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Well-dispersed rhodium-nickel nanoparticles grown on graphene
are successfully synthesized by co-reduction of graphene oxide and
metal precursors, wherein graphene proved to be a powerful
dispersion agent and distinct support for the RhNi nanoparticles.
Unexpectedly, the resultant RhNi@graphene catalyst exerts 100%
selectively and exceedingly high activity to complete the decompo-
sition reaction of hydrous hydrazine at room temperature. This
excellent catalytic performance might be due to the synergistic
effect of the graphene support and the RhNi nanoparticles and the
promotion effect of NaOH. The utilization of graphene as a novel
two-dimensional catalyst support to anchor active component
nanoparticles and thus to facilitate the electron transfer and mass
transport Kinetics during the catalytic reaction process opens up new
avenues for designing next-generation catalysts.
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analyses of the nanoparticles; UV-Vis tests of the solution before and
after reaction; hydrous hydrazine decomposition reaction results under
different conditions. See DOI: 10.1039/c2ee03344¢

The search for effective hydrogen-storage materials remains one of
the most challenging barriers in the implementation of a “hydrogen
economy” society, even after several decades of intensive explora-
tion.! Tts solution requires innovative breakthroughs coming from
scientific and technological research that looks beyond the storage
materials  currently  known.!?  Hydrazine = monohydrate
(H,NNH,-H,0) is considered as a promising hydrogen storage
material because of its high hydrogen content (8.0 wt%),>* easy
recharging as a liquid, and production of only nitrogen in addition to
hydrogen via a complete decomposition reaction: H,NNH, —
N,(g) + 2H(g). However, to maximize the efficacy of hydrazine as
a hydrogen storage material, one must avoid the undesired reaction
pathway: 3H,NNH, — 4NHj; + Ny(g).* Although 100% catalytic
selectivity has already been successfully achieved, the catalytic kinetics
is still terribly sluggish* which greatly hinders the practical application
of this system. Therefore, the development of highly selective and
highly efficient catalyst to significantly improve the kinetic properties
for the catalytic decomposition of hydrous hydrazine at room
temperature is urgently important for its practical application.
Nanocatalysis has been contributing significantly to many
important chemical reactions due to its large surface-to-volume ratio
and the enhanced surface atomic catalytic activity compared to its
bulk counterpart.® A key objective of nanocatalysis research is to
produce a catalyst with 100% selectivity, extremely high activity, and
long lifetime.® To this end, the great challenge in constructing

Broader context

The search for effective hydrogen-storage materials remains one of the most challenging barriers in the implementation of
a “hydrogen economy” society. Hydrazine monohydrate is considered as a promising hydrogen storage material because of its high
hydrogen content, easy recharging as a liquid employing the current infrastructure for liquid fuels, and only producing nitrogen in
addition to hydrogen, which does not need on-board collection for recycling. However, to enable hydrazine monohydrate for
practical hydrogen storage, one must avoid the undesired reaction pathway to ammonia. Herein, graphene is first employed and
proved to be a powerful dispersion agent and distinct support for the RhNi nanoparticles, and unexpectedly, the resultant catalyst
exerts 100% H, selectivity, excellent activity and stability toward complete decomposition of hydrous hydrazine under ambient
conditions, thanks to the great role of graphene as a communicating platform in facilitating the electron transfer and mass transport
kinetics during the catalytic reaction process. These encouraging results would certainly assist endeavors to further enhance the
terribly sluggish catalytic kinetics of hydrazine monohydrate decomposition catalyst. The utilization of graphene as a catalyst
support would lead to next-generation catalysts and herald significant changes in the economy and environmental impact of
chemical production.
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a nanocatalyst is to develop a large area of carbon surface which must
ensure the catalyst particles disperse without any aggregation and be
capable of facilitating the electron transfer and mass transport
kinetics during the catalytic reaction process.>*€

Graphene,® as a single-atom-thick carbon material,* inherently
holds many advantages such as extremely high surface area,®<
fantastic thermal/electrical conductivity,*= light weight, excellent
flexibility and mechanical strength,%" ezc., and thus is expected to find
exciting applications in electronics, engineering materials as well as an
ideal substrate for high-performance catalysts. Although many
studies have been focused on graphene-based materials for micro-
electronics, composite reinforcement, supercapacitor, lithium-ion
battery, and so on,” direct growth and anchoring of functional
nanomaterials as catalytically-active components on graphene and
then harvesting its catalytic performance has been rarely reported.
Thus, boosting the unique role of graphene for catalyst synthesis and
activity and comparing with other conventional carbon supports are
of great interest.

Herein, graphene-supported RhNi catalyst is successfully
synthesized by a facile co-reduction route, wherein the graphene plays
a key role as a powerful dispersion agent and distinct support for the
RhNi nanoparticles (NPs). Unexpectedly the resultant catalyst exerts
100% H, selectivity and exceedingly high activity toward complete
decomposition of hydrous hydrazine under ambient conditions. In
addition, sodium hydroxide (NaOH) can obviously promote the
reaction as well.

The RhNi NPs supported on graphene were synthesized by
co-reduction of rhodium(i) chloride and nickel(ir) chloride in the
presence of graphene oxide (GO) sheets using sodium borohydride as
a reducing agent. Then, hydrous hydrazine was introduced into the
reaction flask to be catalytically decomposed. The gas generated was
identified by mass spectrometry and its amount was measured
volumetrically.

Surprisingly, the RhINi catalyst prepared in the presence of GO
and NaOH exhibits 100% H, selectivity [n(N, + H,)/nN,H, = 3.0]
and remarkably high activity to complete the decomposition reaction
of hydrous hydrazine within only 49 min [trace (a), Fig. 1A] at room
temperature, which is much faster (as high as 327%) than that of the
most active catalysts ever reported for this reaction.* The reaction
selectivity and completeness are further determined by mass spec-
trometry (no NH; and Hy/N, = 2.0, Fig. 1B) and ultraviolet visible
(UV-Vis) spectra (no N,Hy after reaction, Fig. S17), respectively. On
the contrary, for the RhNi catalyst prepared without GO and NaOH,
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Fig. 1 (A) Time profiles for decomposition of hydrazine monohydrate
catalyzed by the RhINi NPs prepared (a) with and (b) without NaOH and
GO sheets. Inset: the expanded view of (a). (B) Mass spectral (MS) profile
of gases released from the complete decomposition of hydrous hydrazine
at room temperature.

only 1.4 equiv of gases (H, selectivity: 40%) can be released from
hydrous hydrazine even after more than 19 h [trace (b), Fig. 1A],
which is more than 23 times worse than that of RhNi catalyst
prepared with GO and NaOH.

The inductively coupled plasma atomic emission spectroscopy
(ICP-AES) results show that the Rh/Ni ratio of catalysts prepared
with and without GO sheets are 4.69 and 4.62, respectively, which are
almost in agreement with the ratio of metal precursors. The relative
change in the D to G peak intensity ratio before and after the
reduction in the Raman spectra (Fig. 2A) confirms the reduction of
GO during the preparation of the RhINi NPs.® We then analyzed the
X-ray diffraction patterns (XRD) of the two kinds of catalysts,
attempting to determine the underlying causes for their distinct
catalytic activities. Interestingly, it clearly shows that the diffraction
peaks of RhNi NPs supported on graphene are much weaker than
that of RhNi NPs without graphene support (Fig. 2B), indicating
that graphene can effectively restrain the growth of RhNi NPs. The
prominent diffraction peaks are similar to Rh, which might be due to
the relatively low content of Ni. The microstructures of the two
samples are then characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) (Fig. 3). As can
be seen from Fig. 3a and 3b, the RhINi NPs prepared with GO are
well dispersed on graphene with an average particle size of ~5 nm
(Fig. S2A+). On the contrary, the RhNi NPs prepared without GO
(Fig. 3c and 3d) are severely aggregated to much larger particles (ca.
26 nm, Fig. S2Bt). This is consistent with the XRD results. The
smaller size and lack of agglomeration indicate that GO can
successfully serve as not only a support but also an efficient dispersing
agent for the synthesis of RhINi NPs in aqueous solution, which is
understandable because the hydrophobic basal plane and the
hydrophilic phenyl epoxide and hydroxyl groups endow GO with the
ability as a surfactant,” which can anchor RhINi NPs and thus control
its size and distribution on the graphene during the synthetic process.
In addition, the high resolution TEM images (Fig. S3a and 3bt) and
the corresponding selected area energy dispersion (SAED) patterns
(Fig. 3b and 3d inset) indicate that both catalysts are in a poly-
crystalline state. Energy-dispersive X-ray spectroscopy (EDS) shows
that Rh and Ni are the main components of the catalysts (Fig. S3c
and 3dt). Elemental mapping profiles of Rh and Ni indicate the
formation of homogenous alloy NPs prepared via co-reduction
method (Fig. S47).

As a unique form of carbon, graphene has capabilities that make it
superior to other kinds of carbon as support for catalyst. For
comparison, we synthesized RhNi NPs supported on the state-of-the-
art carbon support (Vulcan XC-72R). To our surprise, although they
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Fig. 2 (A) Raman spectra of GO (a) before and (b) after the reduction.
(B) XRD profiles of (a) RhINi NPs supported on graphene and (b) RhNi
NPs alone.
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Fig. 3 SEM (a, c¢) and TEM (b, d) images of RhINi NPs prepared (left)
with and (right) without GO sheets and NaOH. The insets in (b) and (d):
the corresponding SAED pattern.

had similar size, distribution and crystal structure (SEM and TEM in
Fig. S5; XRD profile in Fig. S6t), the activity of RhNi NPs grown on
XC-72R is much lower than that with graphene (Fig. S71), high-
lighting the synergistic effect of graphene and active component NPs,
stemming from the intimate interactions and consequently efficient
electron transfer and/or mass transport between the active compo-
nent NPs and the conductive single-atom-thick 2-D graphene
network.'

The above mentioned results indicate that the excellent activity of
RhNi NPs supported on graphene can be reasonably attributed to
the combined effect of good dispersion and the intimate interaction
derived from graphene. However, we need to also consider whether
NaOH can also affect the catalyst performance as well. To this end,
the NaOH present in the synthesis process of RhNi/graphene is
washed away and then its catalytic performance tested. The result
shows that the selectivity and activity of the catalyst decrease signif-
icantly (only 1.42 equiv of gases released even after 900 min)
(Fig. S8at). Interestingly, this degenerative performance can be
recovered when an equivalent amount of NaOH is subsequently re-
added to the reaction flask, indicating that NaOH indeed affects the
selectivity and activity of the decomposition of hydrous hydrazine
(Fig. S8b¥). Similarly, the addition of NaOH can also obviously
improve the catalytic performance of RhNi NPs synthesized without
GO and NaOH (Fig. S97), further confirming the effect of NaOH.
However, this enhanced catalytic performance (Fig. S9b¥) is still
inferior to that of RhNi with graphene (Fig. S8b¥), highlighting the
role of graphene again.

The fact that hydrous hydrazine is very stable in the solution of
GO and NaOH indicates that NaOH only serves as a catalyst
promoter, not a catalyst, for the reaction (Fig. S10t). This is under-
standable because the existence of OH™~ could decrease the concen-
tration of undesirable N,Hs* (N,Hs" + OH™ = N,H; + H,0) in
aqueous solution'! and also promote the rate-determining deproto-
nation step (N,H; — N,H;3" + H") along the decomposition process
of N,H, to N, and H,.*? Besides promoting the reaction Kinetics, the

alkaline solution helps to inhibit the formation of NH; and thereby
obtain 100% H, selectivity.* In addition, the similarity in catalytic
performance of RhINi NPs with KOH or NaOH indicates that the
alkaline promotion role is general instead of alkali type-dependent
(Fig. S11+1).

To determine the effect of the amount of NaOH on the catalytic
performance, graphene supported RhNi catalysts are prepared with
various amounts of NaOH. It is found that the selectivity and activity
of catalysts for the decomposition of hydrous hydrazine increase with
the amount of NaOH until the amount reaches 2 mL, after which
further increase in the amount of NaOH has almost no effect on the
decomposition of hydrous hydrazine (Fig. S127).

As for the stability of the RhNi/graphene catalyst, we successively
test its catalytic performance by adding aliquots of hydrazine mon-
ohydrate into the reaction vessel after the completion of the previous
run. The result shows no significant catalytic activity decrease over 3
cycles (Fig. S137).

In summary, we have found a facile method to synthesize well-
dispersed RhINi NPs grown on graphene. The graphene proved to be
a distinct and powerful support for the RhNi-based catalyst.
Surprisingly, the resultant RhNi@graphene catalyst exerts excellent
catalytic performance for the decomposition of hydrous hydrazine at
room temperature, wherein NaOH plays a great role as a promoter as
well. The obtained catalyst is believed to open new and exciting
possibilities to promote the practical application of hydrous hydra-
zine for chemical hydrogen storage. The utilization of graphene as
a two-dimensional support to anchor active component NPs and to
facilitate the electron transfer and mass transport kinetics opens up
new avenues for designing next generation catalysts.
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