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S1 – The four-electrode inverse liquid│liquid cell configuration and the cell compositions of the 

voltammetry deposition and impedance spectroscopy

Figure S1 Schematic of the cell with the aqueous (w) and the organic (o) phases and the cell 

compositions of the voltammetry deposition (1) and impedance spectroscopy (2).

The cyclic voltammetry and electrochemical impedance spectroscopy (EIS) experiments were 

performed using a four-electrode configuration (Fig S1). Homemade Ag/AgCl reference electrodes 

(RE) were directly immersed in the chloride containing aqueous phase, an aqueous solution of 0.1 mM 

LiCl and 1 mM BTPPACl was brought in contact with the organic solution and formed a liquid 

junction for the organic reference electrode (REo). The aqueous counter electrode (CEw) was glass 

coated to avoid contact of the Pt with the organic (upper) phase. The cell compositions (Fig S1) of the 

Pd NPs deposition using cyclic voltammetry (1) and for the EIS measurements (2) are shown.
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S2 – Microscopic characterisation of the CVD GR on the Si/SiO2 and lacey carbon coated copper 

grid substrates

Figure S2 Optical micrograph (A), SEM (B), AFM (C) and atomic resolution HAADF (from 

consecutive scans) images from the pristine graphene monolayer on Si/SiO2 or lacey carbon coated 

copper grid substrate.

The optical microscopic image (Fig S2A) shows the monolayer with the ridges/wrinkles/grain 

boundaries, which can be seen on the scanning electron microscopic (SEM) image (Fig S2B) and on 

atomic force microscopic (AFM) image (Fig S2C) as well. The ridges and wrinkles are underneath a 

continuous graphene monolayer, the CVD GR is visible only via these wrinkles and the graphene 

surface is dominated by these nano-sized ridges, which are 2–10 nm in height.1-3 High-angle annular 

dark field (HAADF) imaging (Fig S2D) in the scanning transmission electron microscope (STEM) 

shows at atomic resolution the 2-dimensional single layer carbon atom honeycomb lattice, representing 

the ca. 1.42 Å length bonds between the carbon atoms.4-6 The slightly brighter parts on the edge of the 

image are due to the presence of surface contamination on the graphene layer - likely hydrocarbon-

based, which is ubiquitous in most free-standing graphene layers.7
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S3 – AFM measurement of thickness of the graphene monolayer on the Si/SiO2 substrate

Figure S3 A: AFM image of the graphene layer on the Si/SiO2, the bottom part is the graphene 

layer. B: The average height profile from cross sections (lines marked in A) between the layer and the 

substrate. C: AFM image of PMMA coated graphene layer on the Si/SiO2. D: The average height 

profile from cross sections (lines marked in C) between the PMMA/CVD GR multilayers and the 

substrate.

Atomic force micrograph of the graphene layer is presented in Fig S3A, part of the monolayer is visible 

in lower part of image and Fig S3B shows the average height profile from cross sections along the edge 

(marked with lines in Fig S3A) between the GR layer and the substrate. The step height of the GR layer 

is ca. 1 nm, which corresponds to monolayer, in reasonable agreement with the known value for 

pristine monolayer graphene (0.35 to 1 nm).3,8 The additional particles of several nanometers in height 

are residues of the poly (methyl methacrylate) (PMMA) polymer that was used to transfer the graphene 

to the Si/SiO2 substrate.3 More particles can be seen on the Si/SiO2, as these are moved from the top of 

the graphene layer during the PMMA dissolution, moved and remained on the substrate. Figure S3C 

displays the PMMA spin-coated CVD graphene (PMMA/CVD GR multilayer), the PMMA is the 

yellowish right part and the average height profile from cross sections along the edge (marked with 

lines in Fig S3C) between the PMMA/CVD GR multilayer and the Si/SiO2 is depicted by Figure S3D. 

The step height of the multilayer is ca. 100 nm.
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S4 – Photographs of Pd NPs deposition at ITIES and the interface-assembled CVD GR as a 

function of contact time

Figure S4 shows the photographs of the spontaneous metal NPs deposition reaction as a function of the 

contact time (A: 1 min, B: 5 min, C: 15 min, D: 30 min) at the interface between two immiscible 

electrolyte solutions (ITIES). The first vial shows the PMMA/CVD GR multilayer at the interface, the 

graphene monolayer becomes invisible after a while due to the PMMA layer dissolution. The second 

vial shows the palladium salt ((NH4)2PdCl4) in the aqueous phase (down) and the DecMFc reducing 

agent in the organic solution (upper). The third vial contains the same concentrations of the reactant 

species as the second one and the graphene layer is assembled at the interface. The darker Pd NPs 

decorated graphene single-layer can be observed after 1 min (A), while without the graphene, in the 

middle vial nothing can be seen. Only after 15 min (C) is a darker “layer” (Pd NPs) visible, which 

becomes thicker after 30 min (D), so with the CVD GR at the interface the spontaneous nanoparticle 

deposition is faster than without.

Figure S4 Photographic images of the Pd NPs deposition at the bare interface and at the interface 

assembled CVD GR (≈ 5 mm × 7 mm) after 1 min (A), 5min (B), 15 min (C) and 30 min (D) contact 

time. The first vial contains the supporting electrolyte in both phases and graphene monolayer at 

interface, in the middle one there are the supporting electrolytes and 1 mM (NH4)2PdCl4 in the aqueous 

solution, 2 mM DecMFc in the organic phase, while in the third vial there is the same composition than 

the second one and the CVD GR is assembled at the interface. The DCE/5-nonanone ratio is 1:4.
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S5 – STEM images and EELS mapping of the Au metal NPs decorated CVD GR monolayer

Figure S5 HAADF (from consecutive scans) images (A, B) from the deposited Au “nano-island” 

on graphene monolayer (the structure was then transferred to a lacey carbon coated copper grid for 

electron microscopy observation). B is a magnified view of the region highlighted by a green rectangle 

in A. C-D: EELS spectra acquired from the areas marked by the squares in B. The carbon K edge 

spectrum observed in C, and its near-edge fine structure - the marked * and * peaks in particular, are 

characteristic of graphitic carbon, confirming the presence of graphene. Furthermore, the clear Au M4,5 

signal observed in D confirms the identification of the particle as a Au island. The interfacial contact 

time of deposition was 1 min. The DCE/5-nonanone ratio was 1:4 in organic phase.

Figure S5A shows a STEM-HAADF image of a Au metal “nano-island” on CVD GR. Electron energy 

loss spectroscopy (EELS) spectrum imaging, whereby EEL spectra are acquired serially at each pixel 

across the area defined by the green rectangle, was used for elemental analysis to unambiguously 

confirm the presence of graphene and gold particles.9 Example spectra, extracted from the areas 

marked by red and blue squares on Fig S5B, which shows the HAADF intensity acquired 

simultaneously with the EELS spectrum image, are presented in Fig S5C-D. The spectra are extracted 

from two datasets acquired consecutively from the very same area, but with different energy ranges to 

capture both the C K edge and Au M4,5 edges. The EELS data was denoised using principal component 

analysis. The observed C K edge does not correspond to a typical spectrum from pure single layer 

graphene due to the presence of a layer of carbon-based contamination on the surface, but it retains 

very clear graphitic characteristics confirming the presence of an underlying graphene layer (as clearly 

seen on Fig S2D). Figure S6A-B depict the original STEM-HAADF images of graphene-based gold 

nanoclusters which are shown in Figure 5C-D (in the main paper). (By “the original” we mean the 

original colour without the gamma adjustment.)
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Figure S6 The original STEM-HAADF images of the graphene-based gold nanostructures from 

Figure 5. Figure S6A is the original of Fig 5C and Figure S6B is the original of Fig5D.
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S6 – SEM images of the deposited Pd and Au metal NPs on the graphene monolayer after 

different contact times at the interface

Figure S7 SEM images of Pd (I, II, III) and Au (IV, V, VI) NPs and nanostructures at graphene 

monolayer after 1 min (I, IV), 5 min (II, V) and 15 min (III, VI) interfacial contact time of deposition. 

The DCE/5-nonanone ratio was 1:4 in the organic phase.

Figure S7 shows the SEM images of the globular shaped metal NPs at CVD GR in the case of larger 

palladium (Fig S7 I, II, III) and in the case of smaller gold NPs (Fig S7 IV, V, VI), samples were 

transferred on Si/SiO2 wafer. The amount of the metal particles, the number of the NPs and the formed 

larger nanostructures increases as a function of the interfacial contact time of deposition, after 1 min (I, 

IV), 5 min (II, V), 15 min (III, VI). Figure S8 presents the energy dispersive X-ray (EDAX) spectra of 

the deposited metal NPs at CVD GR in the case of palladium (Fig S8A) and in the case of gold (Fig 

S8B) on Si/SiO2 wafer.

Figure S8 The EDAX spectra of Pd (A) and Au (B) NPs coated graphene monolayer on the 

Si/SiO2 wafer.


