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Patterns of noble metal nanoparticles (NMNPs) of 

ruthenium and platinum are formed on p-phosphonic acid 

calix[8]arene stabilised graphene in water. This involves 

hydrogen gas induced reduction of metal ions absorbed on 

the stabilised graphene, with TEM revealing the patterns 

being comprised of domains of parallel arrays of NMNPs ~7 

nm apart. The domains are orientated in three directions on 

each graphene sheet at an angle of ~60° or ~120° with respect 

to each other. AFM of self-assembled p-phosphonic acid 

calix[8]arene on the surface of a highly ordered pyrolytic 

graphite (HOPG) revealed a similar pattern, implying that 

the orientation of the assembly of p-phosphonic acid 

calix[8]arene is governed by the hexagonal motif of 

graphite/graphene. 

Manipulation of nanoparticles for assembly into specific 
arrangements at the nanoscale shows great promise for the 
fabrication of novel functional materials with unique electronic, 
optical, and magnetic properties.1-4 A variety of routes to achieve the 
directed self-assembly of nanoparticles have been explored, 
including the use of polymer scaffolds,2,5 programmable DNA 
linkers,6 crystal step edges,7 and lithography for assisting the 
assemblies on predefined surfaces.8,9 However, to facilely and 
precisely control the spatial organization of nanoparticles down to a 
few nanometre, especially with the ability to directly obtain scalable 
functional nano-composites, is a challenge.  

Herein we report a simple method of patterning of noble metal 
nanoparticles (NMNPs) on p-phosphonic acid calix[8]arene 
stabilised graphene sheets in water. This involves initially the self-
assembly of calixarene molecules onto the graphene at the time of 
exfoliation from graphite, followed by reduction using hydrogen of 
noble metal complex precursors bound to the calixarene functional 
groups through primary or secondary coordination interactions. 

NMNPs in general are a family of nanoparticles which have received 
intense interest.10,11 In most colloidal routes to NMNPs, stabilisers 
are introduced in order to produce mono-dispersed nanoparticles 
with unique properties.12-14 In recent years, there has been a trend in 
dispersing the NMNPs directly on supporting materials, to avoid 
underplaying the catalytic performance caused by the capping of the 
NMNP surface in the presence of stabilisers.15-18 Graphene has great 
potential as such a supporting material, given its large specific 
surface area, extraordinary physical properties,19 and strong 
interactions towards noble metals.20-22 

Covalently or non-covalently modified graphene is stabilised with 
surfactants under acidic conditions prior to the addition and binding 
of precursors metal complexes.23-24 The use of surfactants is also a 

Figure 1. Exfoliation of graphite in water involving probe 
sonication in the presence of p-phosphonic acid calix[8]arene, 
followed by NMNP pattern formation using hydrogen gas. 
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prerequisite for generating well-dispersed nanoparticles decorated on 
graphene. That said, there are limited studies on the interactions 
between metal complexes, surfactants and graphene, prior to 
reduction to the formed metal nanoparticles, despite the importance 
of these interactions in understanding the formation of NMNPs and 
further controlling their arrangements on graphene.25 

p-Phosphonic acid calix[8]arene has versatile properties, effectively 
facilitating the exfoliation of graphene and other laminar inorganic 
materials, and stabilising the resulting two-dimensional sheets in 
water, which relates to its amphiphilic nature, bearing ‘upper rim’ 
phosphonate groups and ‘lower rim’ hydroxyl groups.26 The ex-
tended family of p-phosphonic acid calix[n]arene, n=4, 5, 6, and 8, 
are effective in solubilizing and separating different diameter single-
walled carbon nanotubes, encapsulating anti-cancer drugs, 
templating the growth of metal nanoparticles, and stabilising 
graphene oxide, with the latter material effective in removing nitrate 
from aquatic effluents.27-33 p-Phosphonic acid calix[n]arenes are 
highly soluble in basic aqueous solutions through ionization of the 
phosphonate groups, but they have limited solubility in acidic 
solutions. Electrostatic potential analysis suggests that the largest 
macrocycle in the series, namely p-phosphonic acid calix[8]arene 
has the highest solubility in both acidic and basic conditions.34  

Decoration of NMNPs on p-phosphonic acid calix[8]arene 
functionalized two-dimensional materials is possible without the 
need for adjusting the pH.35 This involved probe sonicating pristine 
graphite in water in the presence of the macrocycle, in affording 
stable graphene suspensions. Low-speed centrifugal washing 
(~1800×g, 30 min) was used to remove non-exfoliated graphite 
flakes, with high-speed centrifugation (~16900×g, 30 min) used to 
remove excess calixarene. Any excess calixarene provides additional 
nucleation sites, resulting in the formation of unwanted calixarene 
capped NMNPs devoid of the graphene. Noble metal precursors of 

hydrated ruthenium(III) chloride (RuCl3) and chloroplatinic acid 
(H2PtCl6) were directly added to the aforementioned washed 
graphene suspensions. The resulting mixtures were left for 12 hours 
before high-speed centrifugal washing to remove any freestanding 
noble metal species. This is necessary because high concentrations 
of metal species result in strong kinetically driven diffusion, which 
could lead to aggregation and branching of the NMNPs, and also 
because metal ions can be reduced using hydrogen in forming 
freestanding metal particles. After washing and re-dispersing in 
Milli-Q water, hydrogen gas was bubbled through the solutions for 
20 minutes with two subsequent centrifugal washing steps resulted 
in NMNPs/graphene nano-hybrid material. A schematic of the 
overall process is shown in Figure 1, with full experimental details 
given in ESI. 

Distinct patterns of NMNPs patterns were present on the graphene 
sheets for both Ru/graphene and Pt/graphene nano-hybrid materials, 
as established using transmission electron microscopy (TEM). 
Figure 2a shows patterns of decorated nanoparticles on as 
synthesized Ru/graphene nano-hybrids material. A zoomed-in image 
of the indicated area is given in Figure 2b, establishes an average 
NMNP particle size of ~2-3 nm, and that they are aligned in parallel 
domains ~7 nm apart. In Figure 2d, the edge of the graphene sheet 
can be seen, and interestingly, a few lines are visible at the upper 
boundary, indicated by Arrow 1, whereas only one layer can be 
observed at the lower boundary, indicated by Arrow 2. A plausible 
explanation is that it is a monolayer graphene sheet, and the lines at 
the upper region were caused from slight scrolling of the graphene 
edge, where two-dimensional structures are energetically more 
unstable.36 HRTEM image of a Ru nanoparticle (Figure 2e) reveals 
the lattice fringe of the crystalline particle. Fast Fourier transform 
(FFT) diffraction pattern of the nanocrystal is given in Figure 2f, 
affording a lattice spacing ~0.21 nm, which corresponding to the 
Ru(101) plane.  

 

Figure 2. TEM of (a) graphene sheets decorated with Ru 
nanoparticles, (b) zoomed-in area as indicated in (a) showing the 
nanoparticles arrays, and (c) a closer view of the Ru/graphene 
nano-hybrids, with HRTEM in (d) showing the edge of the 
graphene sheet, and (e), showing an individual Ru nanoparticle 
with lattice fringe. (f) Corresponding FFT pattern of the Ru 
nanoparticle in (e). 

 

 

Figure 3. TEM of (a) Pt/graphene nano-hybrids, with (b) a 
zoomed-in area of the pattern indicated in (a). (c) Closer view of 
the pattern, with indicated areas for HRTEM in (d, e, and f), 
showing the lattice fringes of Pt nanoparticles. (g) Corresponding 
FFT pattern of the Pt nanoparticles in (f).   
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TEM was also carried out on the Pt/graphene nano-hybrids. Figure 
3a and 3b reveal aligned patterns of nanoparticles on graphene with 
a similar spacing distance to that of the analogous Ru/graphene 
hybrid material. HRTEM (Figure 3d-3f) was carried out on Pt 
nanoparticles in different areas indicated in Figure 3c. The HRTEM 
images can provide insight into the mechanism of growth of the 
metal nanoparticles. Prior to reduction, it is expected that the noble 
metal complexes were attached to the phosphonate groups of the 
calix[8]arene on the graphene. At the beginning of the reduction, 
ultra small NMNPs will be generated from closely associated metal 
complexes and these particles will tend to be spherical in shape by 
undergoing coalescence relaxation in order to maintain lower 
boundary energy. Subsequently, these nanoparticles will interact 
with each other. However, different from the freestanding nucleation 
and growth, the nanoparticles attached to the graphene sheet would 
be relatively difficult to migrate and rotate to form the same 
crystallographic orientation for oriented attachment.38 As a result, 
the nanoparticles maintain their own orientation to form nano-
polycrystalline structures, as shown in Figure 3d. In the meantime, 
some crystal nanochains with similar crystalline orientation can be 
observed (Figure 3e), which is probably attributed to the post-
attachment recrystallization that eliminated any inter-nanoparticle 
boundary.39 Figure 3f shows the lattice fringe of a Pt nanoparticle, 
with its corresponding FFT diffraction pattern (Figure 3g), indicating 
a spacing of ~0.23 nm for the Pt(111) plane. 

The consistency of the nanoparticle arrangements in both graphene 
nano-hybrids highlights a critical role of p-phosphonic acid 
calix[8]arene in forming the NMNP patterns. We note that 
calix[8]arene derivatives in general can self-organize into a 
monolayer tubular fashion on highly oriented pyrolytic graphite 
(HOPG)  at low concentrations via intermolecular interactions.39 p-
Phosphonic acid calix[8]arene binds to a freshly cleaved HOPG 
surface, forming a similar self-assembled structures as that for the 
above hybrid material, as established using atomic force microscopy 
(AFM), Figure 4a. Here the calixarene was dissolved in chloroform 

(~2×10-5 mg mL-1), which was then probe sonicated for 10 minutes 
prior to drop-casting on HOPG. Higher concentration (~2×10-3 mg 
mL-1) led to the formation of disoriented nanofibers, which were 
microns in length (Figure S1). Water is also used as the solvent for 
dispersing calixarene, even though its poor wettability on HOPG 
was an issue for AFM analysis. 

A comparison between the AFM images of self-assembled 
calixarene on HOPG and a TEM image of Ru/graphene (Figure 4b) 
shows similar patterns of domains of parallel arrays, ~7 nm apart. 
This matches the spacing of metal nanoparticle arrays from TEM. 
This similarity is consistent with the self-assembled calixarenes 
controlling the formation of the NMNP patterns. The orientation of 
the calixarene and NMNP (Figure 4b and 4d), revealed that all the 
parallel arrays are roughly in three directions at an angle of 60° or 
120° with respect to each other, implying that the assembly of 
calixarene is governed by the hexagonal structure of the 
graphene/graphite substrate, ie. the orientation of the calixarene on 
the surface is predetermined by the orientation of the hexagonal 
motif of graphene itself. 

We have established a simple solution based process for patterning 
NMNPs on graphene in the presence of p-phosphonic acid 
calix[8]arene. The ability to form patterns of metal nanoparticles in 
this way, relates to the self-assembly of the calixarene with specific 
orientation relative to the six membered motif of the graphene. 
These results provide further understanding of the controlled 
organization of noble metal nanoparticles decorated on supporting 
materials, directed by surface bound molecules. This method shows 
promise for generating novel graphene-based nano-hybrids by 
selecting different molecules/surfactants or varying the nature of the 
substrate. More importantly, it offers an effective way to organize 
particles at the nanometre scale on large area substrates, for example, 
in selectively generating patterns of metal nanoparticles on large-
sized graphene/graphite for electronic/optical applications.    
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