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Graphene supported Pd@Co core-shell nanocatalysts with
magnetically recyclability were synthesized via the in situ synthesis
strategy utilizing the distinction in reduction potentials of the two
precursors with appropriate reductant. The as-synthesized catalysts
exerted satisfied catalytic activity (916 L mol ' min—') and recycle
stability for hydrolytic dehydrogenation of ammonia borane.

Hydrogen, as an ideal alternative to petrochemical energy, has
attracted widespread research concerns and interests." Among many
significant barriers toward establishing hydrogen as a viable resource,
exploring efficient hydrogen storage materials remains a daunting
challenge.? Currently chemical hydrides have attracted a great deal of
attention because of their high gravimetric and volumetric storage
capacity.®* Among them, ammonia borane (NH;BH3, AB) has the
advantages of the high hydrogen content (19.6 wt%) and high
stability under the ambient conditions, which make it one of the most
compelling candidates for chemical hydrogen storage applications.*
Therefore, development of efficient, economical and stable catalysts is
highly desired to further improve the kinetic properties under
moderate conditions for the practical application of this system.* To
date, not only noble and non-noble metal-based catalysts but also
their composites have shown the high efficacy to catalyze the
hydrolytic dehydrogenation of AB.® Investigations of these catalysts
have revealed that the catalytic performance is highly dependant on
the dispersion of the active metals.” To solve this problem, many
techniques have been designed for restraining the agglomeration of
nanocatalysts, such as, stabilizing nanoparticles (NPs) with surfac-
tants, coating NPs with inert shells, and contriving the micro-
reactors.? Graphene, as an exciting material, has many merits of large
theoretical specific surface area, high intrinsic mobility, high thermal
and electrical conductivity, and thus is applied in fields such as
physics, chemistry as well as materials science.® Hence, it is under-
standable to use graphene as the substrate to anchor NPs with good
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dispersion. In addition, the rational structure designs of nanocatalysts
have also been convinced to enhance the catalytic activity.'
Accordingly, the cooperative effect can be expected between gra-
phene and nanostructures to facilitate the reaction.

Herein, we report the in situ synthesis of magnetically recyclable
graphene-supported Pd@Co core-shell NPs (Pd@Co/graphene)
utilizing the distinction in reduction potentials of the two precursors
with AB as the reducing agent at ambient conditions. Interestingly,
compared with its alloyed (PdCo/graphene) and graphene-free
(Pd@Co) counterparts, the as-synthesized nanocatalysts exert the
most excellent catalytic activity and recycle stability toward the
hydrolytic dehydrogenation of AB at ambient conditions.

Briefly, the in situ synthetic and catalytic procedure was achieved
by adding AB into the precursor solution containing Na,PdCl,,
Co(NOs),, and graphene oxide (GO). And the gas generated was
measured volumetrically.

Unexpectedly, the as-synthesized Pd@Co/graphene (Pd/Co =
0.1/0.9) exerts quite satisfactory catalytic activity toward hydrolytic
dehydrogenation of AB, with which the complete evolution of
3 equiv. of hydrogen takes only 3.5 min (Fig. 1a), which is faster than
that of many active catalysts reported.>®* For comparison,
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Fig. 1 Time plots of catalytic dehydrogenation of AB over (a) Pd@Co/
graphene, (b) PdCo/graphene, and (c) Pd@Co nanocatalysts (Pd/Co =
0.1/0.9) at ambient conditions. Catalyst/AB = 0.02 (molar ratio).
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PdCol/graphene and Pd@Co nanocatalysts with the same ratio of
Pd/Co are also prepared and applied to catalytic decomposition of
AB (Fig. 1b and c). It can be seen that their catalytic activities are
both inferior to that of Pd@Co/graphene, which confirms that the
cooperative effect between graphene and nanostructures are favour-
able for AB decomposition. Yet, the catalytic performance of PdCo/
graphene is better than that of Pd@Co nanocatalysts, highlighting
that graphene, anchoring NPs to suppress agglomeration, is the
dominant factor to facilitate AB decomposition in contrast to the role
of nanostructures in our system.

The microstructures of the three samples are characterized by
transmission electron microscopy (TEM) (Fig. 2). The NPs of the
three samples are roughly spherical in shape and ~7 nm in size. The
high resolution TEM (HRTEM) images indicate that the samples,
except for the crystalline core in Fig. 2B, are basically amorphous,
which had been reported to result in high concentration of active sites
for the catalytic reactions.”™ A distinct contrast of core and shell
metals for the in situ synthesized NPs reduced by AB can be observed
clearly, and the dark cores are Pd and the gray shells are Co
(Fig. 2B and F). Therefore, it can be concluded that Pd is initially
reduced by AB and subsequently acted as the active sites helping for
the reduction of Co which cannot be directly reduced by AB,

Fig. 2 TEM (left) and HRTEM (right) images of (A and B) Pd@Co/
graphene, (C and D) PdCo/graphene, and (E and F) Pd@Co nano-
catalysts, respectively.

reasonably forming the Pd@Co core-shell structure.’®! In contrast,
a relative stronger reduction agent, NaBH,, instead causes the
formation of PdCo alloy NPs (Fig. 2D) with inferior catalytic
activity, indicating both the relative reduction potentials of the metal
ions and the reduction ability of the reductant are the key factors for
the in situ synthesis strategy to obtain core-shell NPs. Above all, it
can be seen from Fig. 2A and C that the NPs reduced by either AB or
NaBH, were well dispersed with the aid of graphene, owing to the
functional groups on the GO surface (Fig. S17). By contrast, severe
agglomeration of graphene-free Pd@Co nanocatalysts is observed
(Fig. 2E), which hinders the active sites of the catalysts in exerting
their activities efficiently, highlighting the efficacy of graphene again.

Due to the small amount of Pd, the X-ray diffraction (XRD)
pattern of the in situ synthesized Pd@Co/graphene (Fig. S21) has no
obvious diffraction peak, implying that the sample is almost in an
amorphous state, which is in good agreement with the HRTEM
image. The relative change in the D to G peak intensity ratio before
and after the reduction in the Raman spectra (Fig. S3a and S3ct)
confirms the reduction of GO during the in situ synthetic and catalytic
process. Comparatively, the capability of AB alone for GO reduction
(Fig. S3bt) is weak, revealing that the presence of metal nanocatalysts
facilitates the reduction of GO.

To investigate the Pd/Co ratio-dependent effect toward AB
decomposition, the Pd/Co ratio is varied from 0 to 1.0 with the molar
ratio for catalysts to AB as a constant of 0.02 (Fig. S4t). Due to the
absence of Pd NPs, the precursor of Co cannot be inductively
reduced, resulting in no activity toward catalytic dehydrogenation of
AB. Unexpectedly, with the increase of Pd content, the catalytic
activities of the as-synthesized catalysts decrease gradually. Even
worse, when the Pd/Co ratio increases to 0.9/0.1, AB cannot be
catalytic decomposed completely. And only 82% of H, is released
over graphene supported pure Pd NPs, revealing the negative effect of
as-synthesized Pd on the hydrogen selectivity. The results above may
be attributed to more active sites deriving from the higher amorphous
Co contents.™ Moreover, the catalytic activities of Pd@M/graphene
(Pd/M = 0.1/0.9, M = Fe and Ni) nanocatalysts are also examined
(Fig. S51). For the more negative reduction potential of Fe*', the
zero-valent Fe is not obtained using AB as the reductant in the
presence of Pd NPs, making the as-prepared catalysts show no
obvious catalytic activity for AB decomposition within 13 min.
Although the reduction potential of Ni** is similar to that of Co*", the
combination of Pd with Ni displays inferior catalytic activity and
hydrogen selectivity toward the dehydrogenation of AB at ambient
conditions.

The stability or recycling ability is of great importance for the
practical application of catalysts. In this sense, the recycling
stability is evaluated in terms of the turnover frequency (TOF) for
Pd@Colgraphene as well as PdCo/graphene and Pd@Co nano-
catalysts (Fig. 3). With the highest initial TOF of 916 L mol™!
min~!, 531 the catalytic activity of Pd@Co/graphene has no serious
decrease (3% decrease) after 5 cycles, indicating the superior recycle
stability. Although the initial TOF of PdCo/graphene is not too
high, it remains almost stable with the presence of graphene.
Pd@Co nanocatalysts with the worst initial TOF show the
apparent loss in catalytic activity, confirming that graphene as the
ideal substrate is benefit for catalysts to exert remarkable activities
in durable lifetime. Moreover, the in situ synthesized Pd@Co/gra-
phene is magnetic and thus can be recovered by an external magnet
(Fig. S67).
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Fig. 3 Stability testing of catalytic dehydrogenation of AB over (a)
Pd@Col/graphene, (b) PdCo/graphene, and (¢) Pd@Co nanocatalysts
(Pd/Co = 0.1/0.9) in terms of TOF at ambient conditions. Catalyst/AB =

0.02 (molar ratio).

Conclusions

In summary, the cooperative effect between graphene and nano-
structures is confirmed by the in situ synthesized graphene supported
Pd@Co core-shell nanocatalysts which possess the merits of quite
satisfactory catalytic activity, durable stability and magnetically
recyclability for the hydrolytic dehydrogenation of AB at ambient
conditions. In addition, this synergy can be easily extended to the
other graphene-based metallic systems, which are used as optical,
magnetic, and electrical materials as well as heterogeneous catalysts.
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