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Maximizing Catalysis of Nanoparticles via Their Monolayer
Assembly on Nitrogen-doped Graphene

Chao Yu', Xuefeng Guo', Menggi Shen, Bo Shen, Michelle Muzzio, Zhouyang Yin, Qing Li, Zheng Xi,

Junrui Li, Christopher T. Seto* and Shouheng Sun*

Abstract: We report a facile interface assembly method to assemble
a monolayer array of nitrogen-doped graphene (NG) and
nanoparticles (NPs) and then to transfer the dual monolayers onto a
solid substrate. Using 3 nm NiPd NPs as an example, we
demonstrate that NiPd-NG-Si can function as a catalyst probe and
show maximum NiPd catalysis for the hydrolysis of ammonia borane
(HsNBHs, AB) with its TOF = 4896.8 h' and E, = 18.8 kJ/mol. The
NiPd-NG-Si is also highly active for catalyzing transfer
hydrogenation from AB to -NO,, leading to the green chemistry
synthesis of quinazolines in water. Our assembly method can be
extended to other graphene and NP catalyst materials, providing a
new 2D NP catalyst platform for catalyzing multiple reactions in one-
pot with maximum efficiency.

The recent push for green chemistry syntheses of functional
molecules and materials requires new and efficient catalysts that
are able to catalyze multiple chemical reactions. Such catalysts
can also serve as models for developing a better understanding
of how to design and optimize multifunctional catalysts. One way
that this problem has been addressed is to have catalysts
arranged in a two-dimensional (2D) array so that each single
catalyst unit is exposed to reactants equally for a specific
reaction. This is conventionally achieved by using the
lithography process in which a catalytically active material is
deposited on a pre-patterned substrate.!. Recently, - self-
assembly techniques have advanced to a level that functional
nanoparticles (NPs) can be deposited on a flat surface® and
serve as a catalyst layer to achieve higher catalytic activity.!
However, this approach has been limited to NP deposition on
bulk solid surfaces. Efforts to deposit NPs on a flat nanoscale
support, such as graphene (G), have met with only limited
success for catalytic applications because of difficulties in
controlling monodisperse NP deposition on a flat G surface, " 4
or in unfolding the NP-modified G into a flat NP-G array.[

Here we report a facile assembly approach to consecutive
monolayer assembly of nitrogen-doped G (NG) and NPs to
achieve a monolayer NP deposition on NG and further on a flat
solid substrate, as outlined in Figure 1. Our assembly strategy is
based on liquid/liquid self-assembly of NPs reported as a way
for rapid fabrication of 2D nanostructures.®! By controlling
solvent types and solvent evaporation on the water phase, we
are able to assemble a monolayer array of NG (Figure 1a), and
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then a monolayer assembly of NPs (Figure 1b). By lifting a solid
substrate (S) from a water phase, we can transfer the monolayer
assembly of NPs and NG onto S, giving NPs-NG-S (Figure 1c).
The assembly method can be extended to G in general, but
pristine G cannot stabilize NPs well enough to survive the NP
activation process tested in this paper for catalysis. NG is a
better choice for anchoring/stabilizing NPs for catalytic studies
due to the N-doping induced disruption of the T-electron cloud
on the G surface.” 71 When proper NPs are chosen for the
assembly, the NPs-NG-S can serve as a convenient catalyst
“probe”: Inserting the probe into a solution containing all required
reactants will trigger a series of cascade reactions, while pulling
the probe away from the solution will stop the reactions (Figure
1c). In this way, we can achieve rational control of reaction
kinetics and product formation.
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Figure 1. a) Schematic illustration of the interface assembly of monolayer NG.
b) Interface assembly of NPs-NG. c) Assembled NPs-NG on both sides of S
as a probe to catalyze a solution phase reaction with “on” representing the
probe insertion to trigger the catalytic reaction, and “off” indicating the pulling
of the probe from the solution to stop the reaction.

We first demonstrate our new strategy to prepare NPs-NG-S.
NG was synthesized as reported,® and was dispersed in ethanol.
Representative NPs of 3 nm NizPd7 (denoted as NiPd in this
paper),®’ 8 nm Fe;0,1% and 9 nm Pdl!! were also prepared as
reported. We modified a previous report on the assembly of
graphene oxide (GO) [® 12 and performed our assembly by
dropping pentane (5 mL) onto a water (5 mL) surface (20 cm?) to
create a pentane-water inter-surface. Then we added 1 mL of
ethanol dispersion of NG (0.05 mg/mL) via a syringe into the
water phase without disrupting the interface. Evaporation of half
of the pentane at room temperature led to formation of a
reflective NG film at the interface. When we added 2.5 mL of NP
pentane dispersion (0.012 mg/mL) dropwise at this stage and let
the pentane completely evaporate, we obtained a monolayer
array of NPs directly on the NG film. The film was collected on a
SiO-coated Cu grid or a silicon wafer by lifting the substrate up
through the water phase, and dried in air. During this process,
lifting the substrate at different stages can give us either NG-Si
or NPs-NG-Si.

The NG-Si was characterized by atomic force microscope
(AFM, Figure 2a, Figure S1). Line scanning across a

This article is protected by copyright. All rights reserved.
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representative sheet gave a height profile and film thickness of
0.6 nm, corresponding to the thickness of a single layer of NG.&
131 The transmission electron microscope (TEM) images clearly
show the monolayer assembly of 3 nm NiPd NPs (Figure 2b), as
well as 9 nm Pd and 8 nm Fe;O4 NPs (Figure S2&3) on NG. The
NP arrays can be further characterized by AFM analysis (Figure
2c). For example, the average thickness of the NiPd-NG is
measured to be 3.1 nm. Subtracting the NG thickness of 0.6 nm
(Inset of Figure 2a) gives a NP height of 2.5 nm, close to the
average NP size measured by TEM, indicating the successfully
preparation of a dual-monolayer assembly of NPs and NG (AFM
measurements often give smaller dimensions than TEM
measurements, especially for NPs with dimensions less than 10
nm due to tip-sample interactions).™ Under these assembly
conditions with a properly controlled NP dispersion
concentration, we did not observe NP deposition on the non-NG
area of S, indicating that our assembly approach is very
selective for the formation of NPs-NG. However, increasing the
NP concentration to 0.016 mg/mL or higher caused the NPs to
stack in multilayers at the interface (Figure S4a), denoted as
(NiPd)>1-NG-Si, while reduction of the NP dispersion

concentration to 0.008 mg/mL or below resulted in patchy NP
assemblies on the NG surface (Figure S4b), denoted as
(NiPd)<1-NG-Si.
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Figure 2. a) AFM image of NG-S (S = Si). Inset: line profile of scanning across
the NG. b) TEM image of 3 nm NiPd-NG-S (S = SiO Type-A supported Cu
grid). c) AFM image of NiPd-NG-Si. Inset: line profile of scanning across part
of the NiPd-NG-Si. d) TEM image of 3 nm NiPd-NG-S (S = SiO Type-A
supported Cu grid) annealed at 400 °C. e) AFM image of the annealed NiPd-
NG-Si. (f) AFM height profile of line scanning across the annealed NiPd-NG-Si
ine).

Monolayer assembly of NPs on NG allows maximum
exposure of NPs for catalysis. The NG serves as a Lewis basic
support, providing anchoring sites not only for the NPs, but also
for Lewis acidic reactants, facilitating the enhancement of NP
catalysis.[*®! For comparison purposes, we also prepared NiPd-
G-Si (Figure S5), as well as physical mixture of NiPd+NG (or G)
by mixing NPs and NG (or G) (mass ratio 3/5) in hexane
followed by hexane washing. These NPs were activated by
annealing in Ar at 400 °C for 2 h. The NiPd-NG-Si shows no NP
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aggregation (Figure 2d). The AFM image of a representative
patch of the annealed sample shows nearly the same height (3.0
nm) when compared to the height measured for a freshly-
deposited, unannealed sample (Inset of Figure 2c). However,
the NiPd NPs in the NiPd-G-Si structure shows signs of stacking
after this annealing treatment (Figure S6). These observations
indicate that the NG indeed provides anchoring sites that
stabilize the NPs during the NP activation process.
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Figure 3. a) Stoichiometric hydrogen evolution from AB hydrolysis catalyzed
by NiPd-S prepared via different assembly methods ([AB] = 300 mM, T = 298
K. For NiPd-NG-Si or NiPd-G-Si, [NiPd] = 1.5 ppm and 1.7 ppm, respectively.
For (NiPd)<1-NG-Si and (NiPd)>1-NiPd-NG-Si, [NiPd] = 1.0 ppm and 2.1 ppm,
respectively. For NiPd+Support, [NiPd] = 0.15 mg/mL). b) TOF values of NiPd-
S prepared via different assembly methods. c¢) Stoichiometric hydrogen
evolution at different temperatures ([AB] = 300 mM, [NiPd] = 1.5 ppm). d) TOF
values of NiPd-NG at different temperatures. Inset: Arrhenius plot of In TOF vs
/).

We first tested the assembled NiPd NPs as a catalyst for the
hydrolysis of ammonia borane (AB) (the assembled Pd and
Fes;04 NPs were much less active than the NiPd NPs). We used
the reaction condition that has been optimized for the NiPd NP
catalyst (10 mL of 300 mM AB at 298 K)®! for the comparison
purpose, and plotted the data in Figure 3a,b. Compared with
other controls, the NiPd-NG-Si catalyst shows much-enhanced
activity for AB hydrolysis. (NiPd)>1-NG-Si, (NiPd)«-NG-Si and
even NiPd-G-Si are all less active than the monolayer assembly
NiPd-NG-Si. NiPd + NG (or G) is much less active than the
NiPd-NG-Si and requires that the NiPd loading be increased to
0.15 mg/mL for the rate of H, production to be comparable with
the NiPd-NG-Si (1.5 ppm). These results indicate that 1)
monolayer assembly can indeed maximize NiPd catalysis; and
2) the presence of NG enhances the NiPd catalysis due to the
NG’s role in stabilizing the NiPd NPs and activating NH3-BH3
bonding by the NG-BH; interaction. The temperature
dependence of the catalytic reaction from 298 K-328 K was also
measured as shown in Figure 3c. From the slope of the linear
plot of In TOF versus 1/T in Figure 3d, we calculated the
activation energy for H, evolution from AB to be E, = 18.8 kJ/mol,
and TOF to be 4896.8 moly, molyipg™® mint. The NiPd-NG-Si has
the lowest E, and highest initial TOF ever reported for AB
hydrolysis.[16]
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Figure 4. a) Reaction results of 2-nitroacetophenone and various aldehydes.
Reaction conditions: 2-nitroacetophenone (1 mmol), aromatic or aliphatic
aldehyde (1.2 mmol), NiPd-NG-Si (0.016 mol%), water (20 mL) and AB (3
mmol), 60 °C, 8 h. b) Schematic photos showing the NiPd-NG-catalyzed one-
pot synthesis of quinazolines using AB in water. c) Separation yields of
quinazoline 1a in successive runs using recycled NiPd-NG-Si).

Since AB hydrolysis has been used directly in transfer
hydrogenation reactions for organic reductions, 11 we explored
the advantages of our new catalyst probe for the AB-initiated
transfer hydrogenation and for the high-yield synthesis of
quinazolines - the key components present in heterocycle
compounds for displaying antibacterial, antifungal and
anticancer activities.*¥! Our NiPd-NG-Si catalyzed the one-pot
synthesis of quinazolines from o-nitroacetophenone and
benzaldehydes with AB hydrolysis providing the necessary H:
and NHs; (NHsf === NH; + H*) sources, as summarized in
Figure 4a. We screened reaction conditions and found that
reaction in water at 60 °C for 8 h to be optimal (Table S1 and
Table S2). The NiPd-NG-Si was the most active catalyst, giving
4-methyl-2-phenylquinazoline in an excellent yield of 99% in the
presence of only 0.016 mol% of NiPd. We tested the NiPd-NG-
Si catalyst for similar reactions and found it to be equally active
in producing quinazoline derivatives (1la-5a) regardless of the
presence of electron-donating or electron-withdrawing groups on
the benzaldehyde. Furthermore, an aliphatic aldehyde, which is
much less active under conventional reaction conditions, also
reacts well to give 6a in 84% vyield. In the synthesis, we simply
inserted the NiPd-NG-Si probe into the solution to initiate the
one-pot reaction. From the reaction system photos (Figure 4b),
we can see that after the probe is inserted into the reaction
solution, the balloon expands quickly due to the fast release of
H> from AB hydrolysis. As the reaction proceeds, the balloon
shrinks due to the consumption of H, during the subsequent
transfer hydrogenation and other reactions. We can pull the
catalyst probe out from the reaction system to stop the reaction
and to separate the reaction product. Using the reaction leading
to the formation of la, we tested stability of the NiPd-NG-Si
catalyst after 5 consecutive reaction runs. In each case, after
pulling the catalyst from the reaction solution and washing it with
water, the catalyst was ready for the next round of reaction. We
found no significant loss of catalytic activity (1a yield stayed
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>95% (Figure 4c) and no obvious change of catalyst morphology
(Figure S7), indicating that the NiPd-NG-Si catalyst is not only
active, but also stable under the reaction conditions.

We further performed three control experiments (Figure S8)
to study the possible reaction mechanism. From control
experiment 1, we can see that the reaction without aldehyde
gave aromatic amines. The formation of -NH, and =NH groups
shows that the hydrolysis of AB provides both H; and NH; for
the reactions. Control experiment 2 indicates that NHs; is a
reaction component required for the formation of quinazoline.
Control experiment 3 confirms that the catalyst is active for
dehydro-aromatization, and can further catalyze a second
transfer hydrogenation reaction to C=C of styrene. Based on
these control experiments and previous reports,*! we can
propose a possible mechanism to explain how the reactions
proceed to form the final product (Scheme S1). Overall,
compared with previous syntheses of quinazolines,?% our new
catalyst probe shows maximum activity for catalyzing one-pot
cascade reactions for the formation of quinazolines in water
under mild condition without the addition of any other additives
or oxidants.

We have developed a facile interfacial assembly method to
prepare a monolayer array of NG and NPs consecutively, and to
transfer the NPs-NG onto a solid substrate (S), obtaining the
dual NP and NG assemblies on S, NPs-NG-S. This NPs-NG-S
can be used as a catalyst probe to turn a catalytic reaction “on
by inserting the probe into the reaction solution and “off” by
pulling the probe out of the solution. Using 3 nm NiPd NPs as an
example, we have demonstrated that the monolayer NiPd-NG-Si
shows the maximum catalysis not only for AB hydrolysis, but
also for the following transfer hydrogenation, imine formation,
and condensation of aromatic nitro-compounds and aldehydes,
leading to the one-pot, high-yield synthesis of quinazolines in
water with only 0.016 mol% catalyst loading. Our assembly
method can be extended to other G and NPs, providing a new
2D NP platform for catalyzing reactions with optimum efficiency.

Experimental Section

Monolayer Assembly of NPs-NG-S: Pentane (5 mL) was firstly added on
the top of water (5 mL) to form a biphasic interface between pentane and
water phase. NG was mixed with ethanol (0.05 mg/mL) and 1 mL of this
solution was injected into the water phase. Once half of the pentane was
evaporated at room temperature, 2.5 mL of NPs/pentane solution (0.012
mg/mL for NizoPd7o, 0.02 mg/mL for FezOas, 0.02 mg/mL for Pd) was
added dropwise to the pentane phase. After pentane evaporation, a large
monolayer array was assembled on the surface of the NG, and was then
transferred onto S (14 mm x 6 mm silicon wafer or SiO Type-A supported
Cu grid) for characterizations. Other experimental details were given in
the supporting information.
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A simple interfacial assembly
method was developed to
assemble a  monolayer  of
nanoparticles and nitrogen-doped
graphene (NG) onto a solid
substrate. The as-prepared NiPd-
NG-Si serves as a robust and
highly efficient catalyst probe for
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the hydrolysis of ammonia borane Maximizing Catalysis of

and for the following up tandem Nanoparticles via Their Monolayer
reactions that lead to the high yield Assembly on Nitrogen-doped
synthesis of quinazolines in water. Graphene
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