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Hydrolysis of Ammonia Borane by Ru/Ce(OH)CO;
Nanocomposites for Hydrogen Production
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Abstract: A facile method for fabrication of Ru/Ce(OH)CO; nanocomposites (NCs) under mild conditions was
reported. The as-synthesized catalysts were characterized by TG, XRD, TEM, EDX, XPS, ICP, and used for H,
production from hydrolysis of ammonia borane (AB). All the characterized results exhibit that Ru nanoparticles
(NPs) around 4.8 nm are highly dispersed on Ce(OH)CO; nanorods. The as-synthesized Ru/Ce(OH)CO; NCs show

a high catalytic activity for hydrogen generation from the aqueous of ammonia borane complex with a turnover

frequency (TOF) of 389.6 moly -moly, ™ *min™ at room temperature, being higher than that of most reported metal-

based catalysts. Especially, the catalyst can keep a superior activity for hydrolysis of AB even after eleven times

of recycle.

Keywords: energy storage materials; ammonia borane; rare earth oxide; catalytic hydrolysis; hydrogen generation

0 Introduction

Ammonia borane (NH;BH;, AB) complex has been
identified as one of the most attractive candidates for
on-board portable hydrogen applications among all

other practical hydrogen storage materials due to its

ks H 11 .2016-03-30, Wi Bk B 91.2016-09-05,

high hydrogen content (19.6%, w/w), low molecular
weight, high stability under ambient condition, and
environmentally friendly nature!"”. More importantly,
hydrogen stored in AB can be released at an
appreciable rate via hydrolysis in the presence of a

suitable catalyst, which appears to be the most
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convenient one for portable hydrogen storage applica-
tion™%, The catalytic hydrolysis reaction can be briefly
expressed as follows:

NH;BH;+2H,0 — NH,+BO,+3H,

To date, a number of catalyst systems have been
tested in the hydrolysis of AB, such as noble metals
Aul), P24 Ryl RhIS2, P21 A and non-
noble metals Cu®?, Fe®3 Nit¥ CoP>#  Although
metal in nano-size show a higher catalytic activity,
they easily aggregate into clumps during the catalytic
processes due to their high surface energy, resulting
in a large reduction of their catalytic activity or

12 For the development of heterogeneous

inactivation
catalysts, decreasing the size of the catalyst and
preventing aggregation are the keys to obtaining high
catalytic activity. One strategy to achieve this goal is
to immobilize the catalyst onto specific supports!™®. In
recent years, rare earth compounds have been widely
applied in catalysis, fuel cells, optical materials, gas
sensors, and chemical materials due to their specific
property. In particularly, cerium oxides have been
successfully used as carriers to support noble metal
nanoparticles (NPs)®. To our knowledge, there are

few reports about wusing the cerium hydroxide
carbonate (Ce(OH)CO;) as the support for immobilize
the metal NPs.

In this work, we report a facile synthesis of Ru/
Ce (OH)CO; nanocomposites (NCs) under mild condi-
tion. Neither additional functional molecules nor
stabilizing molecules are employed during the whole
preparation. The as-synthesized catalysts exert a
higher catalytic activity than most of reported metal
NPs in the hydrolytic dehydrogenation of AB. The
high catalytic activity and good durability of the Ru/
Ce(OH)CO; NCs make them a very promising candidate
to be used as catalyst in the practical application
hydrogen generation systems using AB as solid

hydrogen storage material.
1 Experimental

1.1 Materials
Ammonia borane (NH;BH;, Aldrich, 90%), hexa-
(RU (NH3)6C13, J&K

ammine ruthenium () chloride

Scientific Ltd., 97.5%), cerium(lll) nitrate hexahydrate,
(Ce(NOs);*6H0, J&K Scientific Ltd., 99.5%), urea
(CO(NH,),, Aladdin, 99%), sodium borohydride (NaBH,,
Aldrich, 99.9% ) were all used without further
purification.  Ultrapure water with the specific
resistance of 18.3 M) -cm was obtained by reversed
osmosis followed by ion exchange and filtration.
1.2 Synthesis of Ru/Ce(OH)CO; NCs

Ce(OH)CO; nanorods was prepared by a slight
modification of a recipe described previously®™*. In a
typical synthesis, calculated amounts of aqueous
solutions of Ru(NH3)sCl; (6 mL, 3.26 mg) correspon-
ding to 6.0 % (w/w, the same below) Ru loading were
added to 16.8 mg of as-prepared Ce(OH)CO; nanorods
under stirring. The mixture was kept at 90 °C for 3 h,
followed by washing with water and then reduced by
freshly aqueous solution of NaBH, (3 mg, 5 mL). After
a few minute, a grey suspension of Ru/Ce (OH)COs
NCs were obtained and then used as the catalyst for
the catalytic reaction. The other four samples with
(2%, 4%, 8% and 10%) were
also prepared using the above method by changing the
amount of Ce(OH)COs.

For comparison, Ru NPs with different supports

(such as C, Al,Os, Si0,, CeO,, and Ce(OH)CO;) were
also prepared by the impregnation method (IMP). 2.6

different Ru loadings

mg of RuCl; and 16.8 mg of different supports were
add into the 5 mL of water solution, and then the
solution was stirred and sonicated at room temperature
for 30 min. Afterward, 3 mg of NaBH, was added into
the above obtained solution with vigorous stirring.
After 5 min, the black product were obtained, and
then used as catalyst for the catalytic reaction. The
Ru loading is 6.0 % in order to obtain similar active
particles.
1.3 Material characterization

The powder X-ray diffraction (XRD) was per-
formed on a Rigaku RINT-2200 X-ray diffractometer
with a Cu Ka (A=0.154 05 nm) source (40 kV, 20 mA)
to determine the structure of these catalysts. Scanning
(SEM, Hitachi, SU8020) image

was taken on a cold field-emission instrument to

electron microscope

survey the morphology of catalyst (5 kV). Transmission
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electron microscope (TEM), energy-dispersive X-ray
spectroscopy (EDX), were observed using transmission
electron microscope (TEM, JEM-2100) operating at
200 kV. The TEM samples were dispersed in ethanol
by sonication 30 min, and then one droplet of the
nanoparticle suspension was dropped onto a carbon-
coated copper grid and dried in air. X-ray photo-
electron spectroscopy (XPS) was carried out on an
ESCALABMKLL X-ray photoelectron spectrometer
with Al Ka radiation. The weight content of Ru in Ru/
Ce(OH)CO; NCs was analyzed by means of a 725-ES
inductively coupled plasma (ICP) spectrophotometer
(TG) was
carried out with a Netzsch-409 STA simultaneous TG-

(Varian Corp). Thermogravimetric analyses
DTA apparatus with a heating rate of 10 C -min™
under flowing air.
1.4 Catalytic activity

Catalytic reactions were carried out at room
temperature using a two-necked round bottom flask
with one of the flask openings connected to a gas
burette and the other for the introduction of AB.
During the reaction, the flask was placed in a
thermostat that was equipped with a water circulating
system to maintain the reaction temperature (25 °C),
usually within £0.5 °C. Then 1 mmol AB (34.30 mg)
was added into the reaction vessel and the reactant
was quickly stirred with a magnetic stirrer during the
reaction. The volume of hydrogen gas was evaluated
in a typical water-filled graduated burette system.
1.5 Kinetic studies of hydrolytic dehydrogenation

of AB catalyzed by Ru/Ce(OH)CO; NCs

Sets of experiments were carried out to establish
the rate law for catalytic hydrolysis of AB in aqueous
solution using Ru/Ce(OH)CO; NCs as catalyst. In the
first set of experiments, different concentrations of Ru
(0.35, 0.69, 1.04, and 1.38 mmol - L") were performed
at room temperature while the AB concentration was
kept the same (200 mmol -L.7™"). In the second set of
experiments, different concentrations of AB (100, 200,
300, and 400 mmol -L.7") were performed at room
temperature while the Ru concentration was kept the

same (1.38 mmol - L.™"). Finally, the reaction temperature

was varied at 20, 25, 30, and 35 °C while the molar

ratio of ng,/n was kept constant of 0.006 9.
1.6 Durability test

For durability test, catalytic reactions were
repeated 11 times at room temperature by adding
another equivalent of AB (1 mmol) into the reactor
after the previous cycle. The molar ratio of Ru to AB

was kept at 0.006 9 during each cycle test.
2 Result and discussion

2.1 Catalyst characterization

According to the TG/DTA analysis, the Ce(OH)CO;
material is stable under the temperature less than 280
°C (Fig.S1). Therefore, the synthesized Ce(OH)CO; can
be used as the support for nanocatalysts. The as-
synthesized Ru/Ce(OH)CO; NCs were characterized by
ICP, TG, XRD, TEM, HRTEM, EDX, and XPS. The
contents of Ru in the Ru/Ce(OH)CO; NCs were deter-
mined to be 6.0 % by ICP measurements (Table S1).
The XRD patterns of the as-synthesized Ce(OH)CO;,
Ru NPs, Ru/Ce(OH)CO; NCs before and after calcina-
tion are presented in Fig.1, respectively. As shown in
Fig.1a, all peaks in this pattern can be well-indexed
to a pure phase of Ce(OH)CO;, which is in good
agreement with the PDF file for Ce(OH)CO; (PDF No.
41-0013). Similar diffraction peaks are also observed
in Ru/Ce(OH)CO; NCs, indicating that host materials
almost remain intact after the loading of Ru NPs. For
free Ru NPs (Fig.1c), the diffraction peak 260=44.0°

CeO, PDF Card (34-0394)
Ru PDF Card (06-0663)

10 20 30 40 50 60 70 80 90
20/)
Fig.1 XRD patterns of the samples: (a) Ce(OH)CO,
nanorods; (b) Ru/Ce(OH)CO; NCs; (c) Ru NPs;
(d) Ru/Ce(OH)CO; NCs after heat treatment at
450 °C for 2 h in argon atmosphere
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attributed to Ru was observed. No distinct diffraction
peaks attributed to Ru were detected from the XRD
pattern of Ru/Ce (OH)CO; NCs (Fig.1b), which might
be due to the fact that the loading of Ru is too small
and the diffraction peaks of Ru NPs are covered by
Ce(OH)COs. To get the XRD information of Ru specie
in the NCs, we have tested Ru/Ce(OH)CO; NCs with a
high metal loading of 60.0%* (Fig.S2c). It is found
that obvious diffraction peak of Ru show wup,
indicating the existence of Ru in the NCs. As for Ru/
Ce (OH)CO; NCs with a Ru loading of 6.0%, after
heated treatment at 450 °C for 2 h in argon atmo-
sphere, Ru and CeO, with pure face-centered cubic
(fec) structure are observed (Fig.1d).

The microstructure of Ru/Ce(OH)CO; NCs were

fully analyzed by SEM, TEM, HRTEM, and EDX

observations. The TEM and SEM images of Ce(OH)COs
are shown in Fig.S3 and S4, respectively. The rod-like
Ce(OH)CO; support with 150~350 nm in diameter,
tens of nanometers in length, and smooth surface are
observed. As shown in Fig.S5, the SEM images of the
as-prepared Ru/Ce(OH)CO; NCs display the rougher
surface of Ce(OH)CO;, indicating that Ru NPs are
immobilized on the surface of Ce(OH)CO;. When the
Ru loading increases from 2% to 10%, the size of the
metal NPs supported on Ce(OH)CO; grows gradually.
Especially, the SEM images of Ru/Ce(OH)CO; NCs
with a high Ru loading 8% and 10% show a large
particle aggregation on the surface of Ce(OH)COs. The
TEM images of 6% Ru/Ce(OH)CO; NCs are shown in
Fig.2a~c. It can be found that the round and dark
points of Ru NPs are embedded and highly dispersed

Fig.2 TEM (a~c) and HR-TEM (d) images of Ru/Ce(OH)CO; NCs
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on the gray rods of Ce(OH)CO;, which can help to
prevent the agglomeration of Ru NPs. The lattice
fringes can be observed in the high-resolution TEM
(HRTEM) image (Fig.2d). Fig.2d shows the d spacing
of 0.205 nm, which is consistent with the (101) plane
of Ru. Furthermore, the HRTEM image shows that the
as-prepared Ru NPs with the size of about 4.8 nm.
The TEM-EDX

indicating that ruthenium is the only element detected

shown in Fig.S6,

spectrum  was

in the sample in addition to the framework elements
of Ce(OH)CO; (Ce, C, 0). Ru/Ce(OH)COsIMP can be
prepared by impregnation method with the Ce(OH)COs
and RuCl;. The representative SEM image of Ru/Ce
(OH)COsIMP is shown in Fig.S7. A similar morphology
was observed as for Ru/Ce(OH)CO; NCs (Fig.S5). The
compositions of Ru and Ce in the Ru/Ce(OH)CO;-IMP
is 0.006 9 and 0.073 6 mmol, which are quite close to
the initial amount of Ru and Ce, respectively.
Additionally, XPS is applied to confirm the

presence of metallic ruthenium, which reveal that the

Ru is the only element detected in addition to the
Ce(OH)CO; framework elements (C, O, Ce) (Fig.3a).
The results are well agreed with the EDX results. As
shown in Fig.3b, the XPS spectrum consists of Cls
peaks and Ru3d doublets. The peak-fitting of Ru3d core
level reveals four peaks, the peaks at 279.9 (Ru3ds,)
and 283.6 eV (Ru3dy,) are attributed to Ru®™*. While
the other two peaks at 280.7 and 285.7 eV stand for
oxidized Ru**., which may originate from the oxidation
of the Ru NPs upon exposure to air. The former peak
at 284.4 eV, covered by the signal of Cls, is consistent
with binding energy values related to Ru3ds,™.
Additionally, Cls peak at 288.4 eV (C=0) is observed
in the XPS. In summary, the nanocatalysts appeared
to consist of Ru’ and RuO, embedded on Ce(OH)CO;.
It should be noted that the partial oxidation of Ru
should not exert significant influence on the catalytic
activity of the Ru/Ce(OH)CO; NCs catalyst because of
the inactive RuO, might be reduced back to Ru’ by
AB or NaBH,/®.. Furthermore, XPS analysis is applied

Ols @
Ce3d

Ru3d + Cls

Ru3p

Si2p

—— Raw
Ra Ru3d,, ®

----- Background
- - RuO

- —Ru*

w T v T v T v T v T v
1200 1000 800 600 400 200 0

L v L L v v L v
292 290 2838 286 284 282 280 278 276

Binding energy / eV Binding energy / eV
Cedd,, (© AN ()
Ce3d,,

—Raw

—Fit

- -+ =Background

oo Ce*

p—— Cefﬂ»

v L Ll Ll v v v L) L] L] L] A
915 910 905 900 895 890 885 880 534 532 530 528 526 524

Binding energy / eV Binding energy / eV

Fig.3  Survey XPS spectrum of Ru/Ce(OH)CO; NCs(a) and the high resolution XPS spectra of
Ru3d, Ce3d, and Ols of Ru/Ce(OH)CO; NCs(b~d)
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for the sample with Ce (Fig.3¢) and O (Fig.3d). It can
be seen that, in this sample, Ce has the oxidized
states of Ce’* and Ce'*. The peak of Ols located at
about 530.5 eV is due to the chemisorbed oxygen
caused by Ce(OH)COs. It is reported that the oxygen
defect structure of cerium oxide is dynamic and may
change spontaneously due to physical parameters such
as temperature, presence of other ions, and partial
pressure of oxygen®. Therefore, the existences of
Ce* and Ce* in the sample are reasonable.
2.2 Catalytic activities for hydrolysis of AB
Catalytic activity of the prepared Ru/Ce(OH)COs
NCs together with Ru/Ce (OH)COs-IMP, Ru/C-IMP,
Ru/ALO5s-IMP, Ru/SiO,-IMP, and Ru/CeO,-IMP have
been investigated for the hydrolysis of AB aqueous
solution at 25 °C (ng, / n,=0.006 9). As shown in Fig.4,
the H, generation rate from aqueous AB significantly
depends on different catalysts. No hydrogen generation
was observed for Ce(OH)CO;, indicating that Ce(OH)
CO; is inactive for hydrolysis of AB. The Ru/C-IMP,
Ru/ALO5-IMP, Ru/SiO,-IMP, Ru/CeO,-IMP and Ru/Ce
(OH)CO;-IMP catalysts show a lower catalytic activity,
as compared to the activity of Ru/Ce(OH)CO; NCs.
Evidently, the as-synthesized Ru/Ce(OH)CO; NCs show
an excellent catalytic activity (1.1 min) with a total

TOF value as high as 389.6 moly -molg,™ +min™, rela-

70-
60-
g 50-
g
D 40 ) —8—Ru/Ce(OH)CO, NCs
S —e— Ru/C-IMP
Z 30- —A—Rw/ALO,-IMP
g —¥—Ru/SiO,-IMP
£l —4— Ru/Ce(OH)CO,-IMP
ol —»— Ru/CeO,IMP
—&—Ce(OH)CO,
0 -
T T L] T L) 1 L}
0 3 6 9 2 15 18
Time / min

Fig.4  Plots of the volume of hydrogen generation from
AB hydrolysis as a function of time catalyzed by
Ru/Ce(OH)CO; NCs, Ru/C-IMP, Ru/ALOs-IMP,
Ru/Si0,-IMP, Ru/Ce(OH)CO5-IMP, Ru/CeO,-IMP,
and Ce(OH)CO; at 25 °C, respectively (ng,/n\=
0.006 9)

tively high values for hydrolytic dehydrogenation of
AB (Table S2)!13171921252652601  The  highly catalytic
activity of Ru/Ce(OH)CO; NCs are attributed to high
dispersion of Ru NPs on the Ce(OH)CO; nanorod. The
formation of highly disperse Ru supported on Ce(OH)
CO; nanorod may be due to a reaction between Ru
(NH;5)cCl; and Ce(OH)CO; at 90 ‘CH. In addition, Ru/
Ce(OH)CO;-IMP  and Ru/CeO,-IMP prepared with Ru
(NH;)sCl; precursor show a lower catalytic activity
than those of Ru/Ce(OH)COs-IMP and Ru/CeO,-IMP
(Fig.S8). The Ru/Ce
(OH)CO; NCs with a Ru loading of 6.0% (Fig.S9)

displays a superior catalytic performance for the

prepared with RuCl; precursor

generation of hydrogen amongst all the Ru/Ce(OH)COs
catalysts with different Ru weight. Furthermore, the
as-synthesized Ru/Ce(OH)CO; NCs show a robust
durability for hydrolysis of AB even after eleven times
of recycle (Fig.S10). The observed activity loss is
probably due to the fact that the increase viscosity of
deactivation effect of the

the solution and/or

increasing metaborate  concentration during  the
hydrolysis of AB.

As shown in the Fig.S11, the Ru/Ce(OH)CO; NCs
after heat treatment at 450 C for 2 h in argon
atmosphere (i.e. Ru/Ce0,) have been investigated for
the hydrogen generation from AB (200 mmol L7, 5
mL). A stoichiometric amount of hydrogen (72 mL) is
evolved in 10.2 min. Obviously, Ru/Ce (OH)CO; NCs
after heated in the Ar atmosphere (i.e. Ru/Ce0,) exhibit
a lower catalytic performance, in comparison to Ru/Ce
(OH)CO; NCs, for the dehydrogenation of AB. The low
activity of Ru/Ce(OH)CO; NCs after calcination could
be attributed to the thermal decomposition of Ce(OH)
CO; and the aggregated of Ru.

Three set of experiments about catalyst concen-
tration, AB concentration, and temperature were
carried out to investigate the kinetics of Ru/Ce (OH)
CO; NCs toward hydrolysis of AB. Fig.5a shows the
plot of the evolution of equivalent hydrogen per mole
of AB versus time for the hydrolysis of AB using Ru/
Ce(OH)CO; NCs as the catalyst in different Ru conce-
ntrations. When the catalyst concentration increases,

the reaction time decreases obviously from 4.35 min
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Fig.5 (a) Plots of the volume of hydrogen generation from AB hydrolysis as a function of time at different catalyst

concentrations catalyzed by Ru/Ce(OH)CO; NCs (c =200 mmol-L™); (b) Incg, vs Inr plot

to 1.1 min for complete hydrogen release and the
hydrogen generation rate rises gradually. The hydrogen
generation rate was determined from the linear portion
from 0 to 70 mL of each plot. As shown in Fig.5b, the
line slope of the plot of hydrogen evolution rate versus
catalyst concentration in a log-log scale is 0.88, indi-
cating that the hydrolysis of AB catalyzed by Ru/Ce
(OH)CO; NCs are first order with respect to the
catalyst concentration. Therefore, the hydrogen gener-
ation rate (r) increases by increasing catalyst concen-
tration as expected (i.e., Inr=Incg,+3.59). Another set
of experiments were carried out to study the effect of
substrate concentration on the hydrogen generation
rate. Fig.S12a shows the plot of the evolution of AB
versus time for the hydrolysis of different AB concen-
trations using a constant Ru/Ce(OH)CO; NCs concen-
tration at 1.38 mmol - L™ as the catalyst at  (25+0.5) °C.

@

Volume of hydrogen / mL

1.0
Time / min

0.0 0.5 1.5 2.0

Fig.6

In[k / (mL-s™)]

As shown in Fig.S12b, the line slope of the plot of
hydrogen evolution rate versus initial concentration of
AB, both in a log-log scale is 0.005, indicating a
nearly zero-order regarding the AB concentration. The
hydrogen generation rate keeps constant (Inr=4.2) for
different AB the
hydrolysis of AB.

In the final set of kinetic studies, the catalytic

concentrations  from catalytic

hydrolysis of AB was carried out at various tempera-
tures in the range of 20~35 °C. Obviously, as the
reaction temperature increasing from 20 to 35 °C, the
hydrogen generation rates increase quickly (Fig.6a).
The values of rate constant & at different temperatures
are calculated from the slope of the linear part of each
plot from Fig.6a. The Arrhenius plot of Ink vs 1/T for
the catalyst is plotted in Fig.6b, from which the

apparent activation energy is determined to be
| ]
4.8
4.4
Ink = —7236.5/T+28.5
404
[}
3.6
Ll T Ll L Ll T
0.00324 000328 0.00332 0.00336 0.003 40

1/T/K!

(a) Plot of the volume of hydrogen generation from AB hydrolysis as a function of time at different

temperatures catalyzed by Ru/Ce(OH)CO; NCs (ng,/n,s=0.006 9); (b) Ink vs 1/T plot
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approximately 60.16 kJ-mol™.
3 Conclusions

In summary, the hydrogen production by hydr-
olysis of AB was studied by using Ru’ NPs immo-
bilized on Ce(OH)CO;. Ru NPs with average diameter
about 4.8 nm were remarkably well-dispersed on
the Ce(OH)CO;. The synthesized Ru/Ce(OH)CO; NCs
exhibited a superior catalytic activity for the hydro-
lytic dehydrogenation of AB under ambient atmosp-
here at room temperature. The TOF for the hydrolysis
of AB in the presence of Ru/Ce (OH)CO; NCs were

measured to be 389.6 mol,; ‘moly, ™ *min'. Moreover,

Ru/Ce(OH)CO; nanocatalyst was reused for at least
eleven cycles in complete hydrolysis of AB. This
simple synthetic method can be extended to other
Ce(OH)COj-based metallic systems in more applica-

tions.
Supporting information is available at http://www.wjhxxb.cn
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