
22.7. Compared with what has been reported on the
performance of various Co-, Pd-, and Pt-based catalysts
for the hydrolysis of AB at room temperature (Table 1),
the Cos5Pdgs/C catalyst is among the most active. Its
catalytic activity is even close to Pt-based Pt/C, PtO,,
and Pt black catalysts. We should note that in Table 1
(1) the completion time for Pt catalysts varies in a wide
range due to the NP size and supporting materials
effects and (2) the data obtained from Co NPs?* cannot
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TABLE 1. H, Generation from Aqueous AB Catalyzed by Co-, Pd-, and Pt-Based Catalysts

metal/AB ratio  maximum H,/AB ratio TOF activation energy £,
catalyst (mol/mol) (mol/mol) completion time (min)  (mol H,-mol catalyst '-min ") (k- mol ") ref
40 wt % Pt/C 0.018 3.0 3 55.56 21-23 9
Pt0, 0.018 3.0 8 20.83 9
Pt black 0.018 3.0 12 13.89 9
K,PtCl, 0.018 3.0 19 8.77 9
2 wt % Pd/y-Al,05 0.018 3.0 120 1.39 9
Pd black 0.018 3.0 250 0.67 9
10 wt % Co/y-Al,05 0.018 29 70 230 62 9
10 wt % Co/Si0, 0.018 29 70 230 9
10 wt % Co/C 0.018 29 55 292 9
Pd/zeolite 0.02 3.0 24 6.25 56 32
Co/zeolite 0.02 3.0 28 5.36 56 33
PVP-Co 0.025 3.0 25 4.80 46 22
PSSA-co-MA-Pd 0.05 3.0 12 5 44 13
(o 0.04 3.0 1.7 442 23
Au@Co 0.02 3.0 n 13.7 34
25 wt % Co35Pdgs/C 0.024 3.0 5.5 22.7 275 this study
Co35Pdgs/C annealed 0.024 3.0 3.5 35.7 this study
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Figure 5. (A) Plot of time vs volume of H, generated from hydrolysis of AB catalyzed by Co3sPdss/C catalyst unannealed and
annealed ([AB] = 200 mM, [CoPd] = 4.8 mM, T =25 £ 1 °C) and TEM images of Co3sPdes/C NPs before (B) and after (C) 300 °C

annealing in air for 15 h.

prove that Co NPs are more active, as the measured
volume of hydrogen is likely from both AB and NaBH,,
a reducing agent used in the synthesis of Co NPs in
HsNBHs.

The catalytic performance of the as-prepared CoPd/C
can be further enhanced by a preannealing trea-
tment. In this study, we first annealed the Cos5Pdgs/C
catalystat 300 °C under air for 15 h. Figure S3 is the XRD
pattern of the annealed Cos5Pdgs/C catalyst. Compar-
ing with that in Figure 1C, we can see that the treat-
ment did not oxidize the CoPd NPs; rather, the
annealing led to the formation of better crystallinity
in the alloy NPs. We then studied the AB hydrolysis
catalyzed by this Cos5Pdgs/C catalyst. Figure 5A gives
the volume of hydrogen generated from AB hydrolysis
versus the reaction time. It shows that after annealing,
the catalyst is more active with the hydrolysis comple-
tion time reduced to 3.5 min. The TOF value of the

SUN ET AL.

catalyst is also increased from 22.7 to 35.7. Since the
Co35Pdgs/C NPs have no morphology change after this
thermal treatment (Figure 5B, C), the enhanced activity
is due most likely to the more efficient surfactant
removal and better alloy structure formation under
the annealing conditions, which allows Co and Pd to
function more synergetically for AB hydrolysis at room
temperature.

The reusability of the as-synthesized CossPdgs/C
catalyst under the current room-temperature hydro-
lysis conditions was also tested. After every 24 h when
H, generation was complete, another equivalent
(2 mmol) of AB was added to the reaction system and
the released gas was once again measured. As shown
in Figure 6A, the catalyst shows no activity change in
the first 72 h (the first three sets of data overlap with
each other). After 120 h, the reaction completion time
is increased to 7 min. The TEM image (shown in
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Figure 6. (A) Time vs volume of hydrogen generated from hydrolysis of AB catalyzed by Co35Pdes/C catalyst during a five-
cycle reusability test ((CoPd] = 3.2 mM, [AB] = 200 mM, T = 25 + 1 °C); TEM images before (B) and after (C) five catalytic cycles.

Figure 6B,C) proves that there is no significant change
in NP size or morphology during the test. Therefore, the
slight activity drop is caused by the increase in con-
centration of metaborate and the viscosity of the
solution during the AB hydrolysis. The lifetime of the
catalyst in the AB hydrolysis was determined by
measuring the volume of H, and calculating the
total turnover number (TTON, moles of H,/moles of
catalyst). Figure S4 shows the variation in TTON and
the volume of H, versus time plot during the hydro-
lysis of AB, from which we can see that the 8 nm
Co35Pdgs/C catalyst has 6675 turnovers over 45 h in
the hydrolysis reaction at 25.0 °C before it is deacti-
vated. Our experimental results suggest that the 8 nm
Co35Pdgs/C NPs are robust for AB hydrolysis. Once
metaborate generated during the reaction is removed
from the solution, the NPs should exhibit much higher
activity and stability. They are a promising class of
non-Pt catalyst for practical hydrolysis of AB and H,
generation.

MATERIALS AND METHODS

Chemicals. Chemicals for the NP synthesis and ammonia
borane complex (97%) were purchased from Sigma Aldrich
and used as received. Deionized water was used for all hydro-
lysis experiments.

Synthesis of Monodisperse CoPd NPs. Under a gentle nitrogen
flow, 0.3 mmol of Co(acac), (acac = acetylacetonate), 0.2 mmol
of PdBr,, and 1 mL of TOP were mixed with 18 mL of OAm. The
mixture was heated to 260 °C at a heating rate of 5 °C min™".
The solution was kept at 260 °C for an hour before it was cooled
to room temperature. Then 40 mL of 2-propanol was added and
the product was separated by centrifugation at 8000 rpm for 8
min. The product was then dispersed in hexane. ICP analysis
revealed the composition of the as-synthesized NPs to be
Co3s5Pdgs. The alloy composition could be controlled by the
ratio of Co(acac), to PdBr,.

Synthesis of CoPd/C Catalyst. A 15 mgamount of 8 nm CoPd NPs
was dissolved in 5.0 mL of hexane and 5.0 mL of acetone in a
20.0 mL glass vial and mixed with 45 mg of Ketjen carbon
(surface area 800 m?/g) support. The mixture was sonificated for
30 min to ensure complete absorption of NPs onto the carbon
support. After evaporation of hexane/acetone under a gentle
nitrogen flow, the solid residue was suspended in 10.0 mL of
deionized water by sonication for 30 min.

SUN ET AL.

In summary, we have reported a unique solution
phase synthesis of monodisperse 8 nm CoPd NPs with
controlled compositions and studied their catalytic
hydrolysis of ammonia borane in aqueous solutions.
The CoPd NPs show the composition-dependent
activity for AB hydrolysis at room temperature, with
Co3sPdgs NPs being the most active. The kinetic
studies on these CossPdgs NPs reveal that the catalytic
hydrolysis of AB is first-order with respect to the
catalyst concentration and zero-order with respect
to substrate concentration. The activation energy for
the hydrolysis reaction is 27.5 kJ mol~'. The NP
catalyst provides 6675 turnovers and shows the de-
sired durability under the current hydrolysis condi-
tions. The catalytic activity of these Co3sPdgs/C NPs
can be further enhanced by thermal annealing at 300
°Cin air. The reported synthesis may represent a new
approach to non-Pt catalysts for future development
of ammonia borane into a practical hydrogen storage
material for renewable energy applications.

Hydrolysis of AB Catalyzed by CoPd/C Catalysts. The catalytic
activity of the 8 nm CoPd NPs/C catalysts toward hydrolysis of
AB was determined by measuring the rate of hydrogen gen-
eration in a typical water-filled gas buret system. Before starting
the catalytic activity test, a jacketed reaction flask (25 mL)
containing a Teflon-coated stir bar was placed on a magnetic
stirrer and thermostated to 25.0 + 1 °C by circulating water
through its jacket from a constant-temperature bath. Then, a
buret filled with water was connected to the reaction flask to
measure the volume of hydrogen gas evolved from the reac-
tion. Next, a 10.0 mL aqueous suspension of the catalyst was
transferred into the reaction flask, and 64.0 mg (2 mmol) of AB
was added into the catalyst solution at 800 rpm stirring rate. The
volume of hydrogen gas evolved was measured by recording
the displacement of water level every minute. The reaction was
considered to cease when no hydrogen gas generation was
observed. For a control experiment, 64 mg of AB and 45 mg of
Ketjen carbon were dissolved in 20.0 mL of H,O without any
catalytic materials present. No hydrogen generation was ob-
served in 24 h. A"'B NMR spectrum of the solution after one day
showed only metaborate's signal at —23.9 ppm.

Catalyst Reusability in the Hydrolysis of AB. After the hydrogen
generation reaction was completed, the as-synthesized CoPd/C
catalysts were kept in the reaction solution under ambient
conditions, and another equivalent of AB (64 mg, 2 mmol)
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was added to the reaction system after 24 h. The gas generation
was monitored by volume changes in the buret. The process
was repeated in a 120 h period until catalyst activity started to
drop.

Catalyst Lifetime in the Hydrolysis of AB. The lifetime of the 8 nm
CoPd/C catalyst in the hydrolysis of AB was determined by
measuring the total turnover number (moles of H,/mols of
catalyst). The experiment was performed in a 20.0 mL aqueous
solution containing 15.0 mg of CoPd NPs on 45.0 mg of carbon
support and 256.0 mg of AB complex at 25.0 + 1 °C. Once AB
was all hydrolyzed (by checking the stoichiometric H, gas
evolution (3.0 mol H,/mol AB), the completion time was re-
corded, a new batch of AB was added, and the reaction was
monitored the same way.

Characterizations. Samples for TEM analysis were prepared by
depositing a single drop of diluted NP dispersion in hexane on
amorphous carbon coated copper grids. Images were obtained
with a JEOL 2010 TEM (200 kV). XRD patterns of the samples were
collected on a Bruker AXS D8-Advanced diffractometer with Cu
Ko radiation (4 = 1.5418 A). The ICP-MS measurements were
carried out on a JY2000 Ultrace ICP atomic emission spectro-
meter equipped with a JY AS 421 auto sampler and 2400 g/mm
holographic grating. ''B NMR spectra were recorded on a JEOL
JNM-AL400 spectrometer operating at 128.15 MHz.
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