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Abstract  

The interaction among Au nanoparticles, their surface ligands and the solvent critically 

influences the properties of nanoparticles. Despite employing spectroscopic and scattering 

techniques to investigate their ensemble structure, a comprehensive understanding at the 

nanoscale remains elusive. Electron microscopy enables characterization of the local structure 

and composition but is limited by insufficient contrast, electron beam sensitivity and ultra-high 

vacuum, which prevent the investigation of dynamic aspects. Here we show that, by exploiting 

high-quality graphene liquid cells, we can overcome these limitations and investigate the 

structure of the ligand shell around the Au nanoparticles, as well as the ligand-Au interface in 

a liquid environment. Using this graphene liquid cell, we visualize the anisotropy, composition 

and dynamics of ligand distribution at the Au nanorod surface. Our results indicate a micellar 

model for the surfactant organisation. This work opens up a reliable and direct visualization of 

ligand distribution around colloidal nanoparticles. 
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Main text 

Gold nanoparticles have been a topic of intense research for several decades due to their 

potential applications in various fields1. The synthesis of colloidal nanocrystals (NCs) with 

controllable shapes and sizes can be considered a mature field of research and was recently 

rewarded by the Nobel Prize in Chemistry2,3. It is widely accepted that surface ligands may 

influence NC growth by preferentially binding on certain crystallographic facets and 

consequently altering their surface energy4,5. For example, cetyltrimethylammonium bromide 

(CTAB) has become the main surfactant – often called shape-directing agent – in the seed-

mediated growth of anisotropic Au NCs. Based on scattering6–8 and spectroscopy techniques9–

13, a surfactant layer thickness of 32 Å was measured, resulting in a widely reported model of 

CTAB molecules that form a partially interdigitated bilayer structure10 at the surface of Au 

nanorods (NRs). Moreover, it was found that the grafting density of CTAB may vary over the 

surface of individual Au NRs. However, these characterization techniques correspond to 

ensemble measurements and thus cannot reveal the local structure and distribution of CTAB 

ligands on a single particle level. On the other hand, molecular dynamics simulations suggested 

that CTAB may form elongated surfactant micelles on Au NRs, leaving water channels 

containing bromide ions that provide a path for the diffusion of reactants toward the NR 

surface14,15. 

Based on these studies, it becomes clear that we do not have yet a complete picture of the way 

CTAB molecules are organized at the surface of Au NRs and whether their distribution is 

uniform or heterogeneous. Moreover, it is still unclear whether their organisation is static or 

dynamic and if surfactant organisation and behaviour is the same for all Au NRs in a colloidal 

dispersion. One may expect that transmission electron microscopy (TEM), a technique that 

enables one to investigate nanostructures down to the atomic scale, would be a useful approach 

to investigate the CTAB shell at the surface of individual Au NRs. Although a handful TEM 
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studies have been dedicated to investigate in detail the interface between Au NCs and CTAB16–

18, they did not afford direct ligand imaging. The main bottleneck is the relatively low atomic 

number of the atoms present in CTAB molecules, resulting in insufficient image contrast. This 

problem is especially challenging when using conventional TEM support grids, which contain 

a  ̴ 20 nm thick carbon layer that dramatically reduces the contrast obtained for surface ligands. 

A solution to this problem is the use of graphene as an ultrathin TEM support, which minimizes 

the background signal and thus leads to an improved contrast for the surface ligands, as has 

been illustrated by Lee et al. 19. Graphene moreover exhibits excellent thermal and electrical 

conductivity, which makes it possible to notably reduce charging effects and radiation damage 

during TEM investigation20–24. Therefore, graphene supports have been proven to be of great 

value for TEM characterization of soft-hard interfaces19,25, organic samples26, molecules27, 

proteins28, and even ligands18,19,29.  

Graphene grids were recently used in a study by Janicek et al. where electron energy loss 

spectroscopy (EELS) was applied to investigate the CTAB shell around Au NRs18. It is 

important to note that, a major drawback related to spectroscopic TEM techniques is the need 

for relatively long acquisition times and high electron doses, which may lead to alteration of 

the structure during acquisition. Even more important is the fact that, despite this great 

progress, all TEM studies of CTAB ligands were performed under conventional TEM 

conditions, i.e. in high vacuum. Samples are hereby prepared by depositing a drop of the 

colloidal dispersion on a TEM grid and, therefore, drying forces are expected to alter the 

distribution and structure of surface ligands, as compared to those in the original liquid 

environment. Although cryo TEM mitigates structural alteration because of capillary forces 

and has enabled the visualization of metal-containing ligands13, the approach is not applicable 

to directly imaging short ligands composed of low Z atoms (e.g., short carbon-chain based) 

ligands on small NPs. Moreover, the vitreous ice layer (typical thickness ~100 nm) further 
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compromises the image contrast. When investigating ligand shells surrounding Au NCs in a 

dried or cryogenic (and therefore static) state, no insights on the dynamic behaviour of ligands 

in the colloidal dispersion can be possibly obtained. It is therefore clear that further progress is 

required if we want to directly visualise the real structure of surface ligands together with their 

dynamic behaviour. 

Here we demonstrate the use of TEM to study ligands on single crystalline (SC) Au NRs inside 

graphene liquid cells (GLCs). GLCs have been previously applied for observation of NC 

growth, etching, and self-assembly30,31. However, to image low-contrast CTAB ligands in a 

liquid environment with sufficient contrast, it is crucial that polymer residues which are 

typically derived from graphene transfer, are completely removed. High quality GLCs were 

therefore prepared through an improved protocol for graphene transfer. Our results demonstrate 

that the measured thickness of the CTAB layer crucially depends on the presence and the 

amount of liquid in the GLC. A similar discrepancy between dried and wet state was observed 

for Au NRs capped with thiol-terminated polyethylene glycol (PEG-SH), thus confirming the 

importance of studying NC-adsorbed ligands in a liquid environment. The liquid environment 

additionally enabled us to gather preliminary information on the dynamics of CTAB micelles 

in a colloidal Au NR dispersion. We furthermore investigated the distribution of chemical 

elements near the Au-CTAB interface while in the liquid, which again is only possible when 

high quality GLCs are employed. Energy dispersive X-ray (EDX) spectroscopy analysis 

included the investigation of the possible presence of Ag, often claimed to be a shape-directing 

additive during the growth of SC Au NRs but the precise mechanism still being under debate32–

34. The unique possibility of directly deciphering the structure, composition, and dynamics of 

CTAB at the surface of Au NRs is envisaged to shed light on its role during Au NC growth.  
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Results and discussion 

Visualization of ligands: from dried state to liquid environment  

Monodisperse SC Au NRs (88 ± 3 nm × 22 ± 1 nm; Supplementary Fig. 1a,b) were prepared 

via a silver-assisted seeded growth method35, followed by washing and redispersion in CTAB 

solution (1 mM, corresponding to the critical micelle concentration, CMC). Our earlier work 

showed that nanorods prepared in this manner yield an octagonal cross section displaying {520} 

lateral facets capped by {110} and {100} tips36. To investigate possible drying effects when 

visualising ligands at the Au NR surface under conventional TEM conditions, we first drop 

casted the dispersion on a home-made graphene TEM grid, followed by drying under ambient 

conditions (Fig. 1a-c)37. Graphene is an excellent alternative to conventional TEM grids when 

imaging surface ligands18,19. However, the graphene transfer procedure for grid production 

involves polymers, typically polymethyl methacrylate (PMMA), which often leave residues on 

the grids38. Such residues may induce polymerization and fixation of hydrocarbon molecules 

during electron illumination, thereby hampering the direct visualisation of surface ligands.  

These limitations can be overcome by using cellulose acetate butyrate (CAB), a readily 

accessible polymer39, which can be effectively removed by heating the graphene grid embedded 

in activated carbon, a method that is often used to remove organic residues from the surface of 

TEM grids40–42. Further experimental details are provided in the Methods section and in 

Supplementary Fig. 2, whereas a demonstration of the superior quality of the graphene grids in 

comparison to commercially available grids is presented in the Extended Fig. 1 and 

Supplementary Fig. 3.  
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Fig. 1. Comparison of TEM investigation of gold NRs capped with CTAB ligands in dried 

state on a graphene grid and in a liquid environment. a, Schematic illustration of a gold NR on 

a graphene grid. b, AC-HRTEM image illustrating the CTAB shell, indicated by white arrows. 

c, Histogram showing ligand shell thickness at NR tips and lateral sides (average values, 1.21 

± 0.08 nm and 1.37 ± 0.05 nm, respectively). d, Schematic illustration of a GLC with a thin 

layer of liquid around a gold NR. e, AC-HRTEM image illustrating the CTAB shell, indicated 

by white arrows. f, Histogram showing the ligand shell thickness at NR tips and lateral sides 

(average values, 2.61 ± 0.23 nm and 3.02 ± 0.18 nm, respectively). g, Schematic illustration of 

a GLC with a thick layer of liquid around a gold NR. h, AC-HRTEM image illustrating the 

CTAB shell, indicated by white arrows. i, Histogram showing the ligand shell thickness at NR 

tips and lateral sides (average values, 3.22 ± 0.08 nm and 3.71 ± 0.08 nm, respectively). 

 

Aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM) 

imaging was then performed on CTAB-capped Au NRs, drop cast on home-made graphene 

grids (Fig. 1b), using an AC-TEM operated at 80 kV with a monochromated electron beam and 

a negative spherical aberration (Cs = -5 µm). Under the negative spherical aberration condition, 
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the contrast of light elements can be enhanced43, so that structural features corresponding to 

ligands29,44 can be observed, as indicated by white arrows in Fig. 1b. In contrast, ligand 

visualisation is largely hampered for systems deposited on conventional TEM grids, even when 

using ultra-thin amorphous carbon supports (Supplementary Fig. 4a-c). These observations 

demonstrate the importance of using high-quality graphene as the substrate for direct 

visualisation of surface ligands.  

The thickness of the CTAB shell was measured at both the tips and the sides of several Au NRs 

deposited on graphene grids (Fig. 1c; Supplementary Fig. 5; Supplementary Table 1) and the 

mean values and corresponding standard errors were found to be 1.21 ± 0.08 nm and 1.37 ± 

0.05 nm, respectively. These values are significantly smaller than the CTAB bilayer thickness 

(3.2-3.4 nm), reported from scattering-based techniques6,7 and from computer simulations45. 

This discrepancy is likely related to capillary forces inducing collapse of ligands upon drying 

the colloidal dispersion during TEM sample preparation, which indicates that interpretation of 

ligand distribution based on TEM measurements in dried state should be carried out with 

reservation.  

Next, we performed graphene encapsulation of the CTAB-stabilized Au NRs dispersion (Fig. 

1d-i; Supplementary Fig. 6a-d). Graphene encapsulation results in regions of nanoconfinement 

and has been successfully implemented in the past to study in situ growth of colloidal 

nanoparticles (NPs)46,47. However, to visualise ligands with sufficient contrast in GLCs, it is of 

great importance that polymer residues derived from graphene transfer are minimized, which 

is the case when exploiting the approach presented in this work. The GLC31 was sealed by 

removing the solution between an ultra-clean graphene grid at the bottom of a petri dish 

containing the colloidal dispersion and a graphene flake floating on the solution-air interface 

(Supplementary Fig. 6c,d; See Methods section for more details). 
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The preparation of the GLCs was validated by Fourier transformations of TEM images, 

confirming the presence of graphene (Supplementary Fig. 7a,b). We also observed the 

formation of bubbles and motion of Au NRs, which is additional proof that Au NRs were 

encapsulated in the GLC (yellow arrows in Supplementary Movie 1). This conclusion is 

supported by EELS, as presented in Supplementary Fig. 8. These measurements indicate a 

plasmon peak around 23.2 eV, which have been previously reported for water48 and the oxygen 

K-edge inside the GLC. From low loss EELS measurements combined with the log-ratio 

routine (See Methods section for details), we extracted the thickness of the GLCs and found it 

to vary between 30 and 95 nm. The average thickness obtained for 10 measured GLCs was 

approximately 45 nm (Supplementary Table 2). This value is in good agreement with 

measurements based on TEM and scanning transmission electron microscopy (STEM) images 

for tilted GLCs (Supplementary Fig. 9).  Fig. 1e and h show AC-HRTEM images with lower 

and higher background contrast, corresponding to GLCs with relatively small and large 

thickness, respectively. Although Fig. 1h clearly shows the presence of a shell at the Au NR 

surface, no detailed structure can be appreciated because of the low contrast of ligands in the 

presence of the surrounding liquid. From the thinner GLC, depicted in Fig. 1e, a more detailed 

structure for the CTAB shell at the Au NR surface, with thread-like features entangled with 

each other, can be observed. For both types of GLCs, we measured the thickness of the CTAB 

layer at different regions on the Au NRs (Fig. 1f and i; Supplementary Figs. 10 and 11; 

Supplementary Table 1). For the thick GLC, we found that the ligand shell on the tips (3.22 ± 

0.08 nm) was significantly thinner than that on the lateral facets (3.71 ± 0.08 nm). These values 

are in good agreement with the reported thickness of CTAB layers based on (averaged) 

ensemble measurements in liquid and with molecular dynamics simulations6,7,45. For the GLC 

with less liquid, we measured a CTAB shell thickness of 2.61 ± 0.23 nm at the tips and 3.02 ± 

0.18 nm at the lateral facets, which is significantly smaller compared to the values measured in 



10 

 

GLCs with a thicker layer of liquid. This indicates that the CTAB shell for the thin GLC is 

likely partially hydrated and, even though a more detailed structure can be appreciated, the 

interpretation of this apparently layered structure should be made with reservation. Our results 

demonstrate that relevant measurements of the ligand shell thickness require the presence of a 

sufficient amount of liquid. This conclusion does not only apply to CTAB, but also when 

comparing PEG-SH capped Au NRs in wet and dried state (see Supplementary information for 

sample preparation details; Extended Figs. 2 and 3), a similar trend was observed. Although it 

is not straightforward to quantify the optimum thickness of the GLC, we estimate that a 

thickness of 45 nm would be sufficient for Au NRs encapsulated by CTAB, based on the 

statistics presented in Supplementary Table 2, in correlation with the observation of bubbles 

forming within such GLCs.  

Organization of the ligand shell 

Because of the need for a sufficiently thick liquid background, direct visualisation of the 

internal structure of the CTAB shell remains non-trivial, also because images such as those in 

Figure 1 correspond to a 2D projection of the CTAB configuration on a cylindrical-shaped Au 

NR. On the other hand, our local measurements (Fig. 1i), indicate that the shell thickness is not 

uniform, being affected by curvature and/or the nature of surface facets18. Moreover, it is 

interesting to note that the CTAB organization at the Au NR surface shows notable variability 

for different NRs. Fig. 2 directly shows examples of the variability of the CTAB, illustrated by 

a NR for which the CTAB layer is much less apparent at the tip (Fig. 2a), a NR with shell 

thickness varying along the surface (Fig. 2b), and a NR with a patchy shell (Fig. 2c).  
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Fig. 2. AC-HRTEM images of different gold NRs capped with CTAB ligands in a liquid 

environment. a, NR for which the CTAB shell is much less apparent at the tip. b, NR with a 

varying CTAB shell thickness. c, NR with a patchy CTABshell. Yellow dashed lines are drawn 

to facilitate observation of the ligand shells. The corresponding images without dashed lines 

are shown in Supplementary Fig. 12. 
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The variability of the CTAB shell was also discussed by Janicek et al.18, based on EELS 

measurements performed in dried state. On the other hand, drying effects may have been 

responsible for the observed deviations from a uniform shell in that case. Since not only drying 

effects, but also electron beam effects should be avoided, the applied electron dose in this study 

was always kept below 500 e-/Å2 during TEM imaging, within the range that is commonly used 

to visualise organic structures in liquid49 (See Methods section for details). A dedicated 

validation experiment was additionally performed, in which AC-HRTEM images recorded 

before and after 3 minutes of beam exposure were compared (Supplementary Fig. 13) and no 

critical changes in shell thickness and organization were observed. These observations are in 

good agreement with previous reports on the scavenger effect provided by graphene during 

liquid TEM experiments of radiation-sensitive materials50,51. Moreover, although the pressure 

inside a GLC can be as high as 400 MPa52,53, ligand deformation is not expected at this pressure.  

Although a CTAB bilayer could be expected to result in a uniform layer with homogenous 

thickness, the observations in Fig. 2 support a model in which CTAB micelles are present at 

the Au surface and not necessarily connected to each other. It is worth mentioning that Meena 

and Sulpizi demonstrated that CTAB may form adjacent cylindrical micelles by molecular 

dynamic simulations14,15. However, due to challenges in imaging the ligands, such micellar 

structure has not yet been observed experimentally13,14. 

Dynamic motion in a liquid cell 

CTAB molecules in water at a concentration of 1 mM (CMC of CTAB) are expected to 

spontaneously form micelles in a dynamic fashion54,55. So far, it has not been possible to directly 

visualise these dynamics because of a lack of local characterization techniques that enable 
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investigations under relevant conditions. The liquid environment in a GLC enabled us to 

overcome these limitations. We indeed observed a micellar structure and even were able to 

track its movement in the GLC (Fig. 3a-c and Supplementary Movie 2). Intriguingly, we found 

that the shape of the micelle resembles an ellipsoid before colliding onto an adjacent Au NR. 

The micelle has an initial size of 12.9 × 8.8 nm, yielding an aspect ratio of ~1.5, in line with 

previous studies54,55. The size of the CTAB micelle is slightly larger than what might be 

anticipated for a concentration of 1 mM, but local deviations of the overall concentration of the 

solutions within GLCs are expected due to the stochastic formation of GLCs, resulting in 

different CTAB concentrations for different liquid cells56,57. We could observe this micelle 

deform upon seemingly attaching to the Au NR.  
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Fig. 3. Dynamic motion of a CTAB micelle in a GLC.a, AC-HRTEM image of a gold NR in a 

GLC, with a CTAB micelle close to its surface, surrounded by a white dashed square. b, A 

more detailed AC-HRTEM image of the CTAB micelle shown in a. The dashed orange 

ellipsoid indicates the approximate long and short axes of the micelle. c, Snapshots of the 

dynamics of the CTAB micelle from an AC-HRTEM time series (Supplementary Movie 2) 

showing the attachment of the CTAB micelle to the gold NR. 

 

Our observations challenge the current understanding of the CTAB shell being static and 

uniform, indicating instead that the shell conformation is more likely to be variable. The 

presence of micelles at the NR surface is in agreement with molecular dynamics simulations 

for these systems14,15,58. So far, direct experimental confirmation for these simulations was 

lacking.  

Ligand composition and distribution along the surface of the Au NR 

To go beyond a solely structural investigation and to further understand the chemical nature of 

CTAB-capped Au NRs, we performed EDX-STEM imaging in liquid (Fig. 4; Supplementary 

Figs. 14-17; Supplementary Table 3). Such measurements are challenging and require high 

quality GLC, without polymer remnants, so that e-beam induced build-up of carbon during the 

relatively long acquisition times is avoided41,42. The TEM holder was first tilted over 15° and a 

difference in background contrast in the annular dark-field scanning transmission electron 

microscopy (ADF-STEM) image could be observed near the CTAB-capped Au NRs (Fig. 4a). 

This contrast difference is due to the presence of liquid and matches the shape of the GLC52,56. 

Next, we measured the K-edge (Kα = 0.525 keV) X-ray intensity of oxygen inside and outside 

of the GLC (Fig. 4b; Supplementary Fig. 14a,b), with an intensity ratio of 4.7, which is another 

confirmation that the GLC has indeed trapped liquid inside59,60. More importantly, both Br and 
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Ag were found to be covering the surface of the Au NRs (Fig. 4c,d; Supplementary Figs. 15a-

e and 16a-g). A line profile of the Br intensity indicates a thickness of the CTAB shell of 

approximately ~ 3 nm (upper panel of Fig. 4e). Moreover, the distribution of Ag overlays well 

with that of Br (Fig. 4e), indicating that Ag ions are likely to form a complex with bromide at 

the Au NR surface, as previously reported34,61,62.  

 

Fig. 4. EDX-STEM analysis of a CTAB-capped gold NR encapsulated in a graphene GLC. 

a, ADF-STEM image of an encapsulated gold NR viewed at a 15° tilt angle. The yellow dashed 

lines denote the shape of the GLC. b–d, EDX chemical mapping of oxygen (b), overlay of gold 
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and bromine (c), and overlay of silver and gold (d). e, Line profiles across an encapsulated gold 

NR (inset), showing distributions of bromine (green) and gold (blue) (upper panel) and silver 

(red) and gold (blue) (lowerpanel). For full spectra and corresponding elemental chemical 

mappings, see Supplementary Figs. 15 and 16. 

 

Based on the EDX results, the arrangement of the Ag-CTAB complex was further quantified 

by measuring the ligand density, as explained in Supplementary Fig. 17a-e. These results 

suggest a lower density of Ag-CTAB at the tips versus the side facets (Supplementary Table 

3), in good agreement with earlier theoretical work34 and with TEM experiments performed 

under high vacuum conditions18. The observed anisotropy in both ligand shell thickness (Fig. 

1) and density supports the hypothesis that the Ag-CTAB complex would block specific facets 

during synthesis and consequently induce symmetry breaking34.  

In conclusion, our study demonstrates the importance of investigating the interface between 

Au NCs and surface ligands in a liquid environment, rather than in a dried state. Moreover, by 

exploiting GLCs based on high quality graphene transfer, we found anisotropy in CTAB ligand 

distribution over the Au NR surface. EDX measurements indicate that Ag ions most likely form 

a complex with bromine at the Au NR surface. Finally, we directly observed the dynamics of 

CTAB micelles in a liquid environment, suggesting that the ligand shell is not static and that 

structural changes may frequently appear. Our results agree with a micelle model for CTAB 

organisation on Au NRs and, although the measured thickness was found to be in good 

agreement with earlier work, no clear indications for the formation of a bilayer could be 

observed. The use of high-quality GLC63 opens up reliable and direct visualization of ligand 

distribution around colloidal nanoparticles. Such experiments may be able to explain recent 

reports, such as the influence of additives such as salycilic acid64, oleic acid65, or n-decanol66, 
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on the monodispersity of Au nanorods. Also in the currently very active field of chiral 

nanoparticle growth, visualising the distribution of chiral inducers and understanding how they 

affect such unusual growth mechanisms will further push the field of anisotropic growth of 

NPs4–6. Our experimental methodology may also enable one to distinguish mixed ligands on 

the surface of NPs with minute structural damage, complementing other techniques such as 

scanning tunneling microscopy13. Not only being beneficial for the materials science 

community, we foresee that direct imaging of the so-called protein corona by our approach will 

promote our understanding in protein-NP interactions that are critical to the design of new 

diagnosis and therapy strategies for disease treatment67.  
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Methods  

Graphene transfer 

The polymer solution used to create the protective coating was prepared by the combination 

CAB (Merck) and ethyl acetate (see Supplementary Methods for details), mixed using a 

magnetic stirrer. This solution was kept at room temperature. A monolayer of graphene on 

copper foil (Graphenea, 10 mm × 10 mm) produced by CVD was covered by an ultra-thin layer 

(See Supplementary Methods for more details) of the resulting polymer using a dip-coating 

method (Supplementary Fig. 2a). The backside of the copper foil was carefully washed several 

times using acetone. Afterwards, the copper foil was placed on the surface of an etching 

solvent, an aqueous solution prepared using 0.7 g of ammonium persulfate ((NH4)2S2O8) and 

100 mL of ultrapure water, for one-two hours approximately (Supplementary Fig. 2b).  As an 

extra step, the etching solution was diluted with ultrapure water until the approximate value of 

the latest (pH ≈ 5.85) (Supplementary Fig. 2c). Once the process was completed, holey carbon 

coated Au TEM grids (Quantifoil, 200 mesh, holes with 2 µm in diameter) were introduced in 

the water solution on a filter paper at the bottom of the petri dish (Supplementary Fig. 2d). 

Water was slowly removed, ensuring that the floating graphene and polymer layer were 

deposited on the grids (Supplementary Fig. 2e). Finally, the grids were dried at 35 °C for 30 

min (Supplementary Fig. 2f). Prior to use, the grids were heat treated by heating the sample in 

activated carbon to remove the CAB remnants effectively (Supplementary Fig. 2g)1,2. The 

graphene grid was placed in between activated carbon and heated up to 300 °C (with a ramp of 

5 °C/min) for 15 hours.  

Graphene liquid cell (GLC) 

The process to create a GLC starts with the etching of copper foil (Supplementary Fig. 6a), 

followed by dilution of the etching solution (Supplementary Fig. 6b). After that, the graphene 
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cell might be sealed from the bottom (Supplementary Fig. 6c). Encapsulation from the top was 

performed by first drop-casting the dispersion containing Au NRs with CTAB 1 mM on an 

ultra-clean graphene TEM grid and, before the solution evaporated, stamping the grid on the 

graphene flake (Supplementary Fig. 6c). On the other hand, after neutralization of the solvent, 

an ultra-clean graphene TEM grid was deposited under the floating graphene flake and the 

solution was exchanged for an aqueous solution of CTAB with a concentration of 1 mM. Then, 

the solution was removed while drop-casting 7 µL of the Au NRs dispersion with CTAB in 

solution. Finally, all the liquid was removed and the graphene flake floating on the liquid fell 

onto the flake at the bottom, forming sealed cells. In this manner, the flatness and homogeneity 

of the encapsulation can be ensured3. 

Transmission electron microscopy (TEM) 

TEM images at low magnification were obtained with a JEOL JEM-1400PLUS transmission 

electron microscope operating at an acceleration voltage of 120 kV, using carbon-coated 400 

square mesh copper grids.  

Aberration-corrected high-resolution TEM (AC-HRTEM) images were acquired using an 

aberration-corrected Thermo Fisher Scientific Titan operated at 80 kV using a monochromator 

and a negative spherical aberration (Cs = -5 µm). Au NRs capped by CTAB or PEG-SH were 

visualised using a Gatan US1000XP camera with an electron dose of 300 e- per image.  

67ADF-STEM imaging, EDX-STEM were performed using a Thermo Fisher Scientific Osiris 

electron microscope operated at 200 kV at a camera length of 115 mm. The EDX-STEM 

datasets were acquired with a 233 pA beam current and a total time acquisition of 

approximately 12 min.  

A detailed overview of the electron dose for different images in the manuscript can be found 

in Supplementary Table 4.  
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Electron energy loss spectroscopy (EELS) 

EELS experiments to determine the GLC thickness were performed using an aberration-

corrected Thermo Fisher Scientific Titan microscope operated at 80 kV. High angle annular 

dark field STEM images were acquired using a 50 pA beam current and a camera length of 115 

mm. An energy resolution of 0.16-0.20 eV (full width half maximum of zero loss peak (ZLP)) 

was achieved by exciting a monochromator (Wien filter) to 0.7. The thickness variation across 

the GLC was calculated using the log-ratio (relative) routine. The thickness t is computed as a 

multiple of the inelastic mean free path λ using the following equation:  𝑡 = 𝜆 ∙ ln⁡(
𝐼𝑡

𝐼0
), where 

I0 is the integrated area under the ZLP, It is the total integrated area (counts) under the whole 

spectrum. The value of λ for water using 200 keV is 106 nm. For 80 keV the values will be 

about a factor of 1.5 lower, i.e. ~70 nm4. 
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Data Availability  

Additional and raw data related to this paper is included in this published article and its 

Supplementary Information. 
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