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Atomic-resolution imaging of gold
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The structure and dynamics of adsorbed atoms (adatoms) at solid-liquid interfaces determines the
performance of advanced catalysts, electrochemical devices, molecular separation technologies,
and metal extraction from waste streams. However, in situ investigations of atomically dispersed
metals in various chemical environments have been prevented by insufficient imaging resolution
and solvent incompatibility. We combine a new specimen design that provides atomic resolution
in liquid-phase electron microscopy with deep learning-enabled analysis to explore the interactions
between gold adatoms, graphite support, and the solvent collectively. We tracked the locations of
> 10% graphite-supported Au adatoms, dimers and larger clusters in five solvents. Although their
initial atomic dispersion was determined by the solvent polarity, fast drying kinetics at low
temperature were required for optimising catalytic performance.




The dynamics of adsorbed atoms (adatoms) at solid-liquid interfaces inform many key industrial
processes, including deposition and evolution of single atom catalysts (SACs), separation and
waste recovery of valuable metals, and electrode performance in electrochemical systems(/-8).
For catalysis, atomically dispersed metal species combine the beneficial properties of both
heterogenous and homogeneous catalysts, providing higher efficiency and greater selectivity with
reduced metal loading compared to supported nanoparticle equivalents(3, 6, 9-11). For separation
technologies, understanding their atomic scale interactions enables tuning of the diffusion
processes(/2-18), because many precious metal recovery routes rely on preferential atomic
adsorption of metal ions to surface sites(/9-22). In energy storage devices, understanding atomic
scale electrochemical deposition, migration, and interfacial reactions at the electrode surfaces can
guide improvements in efficiency, energy density, and cycling stability(23-28).

Transmission electron microscopy (TEM) can visualise individual atomic species on a range of
different supports exposed to the TEM vacuum(29-3/). Combining TEM with graphene liquid
cells (GLCs) has greatly advanced atomically-resolved imaging of solid particles(32-35) and
adatoms(23, 36, 37) at solid-liquid interfaces. However, current GLC studies are limited to
aqueous solutions with poor control over the solution concentration, and typically only a small
number of images are analysed(38). We report a new graphene liquid cell technology and apply it,
together with artificial intelligence (Al) enabled analysis, to perform atomic-resolution imaging
and single-adatom tracking in a variety of non-aqueous solvent environments.

We studied metal-support interactions during wet impregnation synthesis of gold atoms on carbon
supports (Au-C). Specifically, we obtained fundamental insights into production of Au-C SACs,
which have shown exceptional performance for acetylene (C2H2) hydrochlorination(39, 40),
providing a safer alternative to the mercury-based catalysts for the production of vinyl chloride
monomer polyvinyl chloride (PVC)-based polymers(47). Recent studies have showed that low-
polarity organic solvents results in highly active atomically dispersed Au catalysts(9). Scanning
transmission electron microscopy (STEM) observations of the final dry catalysts in vacuum
qualitatively verified the presence of atomically dispersed metal species(9, 39). Characterising
how the metal interacts with the solid in the liquid phase, which is then modified by the drying
process to determine the final catalyst structure, could lead to a better mechanistic understanding
of this reaction.

Our imaging methodology and analysis workflow allowed us to quantitatively compare the atomic
dispersion of > 10° gold atoms on thin graphite in water and organic liquids such as acetone,
ethanol, butanol, and cyclohexanone. We show that both solvent polarity and the subsequent
drying process play crucial roles in the atomic dispersal and the resulting catalytic activity. We
observed formation and evolution of stable dimer, trimer and larger clusters, opening the
discussion of what role these more complex configurations play in the synthesis(42). This study
also provides a statistically meaningful understanding of SAC formation, which is an essential
input for predictive modelling to optimise catalytic synthesis.



GLC fabrication and imaging capabilities.

Studying atomic-scale solid-liquid processes for the wide variety of solvents relevant to wet
catalytic processing requires expansion of the capabilities of the graphene liquid-cell TEM
platform beyond aqueous chemistry. Organic solvents are incompatible with the polymeric
supports ubiquitous in conventional transfer techniques(30, 43), so we have used silicon nitride
membranes(44) as both the heterostructure transfer carrier and TEM sample support. The resulting
experimental platform enables atomic-resolution imaging for organic solvents as well as many
acids and alkaline solutions.

In previous graphene liquid cell studies, uncontrolled drying of the solution during the liquid cell
fabrication increased the concentration of the encapsulated solution by up to 3 orders of
magnitude(38). To mitigate this effect, we have developed a liquid bath transfer process, whereby
the final “filling and sealing” step was performed under immersion in a bulk quantity of the target
liquid, (Fig. 1A). This process offers greater control over the concentration of the encapsulated
solution than previous methods(38). Furthermore, by using cleaner and more chemically and
thermally stable silicon nitride membranes we removed the dominant sources for hydrocarbon
contamination of the cells, resulting in extremely clean surfaces and interfaces(30).

The liquid cells comprise of thin graphite (3-5 nm) windows encapsulating a 30 to 40 nm thick
hexagonal boron nitride (hBN) spacer, with pre-patterned holes in the spacer serving as the “wells”
containing liquid (Fig. 1B). The total cell thickness (36-50 nm) is thin enough for high-resolution
STEM imaging and also allows us to image dynamics on only one thin graphite window at a time
by making use of the limited depth-of-field. The thin and uniform layer of encapsulated liquid and
thin graphite windows of our samples mean that, when imaged with a high spatial resolution STEM
instrument, atomic resolution information was obtained in both high-angle annular dark-field
(HAADF) and bright-field (BF) STEM images (Fourier ring correlation resolution of 0.129 and
0.152 nm respectively, see Figs. S16 and S17). A wide range of samples that can be characterised
by the platform as both atomic number (Z) contrast (HAADF) and phase contrast (BF) STEM
imaging modes can be accessed simultaneously. Full details of specimen preparation can be found
in Supplementary Information (SI) section 3 including verification of the presence of trapped
liquid by electron energy loss spectroscopy.

Gold adatom catalysts at the graphite-solvent interface

A compound HAADF/BF STEM image of a graphene liquid cell filled with a solution of acetone
and 16 mM HAuCls (Fig. 1C) demonstrates the strength of combining HAADF and BF STEM.
We identified both the individual Au atomic species (shown as pink dots, mainly provided by the
HAADF signal) and the underlying graphite lattice (shown as a regular mesh of purple dots, mainly
provided by the BF phase contrast image). Raw BF and HAADF images and the compound image
provided a good match to image simulations and lent confidence in our interpretation of the atomic
structure of the catalyst (see inset in Fig. 1C and SI section 2 for further details).
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Figure 1: Gold adatoms at the graphite-solvent interface. (1) Schematic of the fabrication of the graphene
liquid cell (GLC) using a Si/SiNx cantilever. (B) Schematic cross section of the GLC structure. The
thickness of each of the graphite windows is 3-5nm, while the thickness of the hBN spacer is chosen to be
30—40 nm to control the thickness of the encapsulated liquid. (C) Combined HAADF-STEM and BF-STEM
micrographs of the final GLC containing atomically dispersed gold on the graphite lattice in contact with
liquid acetone. Only one window is in focus due to the limited depth of field of the STEM probe. The inset
in the bottom left of the image shows a simulated image of a graphite window at the same scale. The right
top panel shows an enlarged area of the image in C highlighted by the grey square. Right lower panel is
the measured positions of the gold (yellow) and the graphite lattice (alternative AB stacked graphene layers
in white and grey) from the selected location. Data has been denoised to improve SNR as described in SI
section 4. (D) Initial acetylene conversion and polarity values for Au/graphite catalysts prepared by wet
impregnation in acetone, ethanol, butanol, cyclohexanone, and water (see SI section 6 for further details).
Scalebars in (C) left: 2 nm, right: 200 pm.

The Au adatoms we observed were adsorbed onto the thin graphite window and freely diffuse
across it, while those in solution move too fast to be resolved (videos and image series are provided
in SI section 1). The ability to simultaneously resolve both metal adatoms and graphite lattice
allowed us to map out the position of the gold adatoms with respect to the graphite lattice sites, as
shown for the enlarged region in Fig. 1C. In previous TEM graphene liquid-cell imaging, the liquid
background and relatively weak electron signal from carbon atoms prevented resolving the lattice
carbon sites for metal adsorbed on the graphene window (see Figs. S1-4)(33, 45).

Along with atomically dispersed species, amorphous clusters of Au ranging from few-atom to a
few nanometres in diameter (Fig. 1C), were also observed in the GLC, as well as several larger
crystalline particles (see Fig. S5). In contrast, when the GLC is filled with water instead of acetone

Acetylene Conversion (%)



and the same 16 mM concentration of HAuCl4 gold salt, no atomically dispersed Au species were
observed. The Au was only present as large crystalline nanoparticles with diameters >5 nm (Fig.
S5). The absence of any atomically resolved Au species in the aqueous GLC explains the poor
catalytic function of the Au-C catalysts synthesised with water for acetylene hydrochlorination, as
this reaction is thought to depend on the presence of isolated adatoms(39, 40) (Fig. 1D). Indeed,
the aqueous Au-C catalyst resulted in conversion values equal to the graphite support with no Au.

We attributed the atomic dispersion of the gold in acetone solvent to the much lower polarity of
acetone over water, leading to stronger Coulomb repulsion of gold ions in bulk liquid. However,
this explanation raises the question of why cyclohexanone is not a similarly effective solvent for
wet impregnation synthesis of Au-C SAC, having similar chemical functionality and polarity to
acetone, but generating Au-C catalysts with no activity towards acetylene hydrochlorination (Fig.
1D, see SI section 6 for further details of catalytic testing). Furthermore, the catalyst activity
depended not only on the solvent used during synthesis but also on the drying temperature, with
acetone dried at 42°C providing much higher activity for acetylene conversion when dried at room
temperature than when dried at 160°C (Fig. 1D).

Al-enabled image analysis

To quantify the differences in the distribution of Au atomic species on graphite in contact with the
acetone and cyclohexanone, we have compared more than 4,000 HAADF- and BF-STEM images
for GLCs in both solvents. A semi-automated, Al-enabled image-analysis methodology was used
that located Au species and assigned them to clusters based on a cut-off search radius of 0.4 nm
(full details in SI section 4). Example HAADF STEM images of such clusters with their assigned
number of atomic species (7) in acetone and cyclohexanone are shown Fig. 2A. Quantification of
the cluster size distributions for acetone and cyclohexanone (Fig. 2B) was based on measurement
of >5,000 clusters for each solvent. Although STEM imaging is a two-dimensional (2D)
projection, the Z contrast dependence of the HAADF image enabled estimation of the local
thickness of the gold cluster that was calibrated on the intensity of a single atom(46-48) (see Fig.
S22).

The acetone and cyclohexanone atomic species follow the distribution expected for a random
dispersion (black line on Fig. 2B) up to three atoms. For more than three atoms, the probability of
finding the Au sites together in a cluster increased significantly compared to a random distribution,
demonstrating the earliest stages of solid nanoparticle nucleation. Both solvents showed a plateau
in the probability of nanoparticle occurrence around #n=30, corresponding to diameters of ~1.1 nm,
with both acetone and cyclohexanone falling off at higher values of n. We therefore categorised
locations with 4 < n < 30 atomic sites as “small amorphous clusters,” n > 31 as “large amorphous
clusters,” and any particles with a regular atomic arrangement as “crystalline particles.” The latter
were found for diameters > 1.1 nm and feature a 3D morphology, whereas the amorphous clusters
were much flatter (Fig. 2A). Notably, no systematic changes in the atomic distributions or structure
in the acetone or cyclohexanone GLCs were observed for samples produced and imaged after
different periods of time (Fig. S23), suggesting a steady state was present at the solid-liquid
interface. In contrast, in the aqueous systems, the crystalline particles were qualitatively observed
to be larger if more time had elapsed between preparation and imaging.

The probability of observing an adatom in a cluster of a certain size for the different solvents (Fig.
2C) reveals that cyclohexanone has a significantly larger number of crystalline nanoparticles, with
72% contributing to these compared to 8% in acetone. The remaining atoms in both acetone and



cyclohexanone had a roughly equal ratio of isolated species to amorphous clusters with the mean
cluster size, 1, also smaller in acetone, n=21, compared to cyclohexanone, n=25. Overall, the total
Au found to be atomically dispersed was much larger for the acetone solvent (42%), versus only
12% for cyclohexanone (for details see SI section 5.2). This observation helped to explain the
difference in their catalytic performance (Fig. 1D). For the same Au concentration in higher
polarity solvents (ethanol and butanol), a much higher proportion of the Au was present as
crystalline nanoparticles (80% and 87 %) for ethanol and butanol, respectively (Fig. 2C).

We used the calculated total amount of Au for the full area imaged to estimate the concentration
of Au in the liquid cell. Assuming the cell had a uniform thickness of 30 nm and most of the ions
were adsorbed to one of the two thin graphite windows, we obtained a solution concentration of
~30 mM for both acetone and cyclohexanone, which was ~2 times greater than the bulk solutions
nominal value. The difference is likely caused by preferential adsorption of Au adatoms on the
graphite surface in the bulk solution prior to cell closure, resulting in the graphite surface “storing”
a larger number of atoms than can be nominally contained in the GLC solvent. Thus, the studied
system was a “snapshot” of the bulk-interface equilibrium, compared to previous drying-based
encapsulation techniques where the solute density was unreliable(36, 38).
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Figure 2: Quantification of gold structures inside the GLCs. (A) HAADF STEM images showing the
structural states of the gold within the acetone and cyclohexanone solutions (isolated species, amorphous
cluster and crystalline particles). The assigned number of atomic sites for each cluster, n, visible in these
example images is indicated (showing n=1,2,3,19,134 for acetone and n=1,2,3,4,28, and 78). (B) Size
distributions of the gold species and their corresponding areal density. The vertical lines at n = 3 and 30
correspond to the separation of the categories of isolated species, small amorphous and large amorphous
clusters. (C) Proportions of the total measured gold existing in each structural state for acetone,
cyclohexanone, ethanol, butanol and water. Scalebars in (4) are 1 nm.
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Figure 3: Gold adatom-adatom-substrate interactions. (4) Left: a cropped region of a combined
HAADF/BF STEM image. Right: schematic of the atomic positions, and the Au resting site and the Au-Au
distances for the location highlighted by the white rectangle (the graphite sublattices are shown in black
and grey, and the gold adatoms in yellow). (B) The Au adatom resting site probability on the graphite lattice
within an acetone environment, with the lattice stucture overlaid. (C) Au-Au 1D pair distribution function
(PDF) relative to a random distribution for the isolated Au species in acetone filled GLCs. The graphene
carbon-carbon separation, DFT predicted stable Au-Au distance on graphite(49) and the the face-center
cubic crystal Au-Au bond length(54) are plotted as dashed lines for reference. Inset shows the PDF at
larger Au-Au separation distances. (D) Au-Au 2D PDF relative to the random distribution for the isolated
Au species in acetone liquid filled GLCs. The isolated species are characterised by n= 1,2 or 3. (E) DFT
calculation of potential energy for dimer as a function of Au-Au separation on graphite, with one gold atom
fixed at the A site and with the other moving along the zig-zag direction (C and E have a shared x-axis).
(F) The DFT potential energies for the second gold atom placement in different sites on the graphite lattice,
when the first gold atom is in the most energetically favourable A; position. The graphene lattices are
overlaid in light and dark grey, and the gold atom in yellow. All the scalebars are 200 pm.

Gold adatom structures on graphite

We analysed the preferred resting sites of gold adatom on the graphite surface (Fig. 3A). Our
density functional theory (DFT) analysis as well as earlier studies indicate that four preferential
adhesion sites exist for gold on graphite in vacuum(49, 50): A1, atop the carbon atom for the
sublattice where there is another carbon immediately beneath it; A2, atop the carbon atom where
there is no carbon in the layer directly beneath it; B (bridge), in the middle of the C-C bond; and
H (hollow), in the centre of the carbon hexagon. By comparing experimental data from 3,365 gold
adatom positions (determined from HAADF images) to the nearest identified carbon column
position (from the simultaneously acquired BF images), we plot 2D histograms showing the
experimental probability of finding a gold adatom at a specific resting location relative to
graphene’s unit cell (Fig. 3B).

In both acetone and cyclohexanone, there was a strong preference for Au to occupy the A site,
with all other locations being equally less likely to occur. While this is of lesser catalytic
importance for this specific Au/C system, more broadly in catalysis this is important for
determining the coordination and activity(5/-53). To exclude sample tilt as a variable, a control
simulation verified that tilt was < 2°, as no changes were observed in image features or resting site



patterns (see Fig. S10). This experimental observation agreed with our DFT calculations that
predicted A1 is the most favourable resting site, but disagreed with an earlier DFT study that
predicted both A1 and Az to have similar binding energies(49). The difference can be attributed to
the absence of solvent molecules in the DFT problems solved.

We observed that isolated gold species exhibited strong collective interactions. Almost half of the
Au adatoms in acetone were in dimers or trimers. These metastable formations were seen for
extended periods of time (minutes) and diffused in the flat configuration across the graphite
surface. Dimers have been recently suggested to be particularly effective “correlated” SACs(42).
We analysed adatom-adatom distances using 1D radially-averaged pair-distribution functions
(normalised by a simulated random distribution) (Fig. 3C; see SI section 4 for further details). A
strong preference existed for pairing with an Au-Au distance of 0.25 nm, matching the next-
nearest-neighbour distance of the graphite lattice (peak in Fig. 3C and brightest ring feature in Fig.
3D).

This result generally agreed with our DFT calculations in vacuum, which showed large, ~2 eV,
favourable gold dimer formation energies arising from both gold-gold and gold-graphite
interactions (see SI Section 7). In our model, Au-Au pair formation energy peaked when both gold
atoms are situated in adjacent Ai-Ai sites, with second most preferred being the Ai-Az
configuration before it decayed according to ~3 for a dimer length r (Fig. 3E). Negligible charge
transfer occurred between gold adatoms and graphite, indicating that the gold ions present in bulk
liquid most likely become neutral upon adsorption onto the graphite surface. This result was also
confirmed by the remarkable stability of the dimers under electron beam irradiation, which would
separate by Coulomb repulsion if the gold adatoms bore substantial charge (see SI section 5.3 and
10 for further consideration of electron beam effects).

We further analysed the directionality of the observed dimers using the 2D pair distribution
function aligned relative to the underlying graphene lattice. A 6-fold rotational symmetry was
observed at the Ai-Ai configurations, with a noticeable azimuthal spread towards the adjacent Ai-
Az and Ai-H configurations (Fig. 3D). These results were in good agreement with DFT-calculated
2D dimer formation energy map (Fig. 3F).

The amorphous clusters showed the same peak Au-Au interatomic distance as the isolated adatoms
(0.25 nm) confirming that their interaction is more similar to that of isolated species (see Fig. S27),
rather than crystalline face-centred cubic nanoparticles, which have larger peak interatomic
distances (0.29 nm for imaging along the [111] plane)(54). Additional peaks were observed at
larger interatomic distances approximately corresponding to the later nearest neighbours. The
influence of the graphite support was less apparent in the angular distribution of the cluster data,
likely because of the competing influence from the larger number of Au adatoms.
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Figure 4: Gold adatom dynamic interactions. (A,B) HAADF-STEM images from a video sequence of
the gold adatoms in acetone at times of 17.5, 33.0, 58.2, and 106.7 s. (A) Highlighted locations of
the Au adatoms, showing the transitions between monomer, dimer and trimer states. (B)
Highlighted traces of the movement of the gold adatoms over the time period shown (coloured
vellow to blue with increasing time). (C) The interatomic distances from (4) shown over the entire
video sequence, AB (blue), BC (orange) and AD (purple). The black dashed line indicates the DF'T
Au-Au on graphite bond distance(49). (D) Single-frame adatom displacement histogram for Au in
liquid GLC environments of acetone and cyclohexanone. All scalebars are 400 pm.

Gold species dynamics and diffusion

The dimers, trimers, and larger clusters in the liquid cells were highly dynamic. We acquired video
sequences of ~100 HAADF/BF STEM images (~1.8 s per frame, see Movies S1 and S2) and linked
the nearest neighbours into atomic trajectories (further details in SI section 4). The Au adatoms
diffused on the graphite surface, transitioning between monomer, dimer, and trimer configurations
interchangeably, as can be seen in Fig. 4A,B. Adatoms also disappear from the field of view, either
because of desorption into the solution or migration outside the imaged area in a single frame.
Analysis of the interatomic distances as a function of time (Fig. 4C) highlights the dynamic nature
of the process, although the preferred Au-Au spacing on graphite of 0.25 nm was again visible as
the baseline interatomic distance (dashed line in Fig. 4C). Both acetone and cyclohexanone



showed dynamic interplay between different atomic configurations in the isolated adatom species,
but no structural changes in the gold developed over time during the imaging (SI section 5.4).

Quantification of frame-to-frame jump distances revealed that the distribution of frame-to-frame
displacements in acetone was broader than the cyclohexanone, with larger jump distances more
common in acetone (Fig. 4D). A control experiment at a lower electron flux confirmed that the
reduction of the flux (by about an order of magnitude) had a negligible effect of the single-frame
jump distances (see Fig. S39). Variations in the contrast caused by contamination across the
window had a negligible impact upon the single-frame jump distances (see Fig. S29).

Atomistic simulations revealed that both acetone and cyclohexanone molecules adsorbed onto the
graphene surface, with the first solvation shell of both solvents oriented parallel to the surface(55).
Our simulations have shown that, for both cyclohexanone and acetone, the adsorption of the
solvent molecules was preferable to the adsorption of Au species, but the adsorption of the Au-
solvent pairs was even more favourable. Isolated adsorbed Au species and small clusters would be
capped by solvent, which would stabilize them and prevent large cluster growth. When the organic
solvents were replaced by water, our calculations showed that Au was more likely to adsorb on
graphene than water, consistent with the observed formation of Au crystals in water-filled liquid
cells (see SI section 7 for full details of our DFT calculations).

Imaging atomic species at the solvent-solid interface allows the separation of the liquid-phase
adhesion step from the drying step for mechanistic understanding and prediction of the final
structure for heterogeneous catalyst synthesis with wet chemical techniques. Fig. 5 compares the
relative areal densities for isolated monomer, dimer, and trimer adatoms in the acetone and
cyclohexanone liquid cells with those for dried controls. Dried controls were prepared with the
GLC approach but without a top graphene window and dried in air under ambient conditions.
Statistically relevant measurements were obtained from 1000s of ex situ HAADF/BF STEM
images of the catalyst, analysing > 1,000,000 isolated gold adatom positions (further details in SI
section 4). This number of measurements is notable because even conventional ex situ TEM
imaging (in vacuum) of SAC atomic assemblies typically only considers tens of atomic sites(3, 6,
39, 56) and with the previous largest ex situ analysis having considered up to 20,000 adatom
positions(37). The dry samples retained their atomic dispersion when stored at ambient conditions
for >6 months, likely because residual solvents stabilised the isolated Au (see Fig. S37). Neither
solvent showed any change in the atomic coordination for the clusters after drying, with the same
0.25 nm peak preferred Au-Au interatomic distance observed for all samples, suggesting that this
result was independent of the presence of solvent and dominated by adatom-substrate interactions
(Fig. S24).
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ex situ imaging in the TEM vacuum). The inset shows the relative change liquid to vacuum for both solvents.
Scalebars in (A) are 200 pm. Data for ethanol and butanol liquid cells is shown in SI Fig. S28.

Fig. 5B shows that although the acetone liquid cells have a proportionally higher areal density of
all atomically dispersed species than cyclohexanone liquid cells, both have similar ratios of the
areal frequency of monomer: dimer: trimer of 82+4: 1343: 4+1. After drying, the areal density of
isolated gold adatoms almost doubled for the acetone solvent compared to in the GLC. Monomer
species increased by a factor of 2, dimers by a factor of 3 and trimers by a factor of 4, with the
larger relative increase in dimers and trimers assigned simply to the greater density of atomic
species on the support. This result showed that drying the Au in the acetone solvent at room
temperature 40°C (compared to its boiling point of 57°C) has preserved the atomic dispersion
brought about by the adatom-solvent-support interactions and provided an active SAC material
(Fig. 1D). In contrast, drying at 160°C led to lower activity, as the increased temperature drove
off the solvent and provides energy needed for the gold to aggregate into larger particles (Fig.
S30).

For cyclohexanone, the opposite trend was observed. The number of atomically dispersed species
decreasing by 30% after drying at room temperature, and the Au content instead formed larger Au
clusters and crystalline particles. These particles were visible at the edge of liquid droplets (see
Fig. S38) demonstrating the potential of drying processes like the coffee ring effect(57, 58) to
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destroy the favourable atomic dispersion formed by solvent interactions. Drying was a less
important step when water was used as the solvent because the poor activity resulted from the
absence of atomic dispersion in the liquid state. Thus, the effect of the drying temperature is simply
to induce further agglomeration of Au.

As the binding affinities of the Au(I) to acetone and cyclohexanone are similar, we attributed the
difference in the drying to acetone’s lower boiling point and lower surface tension compared to
cyclohexanone. The more rapid evaporation of the acetone solvent preserved the favourable atomic
dispersion of the organic liquid-solid interface even at room temperature. Drying at higher
temperatures has previously been used as a route to suppress the coffee ring effect but the increased
temperature also provides energy to induce nanoparticle nucleation and growth, lowering the
availability of atomically dispersed species that drive high activities(59). This latter effect is what
we observe with the reduced activity shown in Fig. 1D and Fig. S31). The key to wet synthesis of
an atomically dispersed Au catalyst was the combination of acetone’s low boiling point with its
low polarity that enabling the favourable atomic dispersion achieved in the liquid phase (42%) to
be preserved during drying to form the synthesised catalyst with exceptionally high efficiency of
active sites (54% of the active metal present as atomic species).

Summary and outlook

Our graphene liquid cell fabrication method enabled atomic resolution studies of the solid-liquid
interface for non-aqueous solvents. We demonstrated the ability to encapsulate a known volume
and concentration of liquid allowing quantitative comparison of the distribution of gold into atomic
species, amorphous clusters, and nanoparticles in the liquid phase for five common solvents. We
further revealed statistically representative quantification of the resulting metal configurations and
dynamics at the solvent-graphene interface for Au-C SACs, using > 1 million identified adatom
locations.

We observed complex correlations emerging from interactions between adatoms, their substrate,
and the surrounding environment. The relative areal densities for isolated Au adatoms on graphite
in acetone and cyclohexanone were similar. However, differences in their boiling points and
surface tension caused a 5-fold difference in the isolated species synthesised through drying (0.12
atoms nm™ for the dried cyclohexanone versus 0.56 atoms nm™ for the acetone).

Our results demonstrate new capabilities to understand the solvent environment during wet
impregnation synthesis, helping separate the contributions of solvent dispersion and drying
conditions for optimising synthesis of catalysts with high stability and activity. We present a
characterisation platform that enables representative atomic resolution imaging of dynamic
structures in liquids for known solute concentrations, and across a wide range of important
solvents. The new tool may benefit the development of materials for applications in catalysis,
metal recovery from e-wastes, healthcare, and clean energy systems.
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Supporting Movie Legends

Movie S1: Simultaneously acquired HAADF- (left panels) and BF-STEM (right panels) image
series for a GLC containing liquid acetone and gold salt.

Movie S2: Simultaneously acquired HAADF- (left panels) and BF-STEM (right panels) image
series for a GLC containing liquid cyclohexanone and gold salt.

Movie S3: Simultaneously acquired HAADF- (left panels) and BF-STEM (right panels) image
series for a GLC which was filled with acetone and gold salt, but was not sealed, so the liquid has
evaporated to give our ‘Acetone Vacuum’ control data.

Movie S4: Simultaneously acquired HAADF- (left panels) and BF-STEM (right panels) image
series for a GLC which was filled with cyclohexanone and gold salt, but was not sealed, so the
liquid has evaporated to give our ‘Cyclohexanone Vacuum’ control data.

Movie S5: HAADF-STEM image series for a GLC containing liquid acetone and gold salt (Movie
S1). The video progressively shows the cumulative processing stages for the analysis. The stages
are: raw images, denoised images, drift corrected images, gold positions identified, lattice sites
identified and the full atomic model.

Movie S6: Comparison of the raw (top row) and denoised (bottom row) simultaneously acquired
HAADF- (left panels) and BF-STEM (right panels) image series for a GLC containing liquid
acetone and gold salt (Movie S1).

Movie S7: Schematic image series of atomic models built from the measured positions within
Movie S1.

Movie S8: HAADF-STEM image series for a GLC containing liquid acetone and gold salt (Movie
S1), with the adatom dimer and trimer pairing highlighted.



Materials and Methods

Solutions

Tetrachloroauric (IIT) Acid Trihydrate was purchased in powder form from Merck UK (CAS 1691-
25-4 99.9% trace metals basis) and dissolved in the chosen solvent at concentrations of 5-50 mM.
Isopropanol was added to the aqueous solution at a ratio of 3:1 to suppress hydrogen evolution via
radical scavenging. No additives were used for the acetone, cyclohexanone, ethanol, and 1-butanol
solutions.

Liquid Cell fabrication

Graphene liquid cells (GLCs) were fabricated by stacking mechanically exfoliated crystals. hBN
crystals of the correct thickness were identified by their optical contrast(6/), and patterned with
~500 nm diameter microwells using electron beam lithography and reactive ion etching. The hBN
was then encapsulated using graphitic windows of appropriate thickness via direct stamping with
a metallized SiNy cantilever which had been prepatterned with ~2 pm through-holes(62). The final
transfer was performed while immersed in the target liquid, causing it to be encapsulated within
the hBN microwells where the 3 crystals overlapped. The silicon nitride cantilever was then
deposited on a custom SiNx TEM support. Non-overlapping regions with no liquid present were
used as controls. Full details in SI section 3.

Scanning Transmission Electron Microscopy (STEM) imaging

STEM imaging and electron energy loss spectroscopy (EELS) was carried out using an FEI Titan
G2 80—200 S/TEM ChemiSTEM, operating in STEM mode with a 200 kV accelerating voltage, a
21 mrad convergence angle and a 48 mrad high angle annular dark field (HAADF) inner collection
angle. The EELS was carried out with a beam current of 60 pA, with 0.1 eV/channel dispersion
and dwell time of 0.1 s. High resolution STEM imaging was carried out using a JEOL GrandARM
300F using an 80 kV accelerating voltage and a 31.74 mrad convergence angle (minimum probe
size of 0.62 nm at 10 nm defocus), condenser lens aperture of 40 um, 9 cm camera length & BF
aperture of 3 mm. A beam current of 46.5 pA was used, with an electron flux of approximately
1.67 x 10° ¢ s! nm™. Bright field (BF) and HAADF images were simultaneously collected to
enable identification of the atomic lattice positions of the graphitic windows and Au species
respectively (BF collection semi-angle was 0 — 14.8 = 1.2 mrad and HAADF collection semi-angle
was 73.7+ 1.8 — 155.4 + 1.8 mrad). STEM image intensity is shown false coloured using an inferno
colour palette (inferno colourmap is perceptually uniform).

Image processing

The denoised BF images were reconstructed by a patch-based template matching algorithm(63).
Trackpy(64) was used to identify the atomic positions within the reconstructed BF image. The
located positions were linked frame-to-frame on a nearest-neighbour basis, applying the Crocker-
Grier algorithm(65) from within Trackpy. The linked trajectories were used to establish the
framewise drift correction. Thresholding was applied to the HAADF-STEM images and then
Trackpy(64) was also used to locate the gold atomic positions. The located positions were linked,
and the drift correction established from the BF was applied to the positions and then the
trajectories were established.



Image simulations methods

The STEM image simulations were obtained through the use of the Python package, abTEM(66).
The simulation parameters were matched to that of the experimental conditions used (80 kV
acceleration voltage, 31.74 mrad convergence angle, BF annular range was 0 — 31 mrad and
HAADF annular range was 74 — 155 mrad, spherical aberrations of 1 pm). The simulations were
obtained using the atomic positions for a single window of multilayer graphene with a gold adatom
decorating the surface. A single adatom on the window is shown in Fig, S7. The simulated images
that are based upon experimental data take the measured atomic positions and then use these as
the input for the abTEM simulation, see Fig. S9.

Density functional theory methods

Au Graphite Sublattice Dependency: DFT calculations were performed using Quantum
ESPRESSO code(67, 68). A spacing of 20 A between repeated images in the out-of-plane direction
was applied to avoid interactions between repeated images. Vanderbilt norm-conserving
pseudopotentials were used to mimic the effect of core electrons, parameterized using the Perdew-
Burke-Ernzerhof (PBE) Generalized Gradient Approximation (GGA) of the exchange-correlation
functional. The Brillouin zone was sampled using a regular Monkhorst-Pack k-point grid of
28 X 28 X 1in a bilayer graphene (BLG) unit cell (2.46 x 2.46 A); in larger cells the k-point
spacing was varied to match this k-point density (see Fig. S32). The vdW-DF-c09 functional was
used to model van der Waals interactions, and Coulomb interactions in the out-of-plane direction
were truncated to avoid spurious long-range interactions.

Au, Graphite & Solvent Interactions: Density functional theory (DFT) calculations were carried
out using SIESTA software(69) with the vdW-DF2 van der Waals density functional(70). The
calculations employed localised atomic orbitals represented using numerical double-zeta polarised
(DZP) basis sets: the basis sets for C, O and H provided on the Simune Atomistics website(77)
and the basis set for Au generated by SIESTA with the energy shift of 5 meV; these were used in
combination with Troullier-Martins pseudopotentials from the Simune Atomistics website for C,
O and H(77) and from Cornell University Pseudopotential Virtual Vault for Au(72). A 5 x 6-
extended hexagonal graphene unit cell with the dimensions of 12.30 x 14.76 A (60 C atoms) was
used for calculations; the height of the cell in the vertical dimension was set to 15 A to avoid
interaction with neighbouring cells. Carbon atoms of graphene were fixed at their ideal positions,
while the adsorbates’ atom positions were optimised until maximum atomic displacements were
below 0.1 A and maximum forces below 0.05 eV/A.

Au-Solvent Interactions: DFT calculations of Au-solvent interactions were carried out using
Gaussian16 software(73) with the B3LYP functional(74), cc-pVDZ basis sets for C, O and H(75)
and LANL2DZ basis set and pseudopotential for Au(76). Implicit solvent environment was
described using the Polarizable Continuum Model using the integral equation formalism variant
(PCM-IEF) method(77).
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1. Example Atomic Resolution HAADF- and BF-STEM

Images and Combined HAADF/BF Composite Images

t=145.04s
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Figure S1: Example simultaneous HAADF- (upper panels) and BF-STEM (lower panels) frames from
an image sequence acquired for a GLC containing liquid acetone and gold salt. Borders appearing in the
later images are artefacts of the drift correction process. The full video is shown in supplementary video 1.



Figure S2: Example simultaneous HAADF- (upper panels) and BF-STEM (lower panels) frames from
an image sequence acquired in a GLC containing liquid cyclohexanone and gold salt. Borders appearing

in some of the images are artefacts of the drift correction process. The full video is shown in supplementary
video 2.

t=9555s

Figure S3: Example simultaneous HAADF- (upper panels) and BF-STEM (lower panels) frames from
an image sequence acquired for a GLC which was filled with acetone and gold salt but was not sealed,
so the liquid has evaporated to give our ‘Acetone Vacuum’ control data. The borders appearing in the
images are artefacts of the drift correction process. The full video is shown in supplementary video 3.



t=47.045 t=96.04s t=145.04s

Figure S4: Example simultaneous HAADF- (upper panels) and BF-STEM (lower panels) frames from
an image sequence acquired for a GLC which was filled with cyclohexanone and gold salt but was not
sealed, so the liquid has evaporated to give our ‘Cyclohexanone Vacuum’ control data. The borders
appearing in the images are artifacts of the drift correction process. The full video is shown in
supplementary video 4.

a) Acetone b) Cyclohexanone c) Ethanol d) Butanol e) Water

Figure S§5: Example representative simultaneous HAADF- STEM images for a GLC filled with gold salt
and a solvent. The variety of the gold structures within the GLC include isolated species, small amorphous
clusters, large amorphous clusters, and crystalline nanoparticles. The solvents are acetone, cyclohexanone,
ethanol, butanol & water (a-e respectively). The bottom row shows a high magnification region containing
the isolated species.



c - Combined HAADF & BF d - Intensity Power Normalisation

Figure S6: Combining simultaneous HAADF- and BF-STEM images. (a,b) Denoised HAADF- and BF-
STEM images. (c) Combined image of the HAADF- and BF-STEM (a) and (b). (d) Power law normalised
version of the combination image (see Sl section 3 for details of image processing).

The Z-contrast sensitivity of the HAADF-STEM imaging mode reveals single atomic gold species
with high contrast even in the presence of the graphene support and surrounding liquid. The phase
contrast of the simultaneously acquired BF-STEM 1mage is better able to reveal the crystal lattice
of the underlying graphene support. The combined HAADF-/BF-STEM images therefore better
illustrate both Au dispersion and the underlying graphene lattice. These images are produced by
taking the HAADF image and summing with the inverted BF image and then applying a power
law normalisation (see Fig. S6 and Section 3 for details of image processing).



2. Simulated Atomic Resolution BF- and HAADF-STEM
Images
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Figure §7: Atomic model and BF- and HAADF-STEM image simulations for graphite supporting
atomically dispersed Au. (a,b) The input atomic structure model used for generating the simulated images,
shown for xz (cross sectional) and xy (plan view) orientations. The model consists of a 12 atomic layer (~4
nm) thick graphite slab with a single gold atom on the surface. The electron beam is incident along the
negative Z direction. Vertical lines have been added to (a) to highlight the vertically aligned carbon atoms.
To highlight the location of overlapping carbon atoms in the plan view images, carbon atoms in the A layers
have been coloured blue and made larger than the carbon atoms in the B layers. For the image simulations
the probe was focused on the xy plane containing the gold adatom, and the simulation was carried out
using relevant experimental parameters (see Materials and Methods). (c,d) The output of the image
simulations for BF- and HAADF-STEM, respectively. Within the BF images the lattice positions are only
visible at the locations where carbon atoms from every layer of the graphene are vertically aligned.
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Figure $8: Atomic model and BF- and HAADF-STEM image simulations for 9 (~3 nm) & 15 (~5 nm)
layer graphite windows.
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Figure 8§9: Simulating BF- and HAADF-STEM images based on the experimentally measured atomic
positions. (a,b) display the experimental BF- and HAADF-STEM images, respectively. (c,d) Atomic model
matching the positions derived from the experimental images in (a) and (b), shown for xz and xy views,
respectively. In these panels, the two sublattices of multilayer graphene are highlighted in red and blue,
while the gold adatoms on the surface are depicted in yellow. (e,f) The simulated images based on these

positions are given, (e) for BF and (f) for HAADF.
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STEM image simulations were used to probe the impact of sample tilt upon the atom tracking and
the gold atom resting sites. The simulations were generated using atomic models built from
measured atomic positions and artificially tilted. The models of the tilted samples (top row), the
noise-free image simulation (middle row) and the simulations with realistic experimental noise
(bottom row) are shown in Fig. S10. When the tilt is less than 2°, the image quality and atom-
lattice correlation is broadly consistent with the un-tilted case(Fig. S10a&b). At 2° artifacts are
introduced due the tilt, including an apparent smearing of the atom-lattice correlation and the
atomic sites being visibly elongated. Increasing the tilt to 5° results in the failure of the lattice
tracking algorithm, and a loss of the spatial frequencies corresponding to graphite in the fast
Fourier transform (FFT). Comparison of the experimental data with the simulations using the BF
appearance and the atom-lattice correlation implies that the tilt of our samples was below 2°.

a)Tit=0° b) Tilt = 1° ¢) Tilt = 2° d) Tilt = 5°
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Figure S10: Simulated bright field STEM images at a variety of tilt angles. Tilted atomic models of the
structure have been simulated for tilt angles of 0°, 1°, 2° & 5° (a-d respectively). The top row shows atomic
models used for the STEM simulations. The middle row shows noise-free BF STEM images, with the insets
showing their FFTs. Simulations including a realistic noise level for imaging a in liquid cell are shown in
the bottom row. The inset shows the gold adatom resting site probability based on the simulated image (not
shown for the 5° as the lattice was not able to be tracked). Note the gold atom positions were tracked from
the corresponding simulated HAADF STEM images.
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3. Liquid Cell Fabrication and Characterisation

The GLC structure consists of two few-layer graphite (FLG) windows either side of a
lithographically etched hBN spacer layer. The structure is formed through the successive pickups
of the mechanically exfoliated 2D materials using adapted silicon nitride cantilevers (Fig.
S11)(44). Schematic illustrations of the fabrication steps are shown in Fig. S11.

This GLC fabrication approach detailed here significantly increases the GLC yield and reduces the
fabrication time down from ~3 days(32) to ~1 hour. We show in this work that submerging the
cantilever in the liquid intended for encapsulation offers a greater degree of control over the
concentration within the GLC compared to the previous method of drying-mediated sealing. This
earlier technique involved the addition of a small aliquot of liquid between the flakes before
sealing, which did not allow for precise control over the liquid's concentration(38). Additionally,
with our new GLC synthesis approach the encapsulated liquid is no longer limited to aqueous
solutions, as the cantilevers do not exhibit the solvent restrictions that polymer-based transfers do.
The removal of polymeric supports from the transfer process eliminates transfer residue as a
potential source of contamination, and increases the cleanliness of the GLC(30). The development
of the holey cantilevers has allowed for the direct imaging of the sample as suspended without
removing it from the cantilever, as shown in Fig. S12.

Target flakes are mechanically exfoliated from bulk crystals onto an oxidized silicon wafer (290
nm) and selected using optical microscopy and atomic force microscopy (AFM)(61). The thickness
of the hBN spacer layer can be chosen depending on experimental requirements, although the
lateral size of the wells needs to be adjusted to the thickness as the windows can collapse if the
cells aspect ratio is too low(32). Generally, for a 30-50 nm thick hBN we used a cell diameter of
500 nm. Circular cells are patterned into the hBN spacer using electron beam lithography to pattern
a polymer etch mask, followed by reactive ion etching (using CHF3 and Oz) to selectively remove
hBN. A short oxygen etch is used to remove the top layers of fluorinated polymer and to
functionalise the interior surface of the hBN cavities to make them more hydrophilic. The polymer
etch mask is then removed by cleaning in organic solvents. The patterned hBN was then exposed
to an alkaline developer (Microposit MF-319 from Kayaku UK) to slightly etch the surface oxide
of the silicon wafer, making it easier to delaminate the flake during transfer. Subsequently, the
patterned hBN was annealed in a reducing atmosphere (low pressure Hz/Ar) to remove any
remaining polymeric contamination from the etch mask.

The optimal thicknesses for the FLG windows are in the 3—5 nm range, which provides stability
under electron illumination without causing excessive scattering to degrade the achieved imaging
resolution. Additionally, it is crucial that the selected crystals are flat and free from any visible
bubbles or cracks to ensure a hermetic seal is formed(78). Firstly, the metal-coated cantilever is
aligned, using a micromanipulator and optical microscope, so that the array of holes in the
cantilever is directly over the target FLG crystal, with the cantilever held at an angle of 15° to the
horizontal. Then the cantilever is lowered into the crystal with the substrate held at an elevated
temperature of approximately 140 °C. After a few seconds in contact, the cantilever is raised,
peeling away the crystal from the substrate (Fig. S11a). The cantilever (with top FLG crystal
attached) is then aligned over the patterned hBN so that the cavities in the hBN overlap with the
holes in the cantilever, then the cantilever with the FLG crystal is brought into contact with the
patterned hBN (at approximately 140 °C). The cantilever is then slowly raised, delaminating the
hBN from the substrate (Fig. S11b).
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Figure S11: GLC fabrication process. (a) Picking up the selected FLG flake using a perforated cantilever
to act as top window. (b) Alignment and picking up of the patterned hBN spacer layer. (c) The cantilever is
used to pick up the bottom FLG window while the system is immersed in the target liquid sample, trapping
it inside the cavities in the hBN spacer layer, before being retracted to pick up the bottom window. (d-f)
The cantilever is brought to a SiNx TEM grid with a central aperture and fractured such that the cantilever
spans the aperture. The scalebars are: (a-c) 100 um, (d) 200 um, (e) 50 um and (f) 20 um.
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The cantilever containing the top FLG and the patterned hBN are aligned over the bottom FLG
and brought near to contact. Then the whole system is submerged in the target liquid sample within
the transfer container, as illustrated in Fig. S11c. The liquids encapsulated within the GLCs are all
16 mM HAuCls.3H20 (Sigma-Aldrich UK), using one of the three solvent systems (acetone,
cyclohexanone or a 3:1 mixture of deionised water (DI) water and isopropanol). The cantilever is
brought into contact with the bottom FLG, thereby trapping liquid within the cavities in the hBN
and forming the sealed GLC. This step is performed at room temperature due to the volatile nature
of the solvents used for the encapsulations, as any heat applied during the transfer would further
exaggerate the evaporation. The cantilever is then lifted slowly so that the bottom FLG delaminates
from the substrate and the entire sealed GLC remains on the cantilever (Fig. S11c). The area
available for liquid cell TEM imaging comprises the area of overlap between the bottom FLG, the
hBN cavities, the top FLG, and the cantilever perforations (four of these locations are highlighted
within the inset in Fig. S12e).

To facilitate imaging in the TEM, the cantilever is then lowered onto a TEM-compatible custom
fabricated Si/SiNx 3 mm grids, with a central through-hole larger than the array of holes in the
cantilever, but smaller than the width of the cantilever, such that the imaging area is maximised,
but the cantilever has sufficient support to remain mounted. The SiNyx grids are based on those
described by Hamer et al.(79) The TEM support is also sputter coated with metal (Ta 1 nm and
Au 20 nm) to promote the adhesion of the metallized cantilever to the support. The metal coated
grids are oxygen plasma cleaned immediately prior to the mounting of the cantilever to remove
any residual contamination. The cantilever is aligned so that the holes overlay the large through-
hole in the support, then lowered until in contact. A secondary manipulator with a needle
attachment is used to fracture the cantilever at the base, resulting in the cantilever tip being
removed from its support and left on the TEM-compatible grid for imaging (Fig. S11d).

14
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Figure S12: Graphene liquid cell structure. (a,b) Schematics of the graphene liquid cell structure mounted
on the silicon nitride cantilever. (c) Optical image of the GLC and cantilever mounted on the TEM grid.
(d) Tilted scanning electron microscope (SEM) secondary electron images of a GLC on the cantilever. The
cantilever is mounted on a TEM compatible grid. The bright region in the centre is the suspended region.
(e) SEM images of a GLC on the cantilever. The hexagonal holes are in the cantilever, and the circular
holes are in the hBN. The inset highlights a suspended region of the GLC for transmission-based imaging
containing 4 individually sealed cells. (Green and red dashed lines in ¢ and e indicate the few layer
graphene flakes. Blue dashed line indicates the edge of the hBN spacer). (f) AFM image of the GLC. All
scalebars are 20 um.
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Confirmation of the liquid filling of the sealed wells in the GLCs for both acetone and
cyclohexanone were performed using STEM EELS imaging. The oxygen K edge was used to map
the distribution of the organic solvents as reported in previous GLC studies (see Fig. S13 and Fig.
S14)(32, 80). Non-negative matrix functionalisation (NMF) decomposition(§7, 82) was applied to
the EELS signal to separate out components attributed to background, nitrogen, oxygen and noise
(see Fig. S15). Decomposition with higher output dimensions resulted in only additional noise
components.
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Figure S13: STEM electron energy loss spectroscopy characterisation of an acetone containing GLC.
(a) HAADF-STEM image of a complete well in the liquid cell. (b) Sum EEL spectra from the area shown
in (a) exhibiting a clear oxygen K edge with onset ~532 eV. (c) Mapping of the relative thickness
(normalised using electron mean free path, t/) determined from the low loss EEL spectra using the log
ratio method(83). Intensity maps of the oxygen (d) and the nitrogen (e) K edges. The maps were extracted
using a non-negative matrix factorisation decomposition using Hyperspy(81). (f) Profiles for the relative
thickness, oxygen, and nitrogen mapping. The locations for the line scans plotted in (f) are depicted by the
diagonal arrow in each of the respective plots ((d) and (e)). All the scalebars are 150 nm.
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Figure S14: STEM electron energy loss spectroscopy characterisation of a cyclohexanone containing
GLC. (a) HAADF-STEM image of a complete well in the graphene liquid cell. (b) Sum EEL spectra from
the area shown in (a), exhibiting oxygen K edge with onset ~532 eV. (c) Mapping of the relative thickness
(normalised using electron mean free path, t/2) calculated from the low loss EEL spectra using the log ratio
method(83). Intensity maps of the oxygen (d) and the nitrogen (e) K edges. The maps were extracted using
a non-negative matrix factorisation decomposition using Hyperspy(81). (f) Profiles for the relative
thickness, oxygen, and nitrogen mapping. The locations used for the line scans plotted in (f) are depicted
by the diagonal arrow in each of the respective plots in (d) and (e). All the scalebars are 150 nm.
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Figure S15: EELS signal decomposition. The eigenvectors and eigenvalues from non-negative matrix
Sfunctionalisation (NMF) decomposition of the EELS signal from the GLCs used within Fig. S13 (a-d) and
Fig. S14 (e-h). The decomposed signals can be attributed to (a,e) background, (b,f) nitrogen, (c,g) oxygen
and (d,h) noise. All scale bars are 150 nm.
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Figure S16: Fourier ring correlation in graphene liquid cell. HAADF (a) & BF (d) STEM images. The
Fourier ring correlation for the HAADF (b) & BF (e) images. FFTs for the HAADF (c) & BF (f) images,
with the red dashed ring indicating the Fourier ring correlation resolution.

The spatial resolution of the HAADF & BF images for the is established through the single image
Fourier ring correlation(84). The image is split using the checkerboard approach, and a threshold
for the ring correlation of 0.143 is used. The estimation of the resolution obtained for the example
GLC image from this method is 0.129 & 0.152 nm for the HAADF & BF images respectively.
While the vacuum is 0.160 nm for both the HAADF & BF. The resolution estimation is
conservative as there is higher frequency lattice information outside the estimate, highlighted by
the solid red circle in Fig. S16f & Fig. S17f.

19



a) HAADF Image

d) BF Image

Fourier Ring Correlation

Fourier Ring Correlation

b) Fourier Ring Correlation - HAADF

—— FRC
=== Threshold (0.143)
----- Resolution: 0.160 nm

02 03 04
Spatial Frequency (cycles/pixel)

e) Fourier Ring Correlation - BF

— FRC

—=~ Threshold (0.143)

---- Resolution: 0.160 nm
Graphite Spacing

01

02 03 0.4
Spatial Frequency (cycles/pixel)

c) HAADF FFT

f) BF FFT

5nm~!

Figure S17: Fourier ring correlation in vacuum. HAADF (a) & BF (d) STEM images. The Fourier ring
correlation for the HAADF (b) & BF (e) images. FFTs for the HAADF (c) & BF (f) images, with the red
dashed ring indicating the Fourier ring correlation resolution.
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4. Image Processing

The image processing and atom tracking workflow was employed to identify over 1,000,000
isolated gold adatom positions. The analysis was performed using Python, incorporating
functionality from existing open source Python packages including: Hyperspy(87), Trackpy(64),
Scikit image(85), Scikit learn(82), and Pytorch(86). This workflow was applied to all ~150 dual-
channel (simultaneous) HAADF- and BF-STEM videos, resulting in the measurement of
approximately 250,000 adatom positions per sample type. A detailed summary of this image
processing workflow, which facilitated the precise determination of both gold adatom and
graphene lattice positions from the HAADF- and BF-STEM images, is presented in Fig. S18. The
initial preprocessing of the data is the denoising using a Noise2Void(87, 8§8) convolutional neural
network (Fig. S18b). The network was trained on the experimental data, and then the trained
network was applied to that data, to produce the denoised videos and images. A single network is
used for both HAADF and BF channels.

The lattice sites corresponding to the atomic columns in the in-focus graphite window were
extracted from the BF channel using patch-based template matching(36, 63) and Fourier filtering
to average matching templates across the entire image(Fig. S18 g,h)(63). To achieve this, we first
extract the templates on a grid, template size 0.82 % 0.82 nm — (32 x 32 pixels) from the denoised
image. The magnitude spectrum (amplitude of the 2D Fourier transform) of each of the templates
is compared to the averaged magnitude spectrum, to identify the templates most representative
image. The best matching templates were selected (examples are shown in Fig. S18g) and cross
correlated with the original image. Cross-correlated maps were then filtered in Fourier space, using
a periodic mask derived from the original image, using the 6 characteristic graphene spots plus the
central spot. Each spot in the mask has a radius of 5 pixels and has been Gaussian filtered. Peak
finding is then performed on the Fourier-filtered cross-correlation maps, locating where the
template is well correlated with the original image. The frame is rebuilt by placing the template at
each of the identified locations matching locations, weighted by goodness of fit. The result of this
is a rebuilt image frame per template. The reconstruction process is then completed by summing
the rebuilt frames from a range of sample templates to form a unified reconstructed image, as
shown in Fig. S18h. This process is repeated on a frame-by-frame basis for each video. This
process improves the clarity of the periodic graphene lattice throughout the frames, through the
removal of non-periodic or non-repeating features within the image. Generally, these are from
contamination or particles. They reproduce the best matching lattice only locally, so this allows
for a larger than mask scale strain, or imaging distortions. The lattice localisation is then used for
drift correction as it allows for the comparison of adatom motion relative to substrate, as well as
identifying the Au adatom resting sites on the lattice. Drift correction was performed by linking
nearest neighbour lattice sites in adjacent image frames through the application of the Trackpy
package(64) using a Crocker-Grier algorithm(65) contained within the package, and subtracting
the ensemble motion from each frame. The comparison of the denoised BF image (Fig. S18c¢) to
rebuilt BF image (Fig. S18h) shows enhanced lattice contrast, enabling the tracking of the graphite
atomic structure even when the image has poor signal to noise ratio.
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The gold adatom positions were established using peak finding on the Noise2Void denoised
HAADF-STEM images with thresholding applied (Fig. S18 e,f). Similar to the BF case, the
Crocker-Grier algorithm(65) within Trackpy(64) was used for the linking of the adatom positions
into trajectories. The trajectories were then drift corrected using the drift values obtained from the

BF signal (Fig. S181).
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Figure S18: Image processing and atom tracking workflow. The panels are described in section 4. The

scalebars are 2 nm except in g which are 0.5 nm.
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b) Gaussian Filter c) Noise2Void

Line Profiles

Figure S19: Denoising of the HAADF & BF STEM images from a graphene liquid cell. An example
cropped region of the HAADF & BF STEM images an isolated gold adatom, for the raw (a), gaussian
filtered (b) & Noise2Void denoised (c). Line profiles are shown for the HAADF (blue) & BF (green) below

to visualise the reduction in the noise in the images.
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Figure S20: Denoising of the HAADF & BF STEM images from a vacuum environment. An example
cropped region of the HAADF & BF STEM images an isolated gold adatom, for the raw (a), gaussian
filtered (b) & Noise2Void denoised (c). Line profiles are shown for the HAADF (blue) & BF (green) below

to visualise the reduction in the noise in the images.
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5. Gold Statistics

5.1 Concentration Control

The concentration of the HAuCls.3H20 solutions were 16 mM. This concentration can be
converted to a gold atom areal density on the windows by considering the total gold in the solution
contained in the GLC (total volume of 5.9 X 10° nm?, assuming the GLC to be cylindrical with
a radius of 250 nm and a thickness of 30 nm) and the surface area of the graphene windows to be
4.4 X 10° nm?. Assuming all the gold adsorbs to the surfaces of the cell gives an areal density of
0.144 nm™. In comparison, the gold adatom areal density measured from STEM images of the
graphene windows is 0.274 adatoms nm™. One reason for this factor of ~1.9 difference may be a
reduced liquid volume compared to the assumption of a perfect cylinder, resulting from inwards
bowing of the windows, behaviour reported in our previous GLC work(32). Additionally, a higher
than expected concentration could result as there is likely preferential adsorption of the Au to the
graphite windows from the solution in the period prior to cell closure (~ 5 minutes). Nonetheless,
our demonstrated concentration control is improved over all previous GLCs, which reported
concentration differences of up to 3 orders of magnitude(38).

5.2 Gold Distribution Calculations

The clustering behaviour of identified Au adatoms was extracted from the coordinate data using
the DBSCAN (Density-Based Spatial Clustering of Applications with Noise) clustering algorithm
from the Python package scikit-learn(82) to group adatoms into clusters and record their size. The
size distribution established from this clustering was used to identify the regimes of isolated
adatoms, small amorphous clusters, and large amorphous clusters. The maximal separation
distance for adatoms to be considered as part of a cluster is 0.4 nm, which was established from
the one-dimensional pair distribution functions, as shown in Fig. S24. The cluster size is then used
to filter the measured positions to only consider a certain category of the adatoms present (see Fig.
S21). The randomly distributed control was simulated by taking the experimentally derived
number of Au locations per frame and randomly positioning these within the field of view. This
process was then repeated 1000 times and the results averaged. The same size distribution analysis
is then performed for the simulated ‘random’ control adatom locations as for the experimentally
derived positions. Three size schemes are highlighted from the size distribution, the isolated
species at n<3, small amorphous clusters at 4<n<30 and large amorphous clusters at n>31 (where
n is the number of gold atomic species identified). Approximately 250,000 isolated adatom
positions were measured per sample, with an additional ~300,000 atomic positions from the
amorphous clusters across the four samples.
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b - Au Adatoms

¢ - Clustered AuAdatoms d - Density Filtered Adatom Positions

Figure S21: Procedure to remove the clustered Au species from the isolated Au adatom analysis. (a)
Denoised HAADF-STEM image. (b) ldentified Au adatom positions. (c) Au positions clustered using a
density based spatial clustering algorithm. The DBSCAN clustering package is from scikit-learn (25)(82).
The maximum distance for atomic position consideration as part of a cluster is set as 0.4 nm. The clusters
are depicted by groups of the same colour. (d) Filtered Au positions to only highlight the isolated Au
positions. This analysis used a cluster threshold size of n=4 adatoms (restricting analysis to when n=1,2
or 3)., This threshold cluster range can be changed to extract the number of clusters in the data within
different size ranges.

The gold distribution histograms were determined through measurement of the isolated species,
amorphous clusters, and crystalline particles. The numbers of isolated adatoms and amorphous
clusters were calculated through the atom tracking from the high magnification HAADF-STEM
images then performing size distribution analysis, as discussed previously. The crystalline particle
distribution was established from the lower magnification HAADF-STEM images. The mean
diameter of each of the crystalline particle was measured, and the volume is determined based on
the assumption that these are spherical.

The measured pair distribution functions were obtained by calculating all Au-Au distances within
single images and collating them over all images (see Fig. S24). They were normalised by
comparison to the same metric measured for the simulated ‘randomly distributed control’ with a
matching adatom density. The single frame jump distance was obtained by applying the Crocker-
Grier linking algorithm to adatom locations with a conservative maximum distance of 0.7 nm.
However, as it is impossible to correctly link indistinguishable atoms from frame-to-frame the
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distances measured here may underestimate the single-frame motion as the closest pairs are
assumed to be linked. To test the importance of this effect, displacements were measured for
completely isolated adatoms where there is no other atom within ~2 nm. This data showed similar
(albeit noisier) results to data with higher areal density, suggesting minimal distortion is caused by
the indistinguishability of adatom tracking, The calculated interaction lifetimes for the adatoms
were obtained by taking the adatoms positions that have been linked in the image series and
establishing the length of time that the same adatoms remain paired within the paired distance (0.4
nm) of each other, and hence are within a stable dimer or a trimer cluster (see Fig. S25).

The gold thickness at each measured atomic position was determined from the background-
subtracted integrated signal intensity. For each tracked atomic coordinate, the signal, /ioc, was
integrated within a 5-pixel disk ROI centred on the atomic peak; local background was estimated
adaptively from an annular region surrounding the ROI and subtracted to minimise background
contribution. A single isolated gold atom from the same image was employed as the calibration
standard: its background-subtracted integrated intensity was averaged over multiple occurrences
to yield the per-atom intensity /ca;, and the number of atoms at each site was calculated as n = lioc /
Lcal(46-48).

To validate the approach, we used the calibrated atom counts to build a model cluster at the
measured positions, generated simulated intensities from that model, and compared experimental
and simulated line profiles (Fig. S22). The simulated cluster contains 37 atoms with a maximum
projected thickness of four gold atoms, and the close agreement of profiles supports the
quantitative conversion from intensity to atom count. Previous studies demonstrate that HAADF
intensity follows a linear relation to the atomic column thickness up to 10 atoms(89). Therefore,
because our measured clusters are below this threshold, departures from strict linearity were not
considered to be significant for the present dataset.
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Figure S22: Amorphous cluster thickness mapping. (a) HAADF STEM image of an amorphous cluster of
gold in acetone. (b) Line profiles of the intensity of the cluster for the real (a) and simulated data (c) with
the location shown on the respective images (line profile integrated over a width of 5 pixels or 0.13 nm).
(c) Simulated HAADF STEM image for the amorphous cluster.
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5.3 Gold Adatom Behaviour

The time dependency of the gold behaviour is shown in Fig. S23 the impact of the electron beam
is discussed in section 10.
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Figure §$23: Imaging time dependency of the statistical data for adatom distribution, separation and
Jjump distances. (a) Comparison of the measured statistics with respect to imaging time are shown for 5
different videos, each of them is 190 s long (100 frames) in length, collected with a probe current oft 1.67
x 10° ¢ s nm™. Different videos are represented by distinct colours. (b) 1D pair distribution function
shown for the average of all positions in the 5 videos in (a), binned into sets of 20 frames. (c,d) Gold cluster
size distributions and single frame jump distances, respectively, for the 5 videos summed, comparing the
first 10 (frames 0-10) and last 10 frames (frames 89-99).
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Figure $24: 1D pair distribution functions for the gold adatoms in the different samples. (a,b) 1D PDFs
shown for GLCs containing (a) cyclohexanone liquid and (b) acetone liquid. (c,d) 1D PDFs for unsealed
GLC control samples filled with liquid then dried giving (c) cyclohexanone vacuum and (d) acetone vacuum
data. The higher intensity for the cyclohexanone is a result of there being more clustered gold.
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Figure S25: Lifetimes of gold dimer and trimer species within the image series expressed as histograms
for the number of frames. (a,b) Lifetime histograms for GLCs containing (a) cyclohexanone liquid and (b)
acetone liquid. (c,d) Lifetime histograms for unsealed GLC control samples filled with liquid then dried
giving (c) cyclohexanone vacuum and (d) acetone vacuum data.
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Figure S26: Au resting site probabilities. The resting site probabilities for the gold on the graphite lattice,
each panel represents the probabilities for a single video sequence from each sample type: (a,b) acetone
liquid, (c,d) acetone vacuum, (e.f) cyclohexanone liquid and (g,h) cyclohexanone vacuum.
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Figure S27: Au-Au pair distribution function. The pair distribution functions for the Au-Au positions. The
1-dimensional PDFs (a&b), and the 2-dimensional PDFs (c&d). The 1D & 2D PDFs are shown for the
isolated gold (a&c) and for the amorphous clusters of gold (b&d).
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Figure S28: Areal frequency (nm) of monomers, dimers, and trimers on the graphite surface in the
different solvent systems. GLCs isolated species were measured for ethanol, butanol, acetone, and
cyclohexanone.
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Figure §29: Contamination influence control. High contamination example (a) HAADF & (b) BF STEM
images. Low contamination example (c) HAADF & (d) BF STEM images. The atom tracking of the single
frame jump distances (e) and the 1D pair distribution function (f) for the high and low contamination level.
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6. Catalysis

Samples for catalytic measurements were prepared by dissolving the gold salt (6.4 mM
HAuCls.3H20, 10 mg in 4 mL of solvent) in the chosen solvent. This is then added to the
appropriate weight of graphene powder (0.99 g) to produce an Au catalyst loading of 0.5 wt%, and
stirred for 1 hour. The mixture was dried under N2 for 2 hours at the corresponding temperature
for solvent evaporation (acetone, 42 °C, water 105 °C, cyclohexanone 160 °C, ethanol 83 °C,
propanol 102 °C, butanol 123 °C) with a ramping rate of 5 °C min"'. HAADF-STEM images of
the as-produced materials are shown in Fig. S30.
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Figure $30: HAADF-STEM images at a range of magnifications for the gold on graphite used for
catalytic measurements. The pristine catalysts were prepared through wet impregnation of HAuCly; with
either acetone (top row), cyclohexanone (middle row), or water (bottom row) as the solvent. The red boxes
indicate the regions that the higher magnification images to the right are taken. The used catalysts (vight
column) are those after catalytic testing for the hydrochlorination of acetylene at 160 °C.
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The catalysts were tested for hydrochlorination of acetylene in a fixed bed microreactor. 500 mg
of the prepared catalyst was used. The reaction was completed at 160 °C for 4 hours, with a gas
flow rate of 5 ml min’!, the gas mixture composed of 1:1.02 (C2Hz : HCI) at 1.08 bar (5% C2H:
balanced in Ar and 5% HCI balanced in Ar). The gas-phase products were analysed using a Varian
CP-3800 GC equipped with a flame ionisation detector (FID) and a Poropak-N packed column. In
all cases, VCM was confirmed as the only product. The conversion plot is shown in Fig. S31a.

The acetylene conversion for the cyclohexanone prepared catalyst is believed to be suppressed due
to the presence of the cyclohexanone residue on the surface of the graphite. The residues remaining
on the surface of the graphite is hypothesised to prevent the adsorption of the reactants to the Au
active sites. This residue presence is confirmed via thermogravimetric analysis (TGA), see Fig.
S37.

Additional catalysis testing was carried out after different drying temperatures for the water and
acetone solvents to test the effect of drying versus the dispersion of metal in the liquid phase. For
both solvents when the catalyst is dried at a higher temperature the activity is reduced (Fig. S31c),
due to the thermal energy providing increased diffusion of the Au and resulting in an increased
particle size. The low boiling point of acetone is therefore key to preserving the favourable atomic
dispersion of Au in the liquid phase.
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Figure S31: Catalytic performance of the Au/graphite catalyst prepared with different solvents for
hydrochlorination of acetylene. The solvents tested are acetone, water, cyclohexanone, ethanol, propanol,
and butanol. The drying temperatures used were close to the boiling points of the solvents, specifically
(acetone, 42 °C, water 105 °C, cyclohexanone 160 °C, ethanol 83 °C, propanol 102 °C, butanol 123 °C).
Graphene without Au was used as a control (used as received, no heating). (a) The conversion trend has
been fitted to a power law. (b) The drying temperature vs conversion at t=26.2 min. Legend is the same as
(a). (c) The conversion trend fitted with a power law for catalysts prepared at different temperatures for
acetone (42 & 160 °C) and water (110 & 160 °C). It wasn’t possible to dry the cyclohexanone at lower
temperature due to the high boiling point of this solvent and higher temperature is above the temperature
of the reaction.
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7. Density Functional Theory Simulations

7.1 DFT — Au Graphite Sublattice Dependency
Adsorption Energy

We initially calculated the adsorption energy of a single Au atom using DFT total energies,

— 2
Eads — Lcell — N €BLG — Hauref » (1)

where E_¢ is the total energy of an Nay, X Na, bilayer graphene (BLG) supercell (which is used
to approximate a graphite surface), containing a single Au adatom, €gy is the energy of a single
(4-atom) BLG unit cell, and pa,, ref 18 a reference Au energy, which is taken as the energy of an

isolated Au atom in a cubic cell of dimensions 20 A x 20 A. Au atoms were deposited on each of
three distinct high-symmetry sites (A1 — atop the carbon atom for the sublattice where there is
another carbon immediately beneath it; Az — atop the carbon atom where there is no carbon in the
layer directly beneath it; and H (hollow) — in the centre of the carbon hexagon), and subsequently
fully relaxed to extract the corresponding DFT energy in the equilibrium geometry. The results are
shown below, showing a significant preference for the A1 and A: sites, in comparison to H, and
with the hollow site as the energetic minimum for a single atom, with a small difference between
A1 and Az which reduces with decreasing cell size. Notably, there is a relatively flat energy
dependence with increasing values of N.

2 3 4 5 6 7
Unit cell size (N)

Figure S32: Single Au adatom adsorption energy vs cell size. Adsorption energy Eqs (Eq. 1) vs cell size,
N, at each of three high-symmetry sites on a BLG surface. Red and blue atoms are situated carbon atoms
on the top and bottom layers, respectively.

Bader charge analysis shows that, in contrast to alkali-metal decorated graphite surfaces there is
very weak p-doping (~0.1 e/Au atom at all sites) of the graphite surface due to the large
electronegativity of Au, suggesting relatively weak long-range Coulomb interactions between
periodically-repeated Au adatoms. In the following we can therefore use an 8 X 8 cell to calculate
the adsorption energy of pairs of Au atoms.
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Bond breaking energy on BLG surface
The change in energy of an Au pair is taken as,
AE = Epair — 2E 445, (2)

where Eg 45 is the adsorption energy of an isolated Au atom on the dimer site and Ep,j, is the
formation energy of the pair, (i.e., this is the cohesive or bond energy of the Au pair on BLG). This
quantity was calculated using DFT, as a function of the in-plane distance between two Au atoms
on the BLG surface. One Au atom fixed to an A; site while the second Au is moved along the
zigzag direction, which crosses neighbouring double sites. Fig. S33 shows a plot of this energy vs
Au-Au distance.

0

AE (eV)
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Au Separation (nm)
Figure §33: Energy potential as a function of Au-Au separation distance. Values are plotted in black and
the data has been fitted using Eq. 3 in red.

This can be fitted using a Buckingham type potential,
AE(r) = Ae= %) + Br=6  (3)
with fitted values,
A (eV) B (eVAS) a(A) ro (A)
3.41097 -1300.90761 3.50217 2.53000

i.e., an exponential attractive term due to covalent bonding combined with short-range
repulsion ~7~¢. We note that the equilibrium Au-Au distance, for Au pairs which are oriented in-
plane and out-of-plane are approximately commensurate with the BLG lattice (Au-Au distance
~2.48A in all orientations). Bader analysis further confirms zero or very weak charge transfer to
BLG, for Au pair positions close to the covalent bonds’ minimum, suggestive of covalent Au-Au
bonds.

Clustering

37



Subsequently, the clustering energy of pairs of Au atoms was calculated. This was taken as the
difference in energy between a supercell containing both atoms, and twice the adsorption energy
of an individual Au adatom at the corresponding cell size.

Econ = Ecen — 2Eqq45- (4)

Au pairs were initially placed at each of two high-symmetry sites as shown in Fig. S34. One atom
is placed at a given high-symmetry position, with another atom placed at neighbouring, high-
symmetry sites at specified distances, resulting in three distinct relative positions for each of the
three distances considered here. Calculated cohesive energies are shown in Table 1. In particular,
we find that adsorption is most favourable when Au adatoms are closest together, for those
positions there is significant Au-Au hybridization and subsequent tilting of one of the atoms out
of the plane. At higher distances (where atoms may occupy the same high-symmetry sites), atoms
remain largely flat after relaxation. Mutual occupation of pairs of closest double (A1) sites, which
are separated by one lattice spacing, is the overall lowest in energy, closely followed by Au atoms
at top (Az) sites, which is higher by ~0.6 meV per atom.

Figure §34: Au-Au adsorption sites. Dark and light grey atoms are situated on the top and bottom layers,
respectively. Pairs of Au atoms are initially placed on the BLG surface in an 8 x 8 supercell. One Au atom
is placed on a high-symmetry site (A, A1, H); the second Au atom is placed at neighbouring high-symmetry

) : . . 2 . )
sites, which are situated at distances of % a, and \/—g For the double site configurations shown here, these

neighbours occupy Az H (%), A (a), and Az, H (f/—;) sites.
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Table 1: Au-Au adsorption energies at specified high-symmetry sites. Sites are specified by the high-
symmetry position of atoms 1 and 2 and the relative distance between pairs of atoms (see Fig. S34). At each
site we calculate the relative distance (z;, z2) of each of the Au adatoms, the cohesive energy, Eco, (i.e.,
bonding energy) of the Au pair and the relative energy difference between the A;- A; configuration and
others in meV. Mutual occupation of A; sites is preferred over all other flat configurations. This is also
shown in Fig. S35.

Site 1 Site 2 Distance Econ 21 22 AE (meV)
A H a/\/§ -1.988 4.382 2.331 -419.871
A A; a/V3 -1.971 4.396 2.341 -403.032
A H a/\/§ -2.006 4.373 2.322 -438.130
A A a -1.567 2.897 2.896 0.612
A A a -1.568 2.897 2.897 0.000
H H a -1.557 2.967 2.967 11.021
A H 2a/\/§ -1.168 2.880 2.720 400.107
A A 2a/V3 -1.308 2.528 2.533 259.805
A H 2a/\/§ -1.165 2.927 2.746 402.530

DFT 2D Pairing Potential

0.0
-0.5

AE (eV)

-1.5

Figure §35: Au-Au adsorption energy. Relative energy as a function of position for a pair of Au adatoms,
with one atom fixed at the A; position, at a fixed distance above the BLG surface. Overlaid is a schematic
of the BLG surface. Labels of the A;: atop the carbon atom for the sublattice where there is another carbon
immediately beneath it, A;: atop the carbon atom for the sublattice where there is no carbon immediately
beneath it, & H: hollow site.

Finally, Fig. S35 shows the change in relative energy of the Au pair, as a function of the position
of the second atom for both atoms at a fixed distance above the BLG surface. In this case, one Au
atom is situated on the dimer sites, while the position of the second atom is varied across the BLG
surface. Adsorption of the second Au adatom at an adjacent A site is preferred over any other
high-symmetry site when restricted to flat geometries.
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7.2 DFT — Au, Graphite & Solvent Interactions

Adsorption of solvent (acetone, cyclohexanone, and water) molecules, single Au atoms and Au-
solvent complexes on graphene was studied using DFT, using a single graphene layer as a model
for FLG. The adsorption energies are shown in Table S2 and S3, and the optimised structures in
Fig. S36.

The adsorption energies AEqq4s of the solvent molecules, Au atoms and [Au(solvent)i1] complexes
were calculated as:

AEqis = E(G+A) — E(G) — E(A) (5)

where E(G+A) is the energy of graphene with adsorbate, E(G) is the energy of the isolated
graphene sheet, and E(A) is the energy of the adsorbate (i.e. a single Au atom, a single solvent
molecule, or an [Au(solvent)1] complex).

The energies of solvent binding to Au adsorbed on graphene were calculated as:
AEsor = E(GAu+S) — E(GAu) — E(S) (6)

where E(GAu+S) is the energy of graphene with an adsorbed Au atom and a co-adsorbed solvent
molecule, £(GAu) is the energy of graphene with an adsorbed Au atom, and E(S) is the energy of
an isolated solvent molecule.

Our DFT calculations show that a single Au atom adsorbs on graphene less strongly than acetone
or cyclohexanone, but more strongly than water (Table S2). Therefore, in a water environment it
is preferable to have Au atoms adsorbed on graphene than to have the graphene surface covered
with water solvent. Table S2

However, [Au(acetone)i] and [Au(cyclohexanone)i] bind to graphene more strongly than single
Au atoms or the solvent molecules alone, therefore solvated Au atoms are likely to adsorb on
graphene. Moreover, acetone and cyclohexanone solvent molecules bind more strongly to
adsorbed Au than to pure graphene. Therefore, adsorbed Au atoms or clusters are likely to be
capped by solvent, providing some prevention against large crystal formation.

The acetone molecules can arrange in a more compact solvation shell around the adsorbed gold
atoms compared to the cyclohexanone molecules, due to acetone’s smaller size and smaller steric
hindrance. This tighter packing is hypothesised to stabilise the small amorphous Au clusters in
acetone more strongly than in cyclohexanone.

Table S2: Adsorption energy of single adsorbate on graphene.

System Adsorption Energy (eV)
Au on graphene -0.32
Water on graphene -0.17
Acetone on graphene -0.56
Cyclohexanone on graphene -0.68
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Table S3: Adsorption energy of Au atom and solvent on graphene.

System [Au(solvent);] complex Solvent binding to
binding to graphene (eV) | graphene + Au (eV)
Au + water on graphene -0.44 -0.29
Au + acetone on graphene -0.80 -0.72
Au + cyclohexanone on graphene -0.92 -0.87
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Figure §36: DFT calculation structures. Upper panel: The structures of the single solvent molecules and
single Au atom adsorbed on graphene used for the energy calculations in Table S2. Lower panel: The
structures of the [Au(solvent);] complexes on graphene used for the energy calculations in Table S3. (Grey

= carbon in graphene lattice, Blue = carbon in solvent molecule, red = oxygen, pink = gold).




Additionally, the energies of solvent interaction with Au(I) and Au(IIl) ions were calculated in the
implicit solvent environment, to investigate the possibility that the strength of solvation of Au ions
in the solution phase is responsible for the observed differences in Au cluster sizes on graphene in
different solvents.

The energies of binding of a solvent molecule to Au(I) (Table S4) were calculated as:
AE = E(Au+S) — E(Au) — E(S) (7

where S stands for solvent, E(Au+S) is the energy of a [Au(I)(S)] complex, E(Au) is the energy of
an Au(I) ion and E(S) is the energy of a solvent molecule.

The energies of replacing a Cl~ ligand in [Au(I)Cl2]~ and [Au(III)Cls]~ complexes with a solvent
molecule to form [Au(I)Cl(Solvent)] or [Au(II)Cls(Solvent)] complexes (Table S5) were
calculated as:

AE = E(AuClS) + E(C1) — E(AuCla+1) — E(S) (8)

where S stands for solvent, n = 1 for Au(I) or n = 3 for Au(Ill), E(AuClsS) is the energy of a
[Au(D)CI(S)] or [Au(II)CI3(S)] complex, E(AuCln+1) is the energy of a [Au(I)Clz2-]- or
[Au(IIT)Cls]~ complex, E(CI) is the energy of a CI- ion and E(S) is the energy of a solvent
molecule.

The energies of dissociation of an AuCl species into Au" and CI” in the different solvent
environments (Table S6) were calculated as:

AE = E(AuCl) — E(Au) — E(Cl) (9)

where E(AuCl), E(Au) and E(C) and the energies of AuCl, Au” and CI, respectively. The energies
of all species in equations (7-9) were calculated in the implicit solvent (acetone, cyclohexanone,
or water) environment.

As shown in Tables S4-S6, the solvent binding energies, ligand replacement energies and energies
of dissociation show no appreciable differences between the three solvents, hence this is unlikely
to have a significant impact upon the atomic dispersion behaviour of the gold. Therefore, the
primary reason for the different observed trends in Au cluster distributions is the difference in the
strength of adsorption on graphene, rather than Au-solvent interactions in the solution phase.

Table S4: Binding energies of one solvent molecule to one Au(l).

Solvent Energy (eV)
Cyclohexanone -1.08
Acetone -1.01
Water -0.99
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Table S5: Energy of replacing Cl in AuCly or in AuCly with solvent.

Energy (eV)
Solvent AuCl;™ + Solvent —> AuCly + Solvent —>
[AuCl Solvent] + CI~ [AuCl; Solvent] + CI~
Cyclohexanone 0.86 0.97
Acetone 0.86 0.98
Water 0.73 0.90

Table S6: Energy of dissociating Au(I)Cl into Au"* and CI.

Solvent Energy (eV)
Cyclohexanone 2.45
Acetone 2.39
Water 2.12
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8. Thermogravimetric analysis

The samples for thermogravimetric analysis were prepared by dissolving HAuCl4 salt in 1 mL of
the solvent (acetone/cyclohexanone/water) to produce a 100 mM concentration and adding this to
commercial graphite powder (~0.2 g). The samples were allowed to dry in ambient conditions for
2 days and then in a vacuum chamber for 7 days. A portion of each of these dried samples was
taken for TGA analysis in the temperature range from room temperature to 500 °C. The
temperature ramp rate was 10 °C min™! under a nitrogen atmosphere. A reference sample was also
measured consisting of a sample of the commercial graphite powder without any solution added.
The result of the TGA is shown in Fig. S37. The much greater mass loss for the cyclohexanone
exposed graphite compared to other solvents. and the controls, indicates the high level of adsorbed
cyclohexanone left on the graphite even after drying. The mass change from the TGA experiment
corresponds to the graphite powder having a surface coverage of over 100% prior to the heating.
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Figure §37: Thermogravimetric analysis. Analysis of graphite powder exposed to gold salt dissolved in
different solvents (acetone, cyclohexanone, and water). The reference sample is the commercial graphite
powder which has not been exposed to solvents.
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9. Solvent Drying Effects

The gold salt (HAuCl4.3H20) solution for each solvent was drop-cast on a Si substrate and allowed
to dry at room temperature and under atmospheric conditions for 1 hour, before being placed into
a vacuum chamber for an additional 1 hour, to ensure all the solvent had been removed. The
substrates were then loaded into the SEM for the imaging of the patterns shown in Fig. S38.

a - Dropcast Solution b - Water

Droplet of Metal Air Dried Droplet
Salt Solution
¢ - Acetone

<

Distance from edge of the dried droplet

Edge

d - Cyclohexanone

» .
c...
L] e * e
« o
« ®
.
° .
.
o .
~ .
L
A .
e o e °* o
- . .
o e o .
. .
. . o .
— o J — .
0 S o

Distance from edge of the dried droplet

Edge

Figure S38: Images of the drying patterns left by the gold salt in the different solvents on a Si substrate.
(a) Schematic of the experimental set up. (b) SEM image of the pattern of dried salt produced from the
water solution (inset shows an optical image). (c,d) The dried salt pattern from the acetone and
cyclohexanone solutions, at varying distances from the centre of the dried droplet (SEM images top row,
optical image bottom row). All the scalebars are 500 um.
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10. Electron Beam Effects

Finally, we consider the effect of the electron beam on our results. The maximum typical energy
that could be transferred from the electron probe to a gold adatom is 0.96 eV at 80 kV(90). The
gold diffusion barriers on graphite in vacuum are low (0.02-0.05 eV(49, 97)) and although these
are likely to be slightly higher in the presence of acetone or cyclohexanone adsorbed to the surface,
energy transfer from the electron beam is likely contributing to the dynamic behaviour we observe.
However, due to the relatively short acting nature of the electron beam, the dominant mechanics
for adatom movement on graphite at room temperature is generally considered to be thermal
excitation(49). Importantly, we see less dynamic motion in our dried controls compared to in the
wet GLCs, suggesting the motion we observe at the solid-liquid interfaces is not purely electron
beam induced. Furthermore, when acquiring 100s of images in the same cell we see no evolution
in our systems, when considering either the adatom densities, distributions or dynamic motion
(Fig. S23). This indicates that the experiments are at a steady, albeit excited, state within the first
image frame. We appreciate that influence of electron beam can affect that equilibrium, but the
presence of the grounded graphite layer in our system will provide the ability to continuously
neutralise this non-equilibrium change. The exception to this stability is when the graphene
window is significantly damaged or ruptured so that the liquid is lost, in which case the behaviour
in the empty liquid cell closely resembles our vacuum phase data.

The rapidly achieved steady state (in a single frame) is not unexpected, as the concentration of
electron beam generated radicals in pure water has been calculated to reach a steady state within
milliseconds(92). The radiation induced changes in solution chemistry are much less well studied
for organic systems and there are a large range of organic radical species that may be produced
during irradiation with a high energy electron beam(93). Consequently, the radiation induced
chemistry within the cell is challenging to define although the combination of the gold salt
(HAuCl4.3H20) and acetone solution with the electron beam irradiation is likely to produce a net
oxidising environment(94) whereas in aqueous systems and vacuum conditions the electron beam
is generally found to be reducing(95, 96). We see no bubble formation inside the liquid cells unless
they are poorly sealed, for example due to a crease in the graphene window, which suggests that
the hermetic sealing of the liquid cell may be supressing gas evolution(32) and helping to preserve
the steady state conditions that allow prolonged imaging of the solid-liquid interface.

To further elucidate the impact of the electron beam on the behaviour of the gold adatoms we have
performed an identical liquid cell experiment but with a significantly reduced electron flux (3.2
x10° e- A%s7! versus the 1.7 x10° e- As™! used in the original data). We then applied the same
analysis and data processing to compare the effect of electron flux on jump distances in liquid and
Au-Au atom pair distribution function (Fig. S39). We find no difference in the dynamics or pairing
interactions. The flux values shown in Fig. S39 represent the full range of viable electron flux;
higher values damage the graphene windows causing the liquid to escape, while lower values
reduce the SNR for the cell so that it is not possible to confidently identify and track the Au atoms.
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Figure §39: Electron flux dependency STEM experiment. (a&b) Example denoised images from the high
and low flux imaging conditions. The high flux is the typical imaging conditions that has been used within
this work. When imaging above this electron flux damage to the GLC window was apparent. The atom
tracking of the single frame jump distances (c) and the 1D pair distribution function (d) for the high and
low electron flux.
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