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Abstract 
Recently, we have developed a robust yet general two-step drying-mediated approach to 

produce free-standing monolayered, plasmonic nanoparticle superlattice sheets, which are 

typically held by holey grids with minimal solid support. Nanoparticle building blocks are 

closely-packed with strong plasmonic coupling interactions, hence, such free-standing 

materials were termed as Plasmene nanosheet. Such nanosheets are novel two-dimensional (2D) 

nanomaterials with tailorable properties for broad applications in sensing, anticounterfeit, ionic 

gating, nanophotonics and flat lens. Here, we describe the detailed fabrication protocol 

including the synthesis of nanoparticle building blocks, surface functionalization by thiolated 

polystyrene, and the self-assembly of nanoparticles at the air-water interface. We also discuss 

various characterizations to check the quality and optical properties of the as-obtained 

Plasmene nanosheets using optical microscope, spectrophotometry, transmission/scanning 

electron microscopes and atomic force microscope. With regards to different constituent 

building blocks, the key experimental parameters including nanoparticle concentration and 

volume are summarized to guide the successful fabrication of specific Plasmene nanosheets. 

This protocol - from initial nanoparticle synthesis to the final fabrication and characterization, 

takes approximately 33.5h. 

 

Introduction 
Conventional 2D materials, such as graphene, MoS2, phosphorene and silicene, have attracted 

a lot of attentions due to their novel materials properties for wide application in photonics, 

sensing, filtration, electronics and energy1-4. In essence, such 2D materials are a single layer of 

atoms. As a nanoscale analogue, colloidal nanoparticles can be treated as ‘artificial atoms’ 

which can be used to build superlattice structures5. Since the first concept introduced in 19946, 

rapid developments on constructing nanoparticle superlattices have been achieved by a few 

research groups7-11. Different types of nanoparticle lattice structures were found, even the ones 

not present in mother nature12. Unconventional collective properties, which cannot be observed 

from isolated nanocrystals or disordered assemblies, were found and investigated including 

enhanced conductivities13,14, coherent vibrational modes15, unusual mechanical properties8,16, 

magnetic properties17,18 and plasmonic properties8,19,20. 
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On the other hand, it has also arisen some research interest how to use ‘artificial atoms’ to 

construct free-standing 2D nanoassemblies8,18,21-23. Several top-down and bottom-up strategies 

have been developed including drop casting method24, DNA mediated self-assembly8,22,25, 

Langmuir-Blodgett technique26,27, fluid-fluid interface assembly such as: air-liquid interface 

assembly28,29, vapour-liquid assembly30-32 and liquid-liquid interface self-assembly33. 

Although the past two decades have witnessed encouraging progress in producing free-standing 

2D nanoassemblies, current success has been limited to the fabrication of sphere or sphere-like 

building blocks with little understanding of plasmonic coupling properties. 

To address these challenges, we have developed a general two-step drying-mediated self-

assembling strategy to fabricate free-standing 2D plasmonic superlattices nanosheet, namely 

Plasmene nanosheets. The entire fabrication process is simple, efficient and robust, which 

involves in the following key steps: synthesis of monodisperse nanoparticle building blocks; 

grating thiolated polystyrene ligands to the nanoparticles with desired number density; drying-

mediated self-assembly on convex air/water interface associated with sessile water droplets 

that are typically sitting on holey copper grids. Compared to molecular ligand-based approach, 

we can produce Plasmene nanosheets from relatively larger-sized plasmonic nanoparticle 

building blocks with good control over inter-particle spacing; compared to previous DNA-

based approach, we can achieve production of nanosheets with macroscopic lateral dimensions. 

Either approach has limited success in producing 2D nanosheets from anisotropic nanoparticle 

building blocks. Our two-step drying-mediated strategy can be applied to any types of 

plasmonic nanoparticles. So far, we have successfully fabricated Plasmene nanosheets with 

more than 15 different nanoparticle building blocks with some long range ordered lattice 

structure as confirmed with synchrotron based grazing incidence small angle X-ray scattering 

(GISAXS) 34. 

 

Development of the protocol 

As shown in Figure 1, the first Plasmene nanosheet based on two-step drying mediated method 

described in this protocol was developed by using gold spherical nanoparticles as building 

block in 201135. In 2014, we formally introduced the concept of “Plasmene” –in analogy to 

graphene–as free-standing, one-particle-thick nanosheet of plasmonic nanoparticles20. Taking 

advantage of generality of this approach, we then extended simple spherical nanoparticles to 

other more complex shapes of nanoparticles, such as gold nanorods19, core-shell Au@Ag 
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nanocubes20, Au rhombic dodecahedrals, Au nanostars36 etc. The Plasmene fabricated from 

some elongated nanoparticles such as Au nanobipyramids and nanorods have led to ordered 

arrays with different orientations 19,37. By tailoring the size of nanoparticles36 or ligand length34, 

the inter-particle spacing in the Plasmene nanosheet could be controlled, which leads to 

adjustable optical properties. The capability of size and inter-particle distance control allows 

us to build asymmetric bilayered Plasmene nanosheet with cone-like nanochannels38.  Most 

recently, we have further extended our Plasmene family to a binary and transmutable system, 

achieving composition control39 and precise in-situ building blocks transformation40.   

 

Figure 1. Developments of Plasmene superalttice nanosheet fabricated based on this protocol. The first 
Plasmene nanosheet was developed in 2011 by using gold nanospheres.35 The concept of “Plasmene” was 
introduced in 2014. 20 The complex shapes of nanoparticles such as such as gold nanorods19, core-shell 
Au@Ag nanocubes20, Au rhombic dodecahedrals36, Au nanostars36, were then developed from 2012 to 
2015. During the development of this method, control of Plasmene orientation19,37, spacing34,36, shape36 

was realized. A binary Plasmene39  and transmutable Plasmene40 were built in 2018.  

Adapted with permission from ref. 19,20,35,37,38,40 American Chemical Society, and ref 36,39 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

 

Applications of the method 

The versatility of designing Plasmene nanosheets from constituent plasmonic nanoparticles 

with various size, shape, orientation and precise interparticle spacing control allow for 

tailorable materials properties. Such promising properties indicate vast opportunities in future 

multifunctional 2D metamaterials (Figure 2). For instance, the mechanically robust and soft PS 

ligands presented in Plasmene make it possible to fabricate ultrathin lens41, free-standing 1D 

ribbon and 3D complex origami in conjunction with focused ion-beam lithography20. In 

addition, the softness of  Plasmene nanosheet enables their conformal attachment to complex 

surfaces to work as a soft surface-enhanced Raman scattering (SERS) substrate for direct 

detection of chemicals/drugs/proteins, enabling “attach and detect” – a capability impossible 

to achieve with gold standard rigid opaque commercial Klarite SERS substrate34,42,43. The soft 

Plasmene nanosheets can also be used as anti-counterfeit security labels after embedding 

specific plasmonic and molecular codes36. On the other hand, the physical entanglement 

between PS ligands can perform like a ‘plant-cell wall’ which not only provide the robustness 

but also enable ion-permeability of Plasmene nanosheet. Such properties allow the reversible 

and transmutable growth process of Plasmene nanosheet40,44 as well as asymmetric ion gating 
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transport38. The composition control further allows us to obtain binary Plasmene nanosheets 

with n/p semiconductor like plasmonic properties39.  

 

Figure 2. Application of Plasmene nanosheet fabricated based on this protocol. With the development of 
this method, Plasmene nanosheet has been applied in several areas: in 2014, the Plasmene was fabricated 
into 1D ribbon and 3D origami20; in 2015, Plasmene nanosheet was applied to ion gating transport38, drug 

detection 43 and dual-code anti-counterfeit security label36; in 2016, Plasmene nanosheet was achieved 
orientation depended SERS performance37; in 2018, Plasmene nanosheet was fabricated into high 

performance lens 41 and used in n/p type like plasmonic doping 39 and immunosensing34. 

Adapted with permission from ref. 20,35,37,38,43, American Chemical Society, ref. 36,39, WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim,  ref. 34, The Royal Society of Chemistry, and ref. 41, Elsevier B.V. 

 

 

Comparison with other methods 

The key advantage of our fabrication technique is the simplicity, generality and versatility. 

Compared to complex fabrication methods of highly ordered plasmonic nanostructures, such 

as top-down lithography45-47, our method is entirely solution-based and can be processed at 

ambient condition. For example, ordered Au nanohole and Au pyramids arrays can be achieved 

by electron-beam evaporator where vacuum is needed and the evaporated metals are typically 

polycrystalline47. In comparison, our method can achieve highly ordered plasmonic 

nanostructures without the need of expensive equipment and each building blocks are 

essentially single crystals.  There are other solution-based methods to fabricate ordered 2D 

nanostructures arrays48, such as DNA8,49 and small molecules16  Nevertheless, the success in 

the entropy-driven DNA-based approach to 2D Plasmene was limited to nanosphere building 

blocks. The mainstream enthalpy-driven (i.e. Watson-Crick base-pairing) DNA-based self-

assembly requires buffered environment and complex experiment process with fine control of 

ionic strength or annealing temperature50, which has not yet led to highly ordered 2D 

assemblies stable in dehydrated states.  As for the small molecular ligands, the success was 

limited to fabricate small and spherical nanoparticles like quantum dots51 and metal 

nanoparticles with size less than 10nm16. It has been known that small metal nanoparticles only 

have weak plasmonic resonance peaks. In contrast, the adjustable soft PS brush can balance 

the Van der Waals forces enabling the choices of almost any building blocks with a wide range 

of sizes and shapes. In particular, we have demonstrated superior advantages of using PS 
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ligands for assembling 2D Plasmene nanosheets from 15 building blocks which have strong 

plasmonic resonance features. 

 

Limitations 

Despite of success in producing Plasmene nanosheets from 15 different building blocks with 

our approach, there are still limitations existing in this protocol. One of the limitations is the 

scalability. In this protocol, Plasmene nanosheet is fabricated on convex air/water interface 

associated with water droplets that are sitting on substrate. Although the final dimension of 

Plasmene nanosheet could be as large as ~ 7mm2, which is restricted by the surface area of 

convex water droplet. It is challenging to scale up further. In the literature, large-scale 

superlattices which can be achieved by other liquid/liquid interfacial techniques52. However, 

with such techniques, it is a tradeoff of the quality of internal order and uniformity. Our 

attempts with conventional Langmiur-Blodgett assembly only led to small micrometer-sized 

Plasmene patches because the lateral pressure offered by the baffle is insufficient to cause 

coalesce of small Plasmene patches 35. Another limitation is that our self-assembly method is 

lack of specificity. The mainstream DNA-based strategy53,54, is entirely based on optimized 

Watson-Crick base-pairing, namely enthalpy-driven process. Such a strategy offers superior 

specificity to program nanoparticle self-assembly to form finite-number assemblies and 3D 

assemblies, albeit no success in producing 2D ordered arrays in free-standing format yet stable 

in dehydrated state. Unlike the enthalpy-driven method, our PS-based approach is entirely 

entropy-driven without the capability of programming assembly. Apart from above limitations, 

this protocol represents a powerful strategy to fabricate high-quality Plasmene nanosheet with 

tunable building blocks shape, size, and inter-particle distance, and high ordering, which is not 

easily achieved otherwise by other methods. The stable nanosheets in dried states enabled 

studies on their plasmonic properties and applications. 
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Experimental design 

 

Figure 3 Workflow of fabricating Plasmene nanosheet. First, the plasmonic nanoparticles are synthesized 
(Step 1) and characterized (Step2-3). Then, the surface of plasmonic nanoparticles is modified by thiolated 
polystyrene ligand through ligand exchange (Step 4-10). Finally, Plasmene nanosheet is fabricated at the 
water droplet-based air-liquid interface (Step 12-15), which is followed by the characterization (Step16-

19). 

 

The workflow for fabrication and characterization of Plasmene nanosheet is shown in Figure 

3. The fabricating procedure includes three critical steps: synthesis of plasmonic nanoparticles, 

nanoparticles’ surface modification and the self-assembly of Plasmene nanosheet.  

 

Synthesis of plasmonic nanoparticles 

The success of wet chemistry synthesis in the past decades enable us to obtain different 

plasmonic NPs with high yield. By controlling the reaction time, temperature, reductant type 

and capping ligands types, the desired particle morphologies including size and shape could be 

engineered. The collection of those unique particles leads to a so-called artificial nanoparticle 

periodic table, which can be used as a toolbox when considering fabricating different well-

ordered assemblies55 . As shown in Figure 4, we have successfully synthesized several Au or 

Ag NPs including Au nanosphere (NS) 35, Au nanostar (Nstr) 36, Au nanobipyramid (NBP)37, 

Au nanotrisoctahedron (TOH) 34, Au nanocube (NC) 39, Au nanorod (NR) 19, Au rhombic 

dodecahedron (RD) 36, Au octahedron (OH) 56, Au nanoarrow (NA) and Au nanoarrow with 

different extent of Ag coating57, Au@Ag core-shell nanocube (Au@Ag NC) 20, Au@Ag core-

shell nanorod (Au@Ag NR) 40, Au@Ag core-shell nanobrick (Au@Ag NB) 52. These particles 

have been successfully fabricated into Plasmene nanosheets as described in following part 

(Steps 4-15) for different applications. It is expected that additional types of nanoparticles can 

be used to design new Plasmene nanosheets in future.  

 

Nanoparticles’ surface modification 

Soft ligands play critical roles in fabricating NPs-based assemblies by regulating the spacing, 

symmetry and assemblies properties48. We use thiol-terminated PS ligands to replace the 

weakly binding citrate or hexadecyltrimethylammonium chloride/bromide (CTAC/CTAB) by 
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forming Au-S covalent bond. PS is firstly dissolved in tetrahydrofuran (THF) which is miscible 

with water. The PS/THF solution is then added to citrate/CTAC/CTAB-capped NPs solution 

to allow ligand exchange to substitute citrate/CTAC/CTAB by PS. Afterwards, PS-capped NPs 

are washed with THF to remove unattached ligands and finally dispersed in chloroform which 

is immiscible with water. (Refer to Procedure Step 4-10 for detailed information).  

 

Figure 4 Schematic illustration of nanoparticles’ surface modification. The schematic 
plasmonic nanoparticles are modified with PS via ligand exchange process. 

 

Fabrication of Plasmene nanosheet 

Unlike traditional Langmuir-Blodgett self-assembly at the air-liquid interface, water droplet 

based drying-mediated self-assembly has been demonstrated to be an efficient method to 

fabricate homogenous close-packed nanoparticle monolayer16. Figure 5a illustrates how we can 

use a holey copper grid as the substrate to fabricate free-standing Plasmene nanosheets using 

the two-step drying-mediated self-assembly. Initially, a sessile water droplet was deposited 

onto a holey copper grid followed by drop casting of PS-capped nanoparticle chloroform 

solution. The rapid chloroform evaporation leads to formation of small Plasmene patches 

floating at the air/water interface. Subsequent water evaporation converts the air/water 

interface from convex to planar shapes. Strong surface tension in this process causes coalesce 

of small Plasmene patches into giant nanosheets with millimeter-scale lateral dimension. 

During this process, drying rate would determine the final orientation of building blocks, 

especially for elongated nanoparticles. Slow drying process would allow elongated 

nanoparticles	 to have more time to	align vertically to achieve their lowest possible energy 

state37. In the actual experiment, a holey copper grid is firstly held with a tweezer (Figure 5b). 

Then, a water droplet is placed onto the copper grid (Figure 5c). A pipette tip containing 

plasmonic nanoparticle solutions was gently touched onto water droplet surface (Figure 5d). 

Upon the evaporation of the organic solvents such as chloroform, a metal-like colour film 

spreads over water droplet surface (Figure 5e). Finally, the fully dehydrated 2D Plasmene 

nanosheet forms and spans over the entire copper grid (Figure 5f). As there is no carbon film 

on top of copper grid, Plasmene nanosheet is virtually suspended over the holey area. This 

step-by-step fabrication can lead to highly reproducible monolayered nanosheets, provided that 

the optimum nanoparticle amount is used.  
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Figure 5 Procedure of Plasmene nanosheet fabrication.  (a) Scheme of Plasmene nanosheet fabrication. 
(b) photograph of Cu grid; (c)-(e) photographs showing procedure of Plasmene nanosheet fabrication; (f) 

photograph of Plasmene nanosheet on Cu grid. 

 

Characterizations and Numerical simulation 

The aim of this protocol is to obtain giant uniform monolayer Plasmene nanosheets. Their 

quality can be characterized by various tools including transmission electron microscope 

(TEM), scanning electron microscope (SEM), atomic force microscope (AFM), light 

microscope, dark-field microscope, and microscope spectrophotometer, etc.  The morphologies 

may be characterized by light microscope, SEM and TEM to reveal microscopic and 

nanoscopic features. Online available free software ImageJ may be used to measure 

nanoparticle size, inter-particle spacing and crumpling structures. AFM can be used to quantify 

the thickness of Plasmene nanosheet to correlate with estimated thickness based on hard 

nanoparticle core size measured by TEM and collapsed PS corona. The microscope 

spectrophotometer (J&M MSP210 Microscope spectrometry) may be used to acquire 

plasmonic spectra, which can be analyzed and compared with theoretical simulations. Discrete 

Dipole Approximation, finite difference time domain, COMSOL, and potential T-matrix may 

be used to model specific plasmonic profiles for both discrete plasmonic nanoparticles and 

strongly coupling Plasmene nanosheets to identify and understand the plasmon modes. 

 

Materials 
Reagents 

• Hexadecyltrimethylammonium chloride solution (CTAC, Sigma-Aldrich, cat.no. 

292737) CAUTION This chemical is hazardous upon skin and eye contact. Wear gloves 

and safety glasses when handling the chemical. 

• Hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich, cat.no. H6269) 

CAUTION This chemical is harmful if swallowed and can cause skin irritation and eye 

damage. Wear gloves and safety glasses when handling the chemical. 

• Sodium borohydride (NaBH4, Sigma-Aldrich, cat.no. 452874) CAUTION This 

chemical is toxic and flammable. In contact with water, it releases flammable gases 

which may ignite spontaneously. Dissolve the chemical with ice-cooled water in fume 

hood. Wear gloves and safety glasses when handling the chemical. 
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• Gold (III) chloride trihydrate (HAuCl4, Sigma-Aldrich, cat.no.520918) CAUTION This 

chemical is moisture and light sensitive. Store the chemical in dry place. Wear gloves 

and safety glasses when handling the chemical. 

• L-ascorbic acid (AA, Sigma-Aldrich, cat.no. A92902)   

• Tetrahydrofuran (THF, Ajax Finechem, cat.no. AJA540) CAUTION This chemical is 

a flammable and volatile liquid. Use the chemical in fume hood and wear gloves and 

safety glasses when handling the chemical. 

• Chloroform (Merck Millipore, cat.no. 1024451000) CAUTION This chemical is a toxic 

and volatile liquid. Use the chemical in fume hood and wear gloves and safety glasses 

when handling the chemical. 

• Thiol-terminated polystyrene (Mn=12 000, 20 000, 50 000 g/mol) (Polymer Source Inc, 

product no. P8725-SSH for Mn=12 000 g/mol, P8659-SSH for Mn=20 000 g/mol, 

P4434-SSH for Mn=50 000 g/mol) CRITICAL For sphere-like nanoparticles such as 

Au NS, Au Nstr, Au NC, PS with different molecular weights will led to Plasmene 

nanosheet with different inter-particle spacing. The formation of nanosheets is not 

limited to the three molecular weights. As for elongated nanoparticle building blocks 

such as nanorods, nanocuboid and nanobipyramids, the PS ligand with molecular 

weight of 20 000 g/mol is recommended. 

• Possible commercial alternative plasmonic nanoparticle building blocks. The 

fabrication protocol should be in principle applicable to commercially available 

nanoparticles, such as nanospheres (Ted Pella, INC. PELCO® BioPure™ and 

NanoXact™ gold or silver colloidal nanoparticles), nanocubes (Creative Diagnostics® 

SpecNano™ gold nanocubes). However, the research group hasn’t explored such kind 

of studies.  

Holey-Grids  

To form free-standing plasmene nanosheets, a holey-grid is needed. Depending on the 

specific applications, one can choose a holey copper grid (Ted Pella, INC. G2000HS, 

Gilder Extra Fine Bar Grids, 2000 mesh, hole width 7.5𝜇m; G300HS, Gilder Fine Bar Grids, 

300 mesh, hole width 58𝜇m), or holey silicon nitride membrane (21535-10, PELCO® 

Holey Silicon Nitride Support Film, 200 nm, 2.5𝜇m pores). The nanosheets can also form 

on non-holey substrates such as ITO glass, Si wafer, Plastic petri dish, and Glass slide etc. 

Equipment 
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• Milli-Q system (Milli-Q Advantage A 10 water purification System, cat.no. 

Z00Q0V0WW) 

• Eppendorf Pipette (ranges: 1-2.5µL, 10-200 µL, 100-1000 µL, cat.no. 3111 000.114, 

3111 000.157, 3111 000.165) with disposable plastic tips 

• Centrifuge (Eppendorf centrifuge 5430 with rotor radius of 9.5 cm, cat. no. 5453000089)  

• TEM tweezer (Ted palle, product No. 510-4NM) 

• Vortex mixer (IKA MS3 basic shaker, cat. no.IKAW3617000) 

• Optical microscope (Nikon Eclipse Ni), for characterization. 

• Zeta sizer (Malvern Zetasizer Nano Zs), for measuring nanoparticle size. 

• Scanning electron microscope (SEM, FEI Helios NanoLab 600 Dual Beam FIB-SEM), 

for characterization. 

• Transmission electron microscope (TEM, FEI Tecnai G2 T20 TWIN TEM), for 

characterization. 

• Ultra-violate/visible (UV-vis) light spectrophotometer (Cary 60 UV-Vis, Agilent 

Technologies), for recording extinction spectra of liquid samples.   

• Microscope spectrophotometer (J&M MSP210 Microscope spectrometry), for 

recording extinction spectra of Plasmene nanosheet.  

Reagent setup 

We recommend the use of disposable plastic tube in the preparation of all the solutions in this 

protocol. The unavoidable glassware used for particle synthesis must be cleaned with Aqua 

regia first.   

 

Procedure 
Synthesis of plasmonic nanoparticles 20min - 12h 

1. Different kinds of nanoparticles could be synthesized by following methods described 

in literatures, including Au nanosphere (NS) 35, Au nanostar (Nstr) 36, Au 

nanobipyramid (NBP)37, Au nanotrisoctahedran (TOH) 34, Au nanocube (NC) 39, Au 

nanorod (NR) 19, Au rhombic dodecahedron (RD) 36, Au octahedron (OH) 56, Au 

nanoarrow (NA) and Au nanoarrow with different extent of Ag coating57, Au@Ag core-

shell nanocube (Au@Ag NC) 20, Au@Ag core-shell nanorod (Au@Ag NR) 40, Au@Ag 

core-shell nanobrick (Au@Ag NB) 52. ?TROUBLESHOOTING 
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Figure 4 illustrates the particles toolbox which has been successfully used for Plasmene 

nanosheet fabrication. Note, the building blocks can be used for Plasmene fabrication 

are not only limited to this current toolbox. In theory, any other shaped nanoparticles 

can be potentially adopted for Plasmene fabrication as long as thiolated polystyrene 

ligand exchange can be successfully achieved.  

CRITICAL STEP 

The glassware and stir bars used here must be cleaned with Aqua Regia. Contamination 

would lead to particle aggregation during the synthesis process.  

Characterisation of synthesized nanoparticles   0.5h 

2. Check SEM and TEM to confirm morphology of synthesized nanoparticles. For SEM 

characterization, cast ~10 µL of nanoparticles aqueous solution on Si wafer and dry at 

room temperature. For TEM characterization, dilute ~100 µL of nanoparticles aqueous 

solution with 0.9 mL MQ water and centrifuge at 5204 g for 10 min (Use different 

centrifuge speed for different nanoparticles, see Table 1 for recommended centrifuge 

speed for different nanoparticles). After that, remove top supernatant and add 1 mL MQ 

water to collected nanoparticles. Drop ~10 µL diluted nanoparticle aqueous solution 

onto the carbon film side of the Cu grid which is hold by a TEM tweezer. Leave the 

sample at room temperature to dry out to check TEM. See ANTICIPATED RESULTS 

(Figure 6) for representative SEM and TEM images for synthesized nanoparticles. The 

size of synthesized nanoparticles can be measured by software 

ImageJ.  ?TROUBLESHOOTING 

3. The quality of obtained solution can be analysed with UV-vis spectroscopy. See 

ANTICIPATED RESULTS (Figure 7a) for representative spectra for synthesized 

nanoparticles.     

 

CRITICAL STEP 

Synthesized nanoparticles must be well dispersed in solution with good size uniformity, 

which is ideal for next step nanosheet fabrication.   

PAUSE POINT 
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The obtained nanoparticles can be stored up to a few months without significant 

changes to their size and morphology. To avoid any degradation, store them in a 4°C 

fridge in a well-sealed vial. For silver nanoparticles, an additional aluminium foil is 

needed to cover the container.    

Nanoparticles’ surface modification             12h 

4. Take 10 ml nanoparticle solution and transfer into 1.5 ml tube with 1 ml solution in 

each. Centrifuge at 5204 g for 10 min.  ?TROUBLESHOOTING 

CRITICAL STEP 

A time-lapse video for Step 4 – Step 14 is show in Supplementary Information. 

 

The concentration used for fabricating plasmene nanosheets differs from particle to 

particle. The concentration of different plasmonic nanoparticles can be calculated by 

using the information including the sizes of Au NPs measured by TEM, the amount of 

gold precursor and final volume of synthesized Au NPs. Detailed calculation of 

concentrations of different plasmonic nanoparticles is shown in Supplementary 

Information. See Table 1 for volume of particle solution and centrifugation speed used 

for different particles.  
 
 
Table 1. Volume and centrifugation configuration used for different plasmonic 
nanoparticles  

Particles Size 
(nm) 

Molar 
concentratio
n of 
nanoparticle
s aqueous 
suspension 
(M) 

Typical 
volume 
used for 
ligand 
exchang
e (ml) 

Molar 
concentratio
n of final 
suspension 
(M) 

Centrifugati
on speed 
(rcf/g) 

Centrifugati
on time 
(min) 

Au nanosphere ~12nm 5.26×10-9 10 1.05×10-6 20817 10 
Au nanostar ~45nm 1.29×10-9 10 2.58×10-7 5204  10 
Au nanocube ~35nm 3.59×10-11 10 7.18×10-9 9585 10 
Au 
nanotrisoctahedr
on 

~50nm 4.67×10-11 10 9.34×10-9 3824 4 

Au 
nanobipyramid 

~62nm 
in 
length 
and 

2.44 x 10-11 6 4.88×10-9 5974 10 
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20nm 
in 
diamete
r 

Au nanorod ~55nm 
in 
length 
and 
~21nm 
in 
diamete
r 

3.36×10-10 10 6.72×10-8 5204 10 

Au rhombic 
dodecahedron 

~85nm 1.70×10-10 10 3.40×10-8 10621 10 

Au octahedron ~90nm 1.70×10-10 10 3.40×10-8 10621 10 
Au@Ag core-
shell nanocuboid 

~60nm 
in 
length 
and 
~35nm 
in 
width 

3.36×10-10 10 6.72×10-8 5204 10 

Au@Ag core-
shell nanocube 

~40nm 3.98×10-10 10 7.96×10-8 10621 10 

Au@Ag core-
shell nanorod 

~95nm 
in 
length 
and 
20nm 
in 
width 

2.44 x 10-11 10 4.88×10-9 5204 10 

Au nanoarrows ~60nm 
in 
length 

3.36×10-10 10 6.72×10-8 5204 10 

 
 

5. Weight 20 mg thiol PS and dissolve into 5 ml THF. Use Vortex mixer to ensure the 

well dispersion of PS polymer.  

6. After centrifugation, remove the supernatant and redisperse the precipitation with 

PS/THF solution. 1 ml for every two tubes. Use Vortex mixer to help 

mixing. ?TROUBLESHOOTING 

7. Leave the solution undisturbed for 12 hrs in a fume hood. 

CRITICAL STEP 
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This will allow a complete ligand exchange process. The residual of supernatant must 

be kept minimum before adding THF solution.  

8. Centrifuge the solution at 5204 g for 10 min, then remove supernatant. Redisperse with 

5 ml THF. 1 ml for each tube.  

Centrifuge the solution at 5204 g for 10 min, then remove supernatant. Redisperse with 

5 ml THF again. 1 ml for each tube.  

CRITICAL STEP 

This can ensure the excess PS polymer being separated from particles.  

9. Centrifuge the solution at 5204 g for 10 min, then remove supernatant. Redisperse with 

5 ml Chloroform. 1 ml for each tube.  

PAUSE POINT 

The experiment can be stopped at this step if operator need any rest. The solution can 

be kept sealed for 5 hrs.  

 

10. Centrifuge the solution at 5204 g for 10 min, then remove supernatant. Redisperse with 

1 ml chloroform for all tubes. 

 

Characterisation of PS-capped nanoparticles ~0.5h 

11. To check if PS ligands have been attached onto nanoparticles, UV-vis spectra and 

hydrodynamic diameter distribution of particle solution are recorded. See 

ANITICIPATED RESULTS (Figure 7) for a representative UV-vis spectra and 

dynamic laser scattering result. 

CRITICAL STEP 

The particles are now dispersed in chloroform, which cannot be measured with 

disposable cuvette. Use a quartz cuvette with lid instead to protect the equipment.  

Fabrication of Plasmene nanosheet 3h 

12. Centrifuge the solution at 5204 g for 10 min, remove most supernatant and leave ~50 

µl chloroform. Use pipette tip to mix precipitation with residual chloroform solution.  

CRITICAL STEP 
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After the ligand exchange and the washing process, the final concentration of different 

nanoparticles in chloroform for Plasmene nanosheet fabrication is shown in Table 1. 

  

13. Use a sharp tweezer (Ted Pella Inc) to hold holey copper grid. Drop 10 µl water onto 

the grid. 

CRITICAL STEP 

It is crucial to form sessile convex water droplet in order to form high-quality 

nanosheets using our two-step drying-mediated self-assembly process. We found 

sessile droplets could form on various holey-grids whether hydrophilic copper grid or 

hydrophobic silicon nitride membrane. The mesh size could be varied by using different 

types of holey copper grid. 2.5 µm diameter circle shape, 7.5 µm and 58 µm width 

square shape mesh have been successfully used. For characterizing mechanical 

properties, a circle shape silicon nitride mesh should be used. Large square mesh may 

be used when fabricating Plasmene based origami. In addition, other substrates such as 

Si wafer, ITO glass, glass slide, Parafilm and PDMS can be used, as long as convex 

water droplet could be formed on them. For a very hydrophilic substrate, water will 

spread and proper surface treatment is needed ensuring formation of sessile droplet 

before fabricating Plasmene nanosheet.   

 

14. Use pipette to drop around 0.2 µl concentrated particle solution onto water droplet 

surface. ?TROUBLESHOOTING  

CRITICAL STEP 

Nanoparticle patches will be formed spontaneously upon the evaporation of chloroform.   

 

15. Let the system undisturbed for 2 hours, giant Plasmene nanosheet can be obtained after 

full water evaporation. 

CRITICAL STEP 

Drying rate can affect the final orientation of elongated nanoparticles within Plasmene 

nanosheet. For elongated nanoparticles (for example, Au NBP), slowing down drying 

speed (either increase humidity or decrease temperature) may allow nanoparticles to 

have more time to adjust their orientation to reach thermodynamically more stable state. 

In this case, vertical alignment could be formed rather than horizontal alignment37. For 

spherical-like nanoparticles, such as Au TOH, room temperature (~ 20°C) drying is 

suffcient for high quality Plasmene nanosheet formation.   
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Characterisation of Plasmene nanosheet ~5.5h 

16. Optical microscope can be used to do a primary check on fabrication quality. See 

ANITICIPATED RESULTS (Figure 8a) for a representative optical image.  

17. TEM, SEM and AFM can be used to check the morphology and thickness of obtained 

Plasmene nanosheet (Figure 8b-d). The free-standing Plasmene nanosheet can be 

checked directly by TEM. For SEM and AFM characterization, fabricate Plasmene 

nanosheet on Si wafer instead of Cu grid. High-quality Plasmene nanosheet shows 

highly ordered packing (as shown in Figure 8c) and is only about one-particle in 

thickness (as shown in Figure 8d). 

18. Microscope spectrophotometer can be used to characterize plasmonic properties of 

Plasmene nanosheet. See ANTICIPATED RESULTS (Figure 8e) for representative 

extinction spectra for Plasmene nanosheet. 

19. The numerical simulations of Plasmene nanosheet can be performed using software 

such as CST Microwave Studio Suite. For Plasmene nanosheet, a unit cell16 from TEM 

image (shown in Figure 9a) can be repeated to build a giant model Plasmene nanosheet 

whose optical extinction properties can be modelled by using Tetrahedral mesh in the 

frequency-domain simulations with automatic mesh refinement under plane-wave 

extinction.  

 

Troubleshooting table 

Step Problem Possible reasons Solution 
1 Particles solution does 

not show anticipated 
colours.  

The glasswares used 
were dirty.  

Use Aqua Regia to 
clean glassware and 
use single use plastic 
tube if possible.   

2 Cannot observe the 
morphology clearly  

Too much ligands on 
nanoparticles surface. 

Wash nanoparticles 
with water for several 
times before preparing 
TEM sample. 

4 Colour suddenly 
changes to dark 

Particle aggregations 
due to contamination 

Change to clean 
pipette tips  

6 Crystal like 
precipitation after 
centrifugation 

Surfactant 
precipitation due to 
low temperature 
storage. 

Use warm water bath 
to dissolve the 
surfactant before 
centrifugation.  
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14 No gold/silver like 
colours observed, only 
dark colour. 
 
 
Immediately observe 
thick bright colour 
dots on water surface.  

The concentration is 
too low. 
 
 
 
The concentration is 
too high. 

Centrifuge again and 
leave the residual 
supernatant as 
minimum as possible. 
 
Add more chloroform 
into residues.   

 

 

TIMING 

Step 1-3: Synthesis and characterization of nanoparticles; ~12.5h; 

Step 4-11: Nanoparticles' surface modification and characterization; ~12.5h; 

Step 12-18: Fabrication and characterization of Plasmene nanosheets; ~3.5h;  

Step 19: Numerical simulation. ~5h. 

 

ANITICIPATED RESULTS 

Synthesis of plasmonic nanoparticles 

 

Figure 6. Characterization of plasmonic nanoparticles. (a) SEM, and (b) TEM image of synthesized Au 
NPs (Scale bar: 50nm) 

The representative SEM and TEM images of synthesized plasmonic nanoparticles are shown 

in Figure 6. The average size of Au nanoparticles for this particular sample is 33.2±3.5 nm. 

 

Nanoparticles’ surface modification 

 

Figure 7. Characterization of Au NPs bulk solutions. (a) UV-visible spectra and (b) hydrodynamic 
diameter distribution of CTAB-capped Au nanoparticles in water (black curve) and PS-capped Au 

nanoparticles in chloroform after ligand exchange (red curve). Inserts are photos of CTAB-capped Au 
nanoparticles in water and PS-capped Au nanoparticles in chloroform. 

 

As shown in Figure 7a, the successful PS-capped nanoparticles should show similar peak shape 

in UV-vis spectra to CTAB-capped nanoparticles. A slight red shift can be observed in the 

peaks which is due to the change of refractive index in surrounding medium. The 



19	
	

hydrodynamic size of CTAB-capped Au nanoparticles and PS-capped Au nanoparticles should 

be different because of the length difference of CTAB and PS (as shown in Figure 7b). 

 

Morphological and optical properties of Plasmene nanosheet 

 

Figure 8. Characterization of Plasmene nanosheet. (a) Optical image of free-standing Plasmene 
nanosheet on a copper grid under transmission mode (scale bar: 50µm). (b) SEM image (scale bar: 25µm) 

and (c) TEM image (scale bar: 50nm) of free-standing Plasmene nanosheet. Holey copper gird with 7.5 µm 
width square mesh was used. (d) AFM image of substrate (Si wafer)-supported Plasmene nanosheet with 

corresponding line scan results shown inset to measure the thickness of the nanosheet. (e) UV-visible 
spectra of free-standing Plasmene nanosheet. 

 

Figure 8a-c show the morphology of representative Plasmene nanosheet recorded by optical 

and electron microscopes. The giant free-standing sitting on a holey square TEM grid can be 

readily observed under optical microscope with distinct colour (shown in Figure 8a). The 

monolayered Plasmene may be seen from SEM characterization (Figure 8b). Normally, well 

pronounced ridges can be observed reflecting elasticity of the Plasmene nanosheets. The 

building blocks in the Plasmene tend to pack closely with each other with highly ordered 

symmetrical structure, as shown in Figure 8c. The thickness of Plasmene nanosheet can be 

checked by AFM (Figure 8d). The thickness obtained by AFM (34.2±3.2 nm) is close to the 

nanoparticle size measured from electron microscope images, proving that Plasmene nanosheet 

is one-particle thick. Figure 8e shows the typical UV-vis extinction spectra of Plasmene 

nanosheet. Compared to the spectra of PS-capped Au nanoparticle in solution (shown in Figure 

7a red curve), the peak in the spectra of Plasmene nanosheet show obvious red shift attributed 

to strong plasmonic coupling between Au nanoparticles37.   

 

Numerical simulation of Plasmene nanosheet 

 

Figure 9. Plasmonic property of Plasmene nanosheet. (a) Representative TEM image for Plasmene 
nanosheet used to simulate. (b) near-field distributions when excited with light having a free space 

wavelength of 490 nm. Adapted with permission from ref. 20, American Chemical Society. 

 

Numerical simulation can be used to identify the plasmon modes corresponding to plasmonic 

peaks. The representative simulation result of Plasmene nanosheet is shown in Figure 9. Figure 
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9a is the TEM image of Plasmene nanosheet used to input into COMSOL. Figure 9b is the 

near-field distribution pattern of Plasmene nanosheet. It is shown that strong electromagnetic 

fields are highly localized in the gap between nanoparticles, which is responsible for the sharp 

plasmonic peak observed36. 
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