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Single atoms or ions on surfaces affect processes from nucleation1 to electrochemical reactions2 

and heterogeneous catalysis3. Transmission electron microscopy (TEM) is a leading approach for 
visualizing single atoms on a variety of substrates 4,5. It conventionally requires high vacuum 
conditions, but has been developed for in situ imaging in liquid and gaseous environments6,7 with a 
combined spatial and temporal resolution that is unmatched by any other method —notwithstanding 
concerns about electron beam effects on samples. When imaging in liquid using commercial 
technologies, electron scattering in the windows enclosing the sample and in the liquid generally 
limits the achievable resolution to a few nanometres6,8,9. Graphene liquid cells, on the other hand, 
have enabled atomic resolution imaging of metal nanoparticles in liquids10. Here we show that a 
double graphene liquid cell, comprised of a central molybdenum disulphide monolayer separated 
by hexagonal boron nitride spacers from the two enclosing graphene windows, makes it possible to 
monitor with atomic resolution the dynamics of platinum adatoms on the monolayer in an aqueous 
salt solution. By imaging over 70,000 single adatom adsorption sites, we compare the site preference 
and dynamic motion of the adatoms in both a fully hydrated and vacuum state. We find a modified 
adsorption site distribution and higher diffusivities for the adatoms in liquid phase compared to 
those in vacuum. This approach paves the way for in situ liquid phase imaging of chemical 
processes with single atom precision. 
 
Graphene is an ideal window material for in situ TEM cells due to the material’s extreme thinness, high 
mechanical strength, low atomic number, chemical inertness, impermeability, 11 and ability to scavenge 
aggressive radical species12,13. Initial graphene liquid cell (GLC) designs14 relied on random formation of 
liquid pockets between two graphene sheets, and hence exhibited low yield and poor stability under 
prolonged electron exposure15. More advanced designs have incorporated a patterned spacer layer of SiNx 
or hexagonal boron nitride (hBN) to define liquid pockets16,17 providing improved control of the GLC geometry 
and experimental conditions. 
We developed a double graphene liquid cell (DGLC) to study the motion of individual, solvated metal atoms 
on an atomically thin membrane in the TEM. This was motivated by ex situ STEM investigations showing 
that the choice of liquid environment can change the distribution of metal atoms from nanoclusters to single 
atoms18, but experimental in situ probing of the behaviour was not feasible and even imaging of individual 
atoms in liquid proved elusive in earlier studies19. Our focus is on Pt on MoS2, for which the wealth of existing 
data makes it an ideal model system for probing the limitations and potential of atomic resolution liquid cell 
microscopy.  
The DGLC, sketched in Fig. 1a, consists of two hBN spacer layers, each tens of nm thick with a molybdenum 
disulphide (MoS2) monolayer sandwiched between them. Both hBN spacers contain voids pre-patterned 
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using e-beam lithography and subsequent reactive ion etching. Liquid samples are trapped inside the voids 
using few-layer graphene (FLG) on the top and bottom of the stack (see Methods for full fabrication details). 
The atomically flat hBN crystals form a hermetic seal with graphene and MoS2; this prevents leakage, liquid 
transfer between individual cells and complete loss of liquid if the cell ruptures locally. This design, with 
highly controlled total cell thickness (< 70nm), preserves the TEM’s atomic resolution imaging and analysis 
capabilities while the presence of liquid above and below the substrate makes the DGLC sufficiently robust 
for continuous STEM imaging over more than 10 minutes with an electron flux of ~ 2.8 x 106 e s-1 nm-2; i.e., 
atomic resolution imaging at 200 kV. The design also enables mixing of separate liquid samples directly 
under the beam via directed ablation of the MoS2 layer20.  
Fig. 1b shows the HAADF STEM image of a typical experimental DGLC sample, with the double liquid cell 
structure (shaded in yellow) found where voids in the two hBN layers overlap and leave the MoS2 layer 
suspended between two liquid pockets (see Extended Data Figs. 1 and 2 for further optical and TEM 
characterisation and Supplementary video 1 for an image series at increasing magnification). The presence 
of liquid within the voids is verified by electron energy loss spectrum imaging (see extended data figure 3j) 
mapping the oxygen K-edge characteristic of water onto the double cell area. The samples were supported 
by a custom SiNx TEM support grid with large circular holes21, outlined in green in figure 1b.  
The upper liquid cell pockets of the DGLC are loaded with an aqueous solution of platinum salt (10 mM 
H2PtCl6), while the lower part has been filled with deionised water. The Pt solution produces atomically 
dispersed Pt species on the MoS2 separation membrane, visible as bright spots in the HAADF STEM (Z-
contrast) images due to the relatively high atomic number of Pt compared to other materials in the cell 
(verified as Pt by local elemental mapping, extended data figure 3c). Whether the Pt is adsorbed on the top 
graphene, the encapsulated MoS2 monolayer, or the bottom graphene layer can be inferred using the finite 
focal depth (~10 nm) of the STEM probe (figure 1c - e), as shown in supplementary videos 2 - 3. A high 
density of individual atomic Pt species and nanometre-scale Pt nanocrystals are visible both on the top 
graphene window and on the submerged MoS2 membrane (figures 1c and 1d respectively), while a few Pt 
atoms are also found on the bottom graphene window (top right region in figure 1e, likely spilled onto the 
outer cell surfaces during sample preparation). Relative defocus values indicate a thickness of 42 nm for 
the upper liquid layer and 28 nm for the bottom layer; in good agreement with atomic force microscopy 
measurements of the hBN spacer layers acquired as part of the cell fabrication (32 nm and 30 nm 
respectively). 
The exceptional spatial resolution of the DGLC system allows clear identification of bright spots 
corresponding to electron scattering by individual Pt nuclei as well as their relative locations with respect to 
the underlying lattice. Whether the Pt is adsorbed on, or substituted in, the MoS2 can only inferred by analysis 
of the dynamic motion (with most suggested to be adsorbed as discussed later). Nonetheless, the complexity 
of the environment at the solid liquid interface means that it is highly challenging to verify whether the Pt is 
present as atoms, ions, or molecular complexes. We recognise this uncertainty but refer to the studied Pt 
species here as ‘adatoms’ to distinguish them from both nanoclusters adhered to the surface and ions free 
to move in solution. Such unrivalled high spatial and temporal resolution imaging for supported single metal 
species surrounded by liquid enables a plethora of new measurement possibilities.  
Let us first focus on analysis of the Pt adatom adsorption site distribution with respect to the MoS2. Figure 2 
shows an image from a video sequence focused on the MoS2 membrane (supplementary video 4), where 
the hexagonal lattice of the MoS2 monolayer is decorated with brighter dots corresponding to single Pt 
species. The samples have an approximately constant average areal density of ~ 0.6 nm-2 (extended data 
figure 7a). Image processing was employed to identify the lattice locations of the Pt on the supporting MoS2 
crystal: Pt positions were identified from Fourier filtered images, after which a template matching algorithm 
was used to reinforce local self-similarity and remove spatially uncorrelated noise, enabling identification of 
the Mo lattice sites. The two coordinate sets were then compared to find the Pt adatom positions relative to 
the MoS2 lattice. Full details of the image processing steps are presented in the supplementary information 
(SI section 3). 
This analysis shows that the Pt adatoms prefer to occupy one of the three high symmetry MoS2 lattice sites 
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shown in figure 2b. These are referred to here as: the ‘Mo site’ where the Pt is directly above the Mo lattice 
site; the ‘S-site’ where the Pt is directly over the S-lattice site; and the hexagonal centre or ‘HC site’, where 
the Pt is located above the hexagonal lattice site, equidistant from three S and three Mo sites. Figure 2c - d 
shows the experimental raw and averaged images demonstrating an excellent qualitative match to image 
simulations shown in figure 2e. 
To quantitatively compare the Pt adatom distribution in the liquid cell and in a vacuum environment we 
calculate spatially resolved histograms from analysis of the location of >70,000 Pt adatoms relative to the 
underlying MoS2 substrate, (figure 3a-j). This vacuum data was achieved both i) by deliberately puncturing 
the graphene windows of various cells, then allowing the liquid to escape by leaving the sample in the TEM 
vacuum overnight and ii) by preparing a ex situ Pt on MoS2 sample for comparison (image series shown in 
supplementary video 5). In vacuum, the experimental data shows that Pt atoms have a clear preference to 
sit above the S sites in the MoS2 lattice, although theoretical calculations indicate that the preferred position 
for Pt is above the Mo site in pristine MoS2 with metastable states above S and HC sites22,23. The strong 
preference for the S site in the experimental data is consistent with previous ex situ analysis and has been 
attributed to the presence of S vacancies which present more energetically favourable positions with our 
density functional theory (DFT) calculations predicting a binding energy of 6.1 eV compared to 3.5 and 3.1 
eV for Pt above Mo and S sites (further details of the DFT calculations are provided in SI section 6). Indeed, 
by overlaying all occupied lattice positions in an image series, we see that the positions of Pt adatoms are 
more evenly distributed in the liquid cell while the vacuum data is concentrated in specific locations (see SI 
figure S4). Such clustering is likely also associated with Pt pinning on less mobile S vacancies, which are 
expected to have comparatively low mobility compared to that of Pt adatoms on a perfect MoS2 lattice 
(diffusion barrier of 0.8 - 2 eV for S vacancy vs ~ 0.5 eV for Pt adatom) 24,25.  
Comparing the vacuum results to the Pt lattice site distribution measured in the liquid cell (Figure 3a-e), we 
see markedly different behaviour with both S and Mo sites displaying similar occupancies when liquid is 
present (figure 3a). This can be attributed to the substitution of S vacancies by oxygen from the water making 
them less attractive sites for Pt26. Indeed, our DFT calculations show that the binding energy for S vacancies 
is greater for O atoms (9.1 eV) than Pt atoms (6.1 eV) suggesting that where oxygen is available it will 
preferentially substitute into S vacancy sites. Once oxygen substitutes a S vacancy the site becomes a 
relatively unfavourable location for a Pt adatom (extended data figure 9b). Furthermore, chlorine species 
from the salt can also substitute into S vacancy sites27.   
Measurable quantities of native S vacancies are often present in MoS2

28, and indeed are thought to be key 
to generating high performance for the hydrogen evolution reaction29.  As our material is mechanically 
exfoliated the S vacancies that dominate ex situ characterisation are likely the result of electron beam 
irradiation induced knock on damage, expected to be present at measurable levels for atomic resolution 
imaging even at low accelerating voltages30. In addition, electron beam effects may play a role in the filling 
of S vacancies as products of water radiolysis (such as O2, H2O2) can react with a sulphur vacancy leading 
to incorporation of oxygen in MoS2

31 (for detailed discussion of electron beam effects see SI section 2). 
Given these points it is surprising that the behaviour we observe is highly robust to electron beam induced 
changes in the local environment. In both liquid and vacuum environments, we did not observe variability in 
the relative Pt distribution with imaging time (up to 10s of minutes), or with electron flux (over a range 0.7 – 
2.8 x106 e nm-2 s-1, beam current details are provided in figure 3b-d and f-h) when visibly defective regions 
are removed from the analysis. We hypothesise that for ex situ imaging the required number of S vacancies 
is generated within the first few image frames and that these are sufficient to dominate the Pt adatom 
behaviour. As more vacancies are created during prolonged imaging these diffuse to form visible holes in 
the MoS2, which areas are excluded from the analysis. In the liquid environment, beam induced S vacancies 
may be produced at similar rates but are quickly filled by available native or radiolytic O or Cl containing 
species from the liquid as quickly as they are generated, leading to our experimental observation that the Pt 
adatom adsorption behaviour in the presence of liquid is not dominated by strong S vacancy site interactions 
and more closely resembles the distribution predicted by DFT for pristine MoS2.  
We now turn to discussion of the dynamic motion of the Pt adatoms, comparing behaviour in the liquid cell 
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to that observed in vacuum. Quantitative data is obtained by linking the atomic positions in adjacent video 
frames using a minimum displacement approach (full details in SI section 3). The majority of single Pt 
adatoms are observed to be mobile, as demonstrated in figure 4a - b, which shows the trajectories of several 
representative Pt adatoms over a sustained period (the full image series for this dataset comprises 
supplementary videos 6 and 7). Statistical analysis of these atomic dynamics for both liquid cell and for 
vacuum conditions, as well as a range of electron fluxes, yields histograms of radially averaged, frame-to-
frame, atomic displacements that are plotted in figure 4c. Both distributions are peaked at Pt jump distances 
of ~ 0.05 nm, which is likely related to motion around a chosen lattice site. This motion is not caused by 
tracking uncertainty or the background movement of the underlying MoS2, which is tracked as the 
displacement of Mo sites after correcting for specimen drift, tilt, and rotation, and is found to have much 
smaller peak values (below 0.02 nm for both liquid and vacuum conditions, inset figure 4c). For both 
systems, the high mobility of Pt atoms is consistent with their being predominantly surface adatoms: located 
on, rather than substituted in, the MoS2 lattice (see SI section 6). The only exception was a small number of 
fully immobilized Pt atoms in the liquid cell. These were located at Mo sites suggesting they are Pt substituted 
into a Mo vacancy (extended data figure 2d). In the liquid cell, although the adatom surface density is 
relatively stable, adatoms occasionally appear and disappear spontaneously during imaging, likely due to a 
dynamic equilibrium with Pt deposition onto the MoS2 surface from the salt solution and dissolution of Pt 
adatoms back into solution. We also observe that in liquid Pt adatoms atop S-sites are less likely to be stuck 
for multiple frames (extended data figure 8 a,b), which supports our hypothesis that the Pt’s bonding to S 
vacancies is inhibited in liquid compared to vacuum conditions. 
Comparing liquid and vacuum data sets, the distribution of atomic displacements in the liquid cell data is 
noticeably broader, demonstrating more frequent occurrence of larger (0.1 - 0.5 nm) frame-to-frame 
displacements between different sites. Considering the mean square displacements (MSDs) shown in figure 
4d, it is evident that larger displacements take place in the liquid cell relative to the sample imaged in 
vacuum, yielding surface diffusivities, D, for Pt of >0.25 and <0.2 nm2 s-1, for liquid and vacuum imaging 
respectively. In vacuum conditions, the energy barrier for Pt adatom diffusion between adjacent Mo sites on 
a MoS2 lattice is calculated to be 0.5 – 0.82 eV24,30 (SI section 6). Calculations for diffusion barriers in liquids 
are computationally challenging with DFT but the diffusion barrier of charged Pt surface ions (both reduced 
and oxidised) decreases by ~0.2 eV (SI section 6), which may contribute to the larger D of the liquid cell.  
These calculated diffusion barriers are lower than the typical energy which can be transferred to a Pt adatom 
under 200 kV illumination (2.69 eV calculated according to ref. 32) indicating that, similar to all TEM 
investigations of atomic surface dynamics, the energy transfer from the electron beam is likely to play a role. 
Previous reports of beam induced motion have shown a dependence on the beam scanning and probe 
position33,34 which would be observed in our analysis of the statistics and directionality of site hopping 
(extended data figure 8c). However, the nearly perfect symmetry seen in this data for all crystallographically 
equivalent lattice directions suggests that the electron beam scanning does not have a strong effect on 
hopping directionality.  
Furthermore, investigating dynamic motion as a function of electron flux (Figure 4c,d) found that the 
differences between liquid and vacuum conditions were significantly larger than the dependence on electron 
flux. Greater adatom motion was seen at lower fluxes, meaning that the motion we observe is not simply 
beam driven. The higher rate of beam induced S vacancy creation, changes to the hydration state of the Pt 
or pinning by other radiolytic species is likely limiting Pt movement at higher electron flux even in liquids. A 
full computational understanding of this experimental behaviour would be a significant undertaking requiring 
detailed modelling of the possible Pt species as well as differences in the local binding energies due to the 
presence of a hydration shell. The parameter space is further increased as verification of the local charge 
state for individual atoms by S/TEM is not generally possible even for ex situ studies. Nonetheless, the 
experimental data presented here provides key input for theoretical calculations and not only regarding 
adsorption sites and dynamics; for example, the analysis of the Pt pair distribution function shown here 
indicates the Pt adatoms prefer to sit next to each other which suggests incomplete hydration, with no 
evidence to suggest long range coulombic repulsion (extended data figure 7e).  
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To conclude, the results presented here demonstrate the ability to measure adatom motion at solid-liquid 
interfaces although highlighting the importance of understanding electron beam effects and performing 
complementary theoretical investigations of atomic behaviour in complex hydrated systems. The 
experimental technology is widely applicable to different material systems and provides a pathway to obtain 
previously inaccessible atomically resolved, dynamic, structural information in different environments, 
applicable to many diverse systems across the physical sciences. 
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Methods 
Solutions: Hexachloroplatinic acid (H2PtCl6, 8 wt. % in water) was purchased from Sigma Aldrich UK, and 
was diluted down to a 10 mM solution in 3:1 deionised water: propan-2-ol. 
Liquid Cell Fabrication: 2D materials (~ 30 nm thick hBN flakes, 2 - 3 nm thick FLG flakes, and monolayer 
MoS2) were mechanically exfoliated from bulk crystals onto thermally oxidised silicon substrates. Synthetic 
hBN and natural graphite and MoS2 were purchased from HQ Graphene (hqgraphene.com), NaturGraphit 
GmbH (graphit.de), and Manchester Nanomaterials (mos2crystals.com) respectively. The hBN flakes were 
patterned using electron beam lithography to define a resist etch mask, and subsequent reactive ion etching 
with SF6/O2. Flakes were then successively stacked, inserting liquid samples (10mM in 3:1 water: propan-
2-ol in upper cell, 3:1 water: propan-2-ol in lower cell) between flakes immediately before bringing them into 
contact in order to trap the liquid sample in the defined pockets patterned in the hBN spacer layers. The 
stack was then transferred to a custom silicon nitride support film for STEM characterisation (see extended 
data figure 1 and SI section 1 for full details).  
Vacuum sample fabrication: MoS2 flakes were exfoliated in the same way as for the liquid cell, from the 
identical MoS2 crystal used for the double liquid cell membrane. A monolayer flake was transferred onto a 
custom silicon nitride support film and annealed in a reducing atmosphere to remove transfer contamination 
(200C in 5% H in Ar). A 20 mM Hexachloroplatinic acid aqueous solution was drop cast onto the grid, which 
was then baked on a hot plate in argon atmosphere to evaporate any remaining liquid. 
STEM Imaging: High resolution imaging and spectroscopy was carried out using a FEI Titan G2 80 - 200 
S/TEM ChemiSTEM. The microscope was operated in STEM mode with a 200 kV accelerating voltage and 
a 21 mrad convergence angle and a 48 mrad HAADF collection angle. Probe aberrations up to 3rd order 
were corrected to better than a 𝜋𝜋 4⁄  phase shift at 20 mrad. We find that the cell is stable under continuous 
STEM imaging with an electron flux of ~ 2.8 x 106 e- s-1 nm-2 (for more than 10 minutes at 200 kV). To 
examine effects of electron flux, we used a variety of beam currents up to 162 pA, see extended data Table 
1 for details. After imaging, specific liquid cells were perforated using prolonged exposure to a focused 
electron beam, and left to dehydrate in the TEM column overnight, enabling us to compare Pt diffusion for 
the same samples in liquid and vacuum environments. While the same individual cells were used, their large 
area (hundreds of nm) compared to the imaging area (~17 nm) means we were able to image effectively 
pristine areas. 
STEM Image simulation: Multislice image simulation of the MoS2 / Pt adatom structure in vacuum was 
carried out using QSTEM35. Image simulation parameters were chosen to simulate the experimental imaging 
conditions used in the liquid cell, with a virtual electron source size of 1.5 Å. Thermal effects were simulated 
by averaging the output over 25 random phonon configurations, using default Debye-Waller (DW) factors 
calculated by QSTEM (MoDW = 0.131, SDW = 0.393, PtDW = 0.065). The simulations did not include the atomic 
structures of the encapsulating graphene or liquid layers. Previous work has shown that exclusion of the 
graphene has little qualitative effect on the relative peak intensities of heavy atom species36. 
Pt Adatom Tracking: Individual HAADF STEM images from the videos were processed using a patch-
based principal component analysis reconstruction algorithm37,38 to highlight the Mo sites. A comparison 
between the original and reconstructed image is shown in supplementary information figure S1. Mo lattice 
sites in each frame were found in this processed image and linked by nearest neighbour frame-to-frame. Pt 
adatom locations were separately identified from a Fourier space filtered version of the original videos, after 
drift correction (pixelwise, translation only) using the mean Mo lattice displacement. Pt adatom trajectories 
were generated by linking nearest neighbour Pt sites in adjacent frames. Linking of identified particles was 
performed using an implementation of the Crocker-Grier39 algorithm contained in the trackpy package40. The 
matrix transformation between the Mo sites in each frame and their time averaged positions was then found, 
and used to apply an affine transformation (translation, scale, rotation, shear) to remove the effects of time 
varying scan distortions from the identified atomic trajectories. For the liquid cell, 15452 positions of Pt atoms 
are compared, with 3670 images from the vacuum sample image series to generate the statistics shown in 
figures 3 and 4, and extended data figures 7 and 8. Atom positions in the vicinity of dense clusters, such as 
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that in supplementary video 4 (as shown in SI figure S5) were not considered. 
See supplementary information section 3 for a full description. An example workflow is shown in extended 
data figure 6. 
DFT Calculations: Spin-polarised density functional theory calculations were performed with the optB86b-
vdW functional41 using the Vienna Ab-initio Simulation Package (VASP) 42. Projector augmented wave 
potentials, a 500 eV energy cut-off, and a 3 x 3 x 1 k-point mesh were used. To accurately model the various 
adsorption systems, a 5 × 5 × 1 MoS2 supercell was used with 16 Å of vacuum along the surface normal 
direction. All atoms in the unit cell are fully relaxed in the calculations with a force threshold of 0.01 eV/Å for 
structure optimisation and of 0.02 eV/Å for transition pathway searches. 
Kernel Density Estimation: Empirical probability density maps shown in figure 3 were plotted by Kernel 
Density Estimation with a gaussian kernel using SciPy43. KDE bandwidths of 0.05 and 0.08 were used for 
the combined panels (a,f) and the separate video panels (c-e, h-j) respectively. The estimated density was 
tiled and normalised over one MoS2 unit cell. 
Data Availability 
The STEM Image series used in this work44, and input files and results from the DFT simulation45, are freely 
available online. 
Code Availability 
Example computer code used for the image processing is available online46.  
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Figures 

 
Figure 1 Design of the double liquid cell. (a) Illustrated cross-section of a double liquid cell structure with labelled 
components. (b) A low magnification HAADF STEM image of the liquid cell arrays alongside colour-coded layer 
schematics, showing arrangements of the pockets in both hBN spacer layers and the SiNx support grid. (c-e) HAADF 
STEM images of one area of the double liquid cell with the probe focussed at the upper FLG window (Δf = -42 nm), the 
MoS2 membrane (Δf = 0 nm), and the lower FLG membrane (Δf = 28 nm), as indicated by the probe convergence in 
(a). Images were recorded in the order presented (c-e). Arrows highlight selected parts of the image that are in focus 
at each defocus value. Scale bars (b) 2 μm, (c-e) 5 nm. 

 
Figure 2 Adsorption sites of single Pt adatoms on underlying MoS2 in an aqueous liquid environment. (a) A 
representative HAADF STEM image from supplementary video 4. The probe is focussed on the submerged MoS2 layer 
so that the Mo lattice and Pt adatoms are clearly visible (Δf = 0 nm). (b) Atomic models of a Pt adatom at a Mo site 
(outlined in a purple border), S site (yellow border), and hexagonal centre (HC) site (red border) on the MoS2 flake. (c) 
Experimental image patches identified as showing atoms at the three lattice sites indicated in (a). Extrapolated Mo 
positions are shown by white dots. Additional exemplar image patches are exhibited in supplementary information 
figure S2. (d) Averaged images obtained by summation of 50 similar image patches. (e) Multi-slice image simulations 
of the model structures shown in (b). Scale bars (a) 2 nm (b-e) 200 pm. 
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Figure 3 Preferred adsorption sites in liquid cell and vacuum. Spatially resolved probability density maps of Pt 
adatom positions relative to the MoS2 lattice from (a) videos captured in liquid cell and (f) videos captured in vacuum 
environment. Mo, S, and HC positions are shown as an overlay by purple, yellow, and red circles respectively. Maps 
from individual experiments for various electron dose rates and different samples are shown in (c-e) for liquid and (h-
j) for vacuum environments where the relevant electron probe current is given top left. Videos in (h-i) are acquired from 
dehydrated liquid cells and (j) from a freestanding Pt-decorated MoS2 membrane. The density maps are averaged to 
one MoS2 unit cell and tiled in the figure for clarity, so all Mo and S points are equivalent. Probability density line profiles 
are shown in (b) for liquid and (g) for vacuum environments, extracted along positions indicated by the arrows of 
corresponding colour from each map. 
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Figure 4 Single atom tracking using nearest neighbour linking. (a) A single Pt adatom trajectory from a 134s video 
in the graphene double liquid cell (supplementary video 8). (b) Trajectories of an ensemble of Pt atoms in liquid cell 
(from supplementary video 4), coloured according to the elapsed time (see SI figure S3 for wider view). (c) Histogram 
showing relative frame-to-frame jump distances for Pt atoms averaged over multiple videos in liquid (blue lines) and 
vacuum environments (red lines), captured with 3 beam currents, and with all distributions peaked at ~ 0.05nm. Inset 
compares the background movement of the underlying MoS2 (tracked from the Mo sites) which has much smaller peak 
values of under 0.02 nm. (d) The averaged mean squared displacement as a function of the lag time ∆𝑡𝑡 plotted for Pt 
adatoms in both environments (inset shows the same dataset plotted with data on logarithmic axes). The bars represent 
standard error. A least-squares fit to a power law function (MSD(Δt) = DαΔtα) is shown overlaid and the corresponding 
fit parameters (Dα, α) are listed in the lower right. Scale bars (a) 0.5 nm (b) 2 nm. 
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Extended Data 

 
Extended Data Figure 1: Graphene - MoS2 - graphene liquid cell fabrication process. (a) Liquid A (deionised 
water: Propan-2-ol with a 2:1 ratio) is placed on within of a patterned hBN spacer supported on few layer graphene 
(FLG) bottom window on an oxide substrate and a thin MoS2 flake is transferred on top using a polymer support layer, 
trapping the liquid sample. (b) After removal of the previous polymer film, a second liquid (5 mM H2PtCl6 in deionised 
water: propan-2-ol, 3:1) is encapsulated between the MoS2 flake surface and a prepared hBN spacer attached to the 
top FLG window. (c) After releasing the stack from the substrate using KOH to etch the oxidised Si, it is transferred to 
a custom SiNx TEM support membrane using a polymer support. Optical images showing a sample at each stage are 
shown below the schematic, with the individual flakes used to construct the sample in the lower left. All scale bars are 
20 μm. 
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Extended Data Figure 2: Additional TEM characterisation. (a) Wider view of main text figure 1b where the right 
hand image is a high-angle annular dark-field scanning transmission electron microscope (HAADF STEM) image of 
the liquid cell at low magnification and the schematics on the left illustrate the origin of the contrast coming from the 
overlapping spacer layers and the SiNx TEM support grid. The two graphene and centre MoS2 window layers are 
everywhere in the image and comparatively thin so do not produce significant contrast. (b) Transmission electron 
microscope (TEM) image showing the double liquid cell structure. The decreased intensity in the bottom left corner is 
the SiN support grid. The overlapping circles of variable contrast represent holes in the top and bottom hBN spacer 
layers. The white circle indicates a region of the liquid cell where wells in the top and bottom hBN spacers are vertically 
aligned (suitable for high resolution imaging of the submerged MoS2 membrane). (c) Selected area electron diffraction 
pattern from the area indicated by the white circle in (b). Spots corresponding to (100) and (110) planes in the two FLG 
flakes are indicated by the blue and green hexagons. Spots corresponding to (100), (110), and (200) planes in the 
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MoS2 flake are indicated by the purple hexagon. The spot positions indicate the expected lattice spacings of MoS2 
d100=0.27 nm, d110=0.16 nm, and FLG d100=0.21 nm, d110=0.12 nm. (d)Time integrated HAADF STEM image extracted 
from supplementary video 4 after drift correction. Two bright dots (indicated by red arrows) indicate static Pt atoms 
substituted into the Mo lattice. The blue arrow indicates a long-lived Mo vacancy. Scale bars (a) 2 μm (b) 200 nm (c) 5 
nm-1 (d) 2 nm. 
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Extended Data Figure 3: STEM energy dispersive x-ray spectroscopy (EDXS) and Electron energy loss 
spectroscopy (EELS) characterisation. (a) shows a HAADF image of an MoS2 supported Pt nanocluster acquired 
quasi-simultaneously with the EDXS maps presented in (b - e). The nanocluster is supported on the edge of a crack in 
the monolayer MoS2 membrane. (b - d) Maps of the Oxygen Kα transition, the combined Platinum Lα and Mα transitions, 
and the combined Molybdenum Lα and Sulphur Kα transitions respectively. (e) shows an integrated EDXS spectra with 
identified peaks labelled.  (f) HAADF STEM image showing wider area of the double liquid cell where EEL mapping 
was performed. The white square indicates the mapped region. (g) EEL spectra summed over the thin region (t/λ < 
0.3), showing the Oxygen K absorption edge at around 532 eV. Inset shows the region over which the spectra were 
summed. (h) Mapping of relative sample thickness as calculated using the log-ratio method47 for the region indicated 
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by the white square in (f). Inset shows a thickness histogram, showing three clear peaks corresponding to the areas 
with no hBN (just 2 liquid cells, graphene windows and MoS2 membrane), one hBN flake (plus 1 liquid cell, graphene 
windows and MoS2 membrane) and two overlapping hBN flakes (plus graphene windows and MoS2 membrane) 
respectively. The relative thickness of the double cell liquid area is approximately 0.25 t/λ. (i,j) EEL maps of the 
intensities of the Nitrogen and Oxygen K edges respectively, extracted by model based fitting using HyperSpy48,49. (k) 
Normalised intensity profiles (averaged over a 3 pixel width) of the nitrogen and oxygen K edges (left axis), and the 
relative thickness (right axis) along the profiles indicated by the arrows in (h, i, j). Scale bars (a-d) 1 nm (f) 200 nm (h-
j) 100 nm. 
 
 
Extended Data Table 1: Details of captured image sequences used in the analysis. 
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Extended Data Figure 4: Overview of additional videos captured in vacuum. All image sequences were captured 
in a dehydrated liquid cell, except the last (sequence 17), which was a freestanding MoS2 membrane with drop-cast Pt 
salt solution. The first and last frame are shown from each image sequence after drift correction. Black edge regions 
are where the image area drifted so data is missing. The beam current is shown on the right hand side. Scale bars 
represent 2 nm. 
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Extended Data Figure 5: Overview of additional videos captured from liquid cell. The first and last frame are 
shown from each image sequence after drift correction. Black edge regions are where the image area drifted so data 
is missing. The beam current is shown on the right hand side. Scale bars represent 2 nm. 
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Extended Data Figure 6: Schematic detailing the image processing steps required to achieve Pt atom tracking 
(illustrated using the liquid cell data in supplementary video 4). Panels are described in the supplementary 
information (SI section 3). Scale bars are 2 nm in all panels except (b, d) 0.5 nm. 
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Extended Data Figure 7: Comparison of TAMSDs for full dataset vs data obtained by analysis of only isolated 
adatoms. (a) Pt adatom areal density identified for each image in videos listed in supplementary table 1 plotted as 
blue (liquid cell) and red (vacuum) respectively. Sample areas which were not in the imaging area during the entire 
imaging series due to drift were excluded from the analysis. Nonetheless variations can occur when adatoms move 
out of the field, as well as when adatoms are taken up into the liquid or deposited from the liquid. (b) Histograms of the 
nearest neighbour Pt adatom distance for 4 selected videos with representative values of D and α. The vertical line at 
1 nm shows the proportion of the total adatom distribution where the adatoms can be considered ‘isolated’ (> 1 nm 
nearest Pt neighbour distance). (c) TAMSD for all identified Pt adatom trajectories from the videos used in panel (b) 
and (d) TAMSD of trajectories formed from only ‘isolated’ adatom positions. Trajectories were split whenever the 
nearest neighbour distance was less than 1nm. Vertical bars represent standard errors. (e) Pair distribution functions 
showing the relative probability (vs that of randomly distributed adatoms) of finding a Pt adatom at a certain distance 
from another. The peak at short ranges indicates a slight tendency for clustering behaviour of the Pt adatoms. 



   
 

22 
 

 
Extended data figure 8: Atom lattice hopping statistics. (a) Probability of a Pt adatom identified as being on a Mo, 
S, or hexagonal centre (HC) site in one frame, subsequently being identified on the same site in the next frame, for 
liquid cell (left) and vacuum data (right). Narrow bars represent different data sets and thick bar the average. (b) chance 
of an atom identified as being on a particular site, remaining on that site for n frames. Colours refer to those of the data 
in panel (a). (c) Relative chances of an adatom on one site moving to another adjacent lattice site (first nearest 
neighbours are 1.9 Å distance, 2nd or 3rd nearest neighbours are 3.3 and 3.8 Å distance respectively. Scale bars, 0.15 
nm. 
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Extended data table 2: Comparison of calculated charge states of Pt atoms on Mo and S-top sites for reduced, neutral, 
and oxidising environments. 

 
 
 

 
Extended data figure 9: Comparison of diffusion kinetics for Pt adatoms, and binding energy dependence on 
local charge environments. (a) The nudged elastic band (NEB) energy profile for diffusion of the Pt adatom (cyan) 
from a S vacancy (Pt@VS) to a location above a S (yellow) site (Pt@S), where the transition state is located at 0 of the 
reaction coordinate. Mo atoms are shown in purple. (b) The NEB energy profile for diffusion of the Pt adatom from 
above an oxygen (red) substituted S vacancy (Pt@O) to a location above a pristine S site (Pt@S). (c) Comparison of 
the adsorption energy differences at the Mo and S sites of MoS2 under neutral, reduced, and oxidised conditions. (d) 
NEB energy profiles for the diffusion of Pt adatoms from Mo top to Mo top sites under neutral (blue), reduced (orange) 
and oxidised (green) conditions. The dashed lines in (a), (b), and (d) guides to the eye.  


