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ABSTRACT. In electrodeposition the key challenge is to obtain better control over nanostructure 

morphology. Currently, a lack of understanding exists concerning the initial stages of nucleation 

and growth, which ultimately impact the physicochemical properties of the resulting entities. 

Using identical location scanning transmission electron microscopy (IL-STEM), with boron doped 

diamond (BDD) serving as both an electron transparent TEM substrate and electrode, we follow 

this process, from the formation of an individual atom through to a crystalline nanoparticle, under 

potential pulsed conditions. In doing so, we reveal the importance of electrochemically driven 

atom transport, atom cluster formation, cluster progression to a nanoparticle and the mechanism 

by which neighboring particles interact during growth. Such information will help formulate 

electrochemical deposition procedures and promote wider uptake of electrodeposited structures in 

a wide range of societally important applications. This type of measurement is possible in the TEM 

because the BDD possesses inherent stability, has an extremely high thermal conductivity, is 

electron beam transparent, free from contamination and robust enough for multiple deposition and 

imaging cycles. Moreover, the platform can be operated under conditions such that we have 

confidence that the dynamic atom events we image are truly due to electrochemically driven 

deposition and no other factors, such as electron beam induced movement. 
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Electrodeposition, the electrochemically driven formation of solid structures on an electrode 

surface, has the potential to be a key technology for advancing energy storage and conversion 

capabilities, aiding in the design of, for example, advanced electrode materials for water splitting, 

fuel cell technologies and carbon dioxide capture and turnover.1-3 Many of these applications 

require precise control over the atomic-scale architecture of the resulting metal structure.4-5 

However, despite the huge technological possibilities, electrochemical deposition strategies have 

yet to realize their full potential. One decisive factor is related to the fact that surprisingly little is 

known about the mechanistic details of the initial stages of electrodeposition, at the atom level.6-8 

Such information is crucial if the required control is to be obtained and implemented.  

Electrochemically, growth is traditionally treated using either classical or atomistic theories, 

which describe the process as the formation of supercritical (stable) nuclei, which grow by direct 

addition of atoms, formed by electroreduction, on the nuclei surface.9-11 Experimentally, analysis 

is typically limited to current-time (i-t) measurements that give average, macroscopic information 

from which nanoscale behavior is inferred, such as nucleation rate and number of growth nuclei.9-

11 However, studies making use of advancements in microscopic analysis often show that these 

models are inappropriate descriptors for the early stages of nucleation and growth.7, 12-16 Such work 

has led to factors such as electrochemically driven surface diffusion and aggregation being 

postulated as important pathways,7, 16 but to date such processes have yet to be dynamically 

visualized and thus confirmed. Furthermore, the resolution obtained using scanning probe 

techniques such as atomic force microscopy (AFM) and scanning electrochemical cell microscopy 

is typically limited to the nanoparticle (NP) level. Electrochemical scanning tunneling microscopy 

measurements can resolve individual atoms, but studies typically focus on two-dimensional 

growth and dissolution.17 Liquid cell transmission electron microscopy (TEM),18 whilst making 
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huge strides in monitoring dynamic electrochemical systems,19 has limited resolution due to factors 

such as electron scattering in the liquid and electron-beam induced reactions. In contrast, ex-situ 

high resolution aberration corrected scanning TEM (STEM) techniques can not only resolve single 

atoms, but is able to quantify the number of atoms within a particle.20 

Our aim is to dynamically visualize in details the earliest stages of nucleation and growth, 

beginning with the smallest possible electrodeposited entity, a single atom,21-24 with millisecond 

temporal resolution. We use identical location (IL)-STEM,25-26 with repeated electrodepositions 

and ex-situ STEM imaging of the same area, to follow and elucidate these initial stages, effectively 

taking “snapshots” of the nucleation and growth process at defined time intervals. We also take 

care to minimize (and quantify) electron beam induced effects. We achieve our overall aim by 

employing IL-STEM in combination with a TEM substrate made of a conducting boron doped 

diamond (BDD),27 that functions as both an electrode and inherently stable electron-transparent 

support. The BDD brings significant advantages to dual electrode-IL-TEM measurements such as 

its inherent robustness for repeat measurements, low atomic number, crystallinity, stability, 

extremely high thermal conductivity and very low Bremsstrahlung backgrounds.28 

RESULTS and DISCUSSION 

Operational Procedure for Monitoring Gold Nucleation and Growth: The BDD electrode-

TEM platform was produced by ion milling a thin disc of chemical vapor deposited BDD to 

electron transparency (shown schematically in Figure 1a); the edge of the ion milled hole is 

typically less than 35 nm thick, as measured using electron energy loss spectroscopy (EELS). The 

EELS spectrum of the carbon (C) K ionisation edge in this area is shown in Figure 1b. The C edge 

at 284 nm indicates sp3 bonding (i.e. diamond). The thickness of the specimen is determined from 

the ratio of zero-loss electrons to the total transmitted intensity extracted from the low-loss part of 
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the spectrum and the mean free electron path in diamond at an electron energy of 200 kV (97.6 

nm).29 A field emission scanning electron microscope (FE-SEM) image of the thinnest part of the 

BDD electrode surface after ion milling, is shown in Figure 1c, whilst Figure 1d depict an ADF-

STEM image of the BDD edge; where the differently doped grains are visible. 
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Figure 1. Experimental evidence of the suitability of the BDD electrode for TEM imaging and 

EELS analysis. (a) Cross-sectional schematic of the BDD-TEM plate after ion milling. (b) EELS 

of the BDD (on the BDD edge closest to the hole) showing the carbon K ionization edge. (c) FE-

SEM image of the thinnest part of the BDD electrode surface after ion milling. (d) Annular dark 

field-STEM image of the BDD edge; the differently doped grains are visible. Scale bar in c and d, 

is 100 m. 
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Total electrodeposition times of (a) 5 ms, (b) 10 ms and (c) 30 ms, in a solution containing 

deaerated 1  10-3 M [AuCl4]
- in 0.1 M HClO4 (pH = 1.09), were employed to capture the initial 

stages of gold (Au) nucleation and growth on BDD. SI 1, Figure S1, Supporting Information, 

shows the experimental set-up and SI 2, Figure S2 the corresponding cyclic voltammogram for 

Au3+ reduction. Specifically, each experimental cycle leading to a STEM snapshot of nucleation 

and growth involved: deposition for a defined time period; washing in deionized water; drying; 

holding at 60 °C for 8 hours under vacuum to eliminate any mobile hydrocarbons; STEM imaging. 

The first deposition constituted 5 ms, the second a further 5 ms and the third, an additional 20 ms. 

Note, for the electrode area employed (~0.04 cm2), as the capacitive current contribution decays 

in ~ 0.1 ms, 98%, 98% and 99.5% of the currents observed, in the corresponding i-t profiles 

recorded over 0-5 ms, 5-10 ms and 10-30 ms respectively, are due to faradaic processes.  The 

distinctive shape of the edge of the BDD support was used as a reference point to allow imaging 

of the same area in each cycle. All IL imaging was carried out in annular dark field (ADF)-STEM 

mode using a fine probe (current 23 pA, convergence semiangle ~25 mrad, 8 s per pixel), with 

each area imaged only once per electrodeposition time, unless otherwise stated. A typical sequence 

of IL-ADF-STEM images from the same area are shown in SI 3, Figure S3. Similar 

electrodeposition dynamics where observed close to, and up to a radial distance of ~ 500 nm (the 

limit of the electron beam transparency of the substrate), from the edge of the hole. Further data 

analysis was carried out by examining selected regions of these and other images. 

Electrodeposition of Au was driven at a potential of -0.5 V vs a saturated calomel reference 

electrode (SCE), which equates to an overpotential, η, of -1.2 V.  At this potential, a faradaic 

current contribution for the evolution of hydrogen, on the deposited Au nanostructures, is not 

expected, based on the data shown in SI 2, Figure S2. Under these conditions, the size of the critical 
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nucleus, Nc, is calculated to be smaller than a single atom, using the atomistic theory of 

nucleation.10, 21, 30 Here the number of atoms in the critical nuclei, Nc, can be determined by 

examining the dependence of the nucleation rate, J (nuclei cm-2 s-1), on   in accordance with 

Equation 1:10, 31  

 
𝜕 ln 𝐽

𝜕 |𝜂|
=  

− 𝑁𝑐 𝑧 𝐹

2.303 𝑅 𝑇
  (1) 

 

where z is the number of electrons involved in the reduction process = 3, F is the Faraday constant 

(= 96485 C mol-1), R is the gas constant = 8.314 J K-1mol-1, and T is the temperature = 293 K. J 

was determined from analysis of IL-ADF-STEM images for the same deposition area over three 

growth periods, 0 to 5 ms, 5 to 10 ms and 10 to 30 ms, (i.e. three images in total). This analysis 

was then performed in two other growth areas, also over the three different time periods, leading 

to nine images in total analyzed. Three such IL-ADF-STEM images recorded in the same area, are 

shown in SI 3, Figure S3, which were used to extract the number of Au nuclei on the surface. From 

the nine analysed images, J and Nc were determined as 1.33 × 1019 cm-2 s-1 (±3.6 × 1017 cm-2 s-1) 

and 0.14 ± 0.004 atoms, respectively; the latter indicating that single electrodeposited atoms should 

be stable on the surface. Note, the experimentally measured nucleation densities and J values are 

orders of magnitude greater than those predicted by analysis of the recorded i-t curves using 

classical growth theories.7, 13 

Electrochemically Driven Single Atom Motion: After 5 ms (Figures 2a to 2d and SI 3, Figure 

S3a), the surface contains three distinct electrodeposited structures: isolated, single atoms on the 

electrode surface (Figures 2a and 2b); clusters (or aggregates) of Au atoms lacking any form of 

crystallinity that vary in size and number of atoms, which we term atom clusters (ACs, Figure 2c); 

and particles with crystallinity, typically 1-3 nm in diameter, which we call NPs (Figure 2d). If the 
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BDD support crystal is aligned to the electron beam, its crystal structure also becomes evident, as 

shown in Figure 2a, although such conditions were generally avoided to give a clearer view of the 

deposited Au. This, and other measurements (SI 4, Figure S4) showed that the BDD surface 

orientation was (110), as expected for CVD polycrystalline BDD growth.32  
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Figure 2. ADF-STEM images of (a) isolated Au atoms (blue circles), and the underlying (110) 

plane of carbon (C) atoms (pattern structure highlighted in yellow in left hand image) in the BDD 

TEM platform; (b) isolated Au atoms (c) Au atom clusters and (d) Crystalline Au NPs, 

electrodeposited on BDD. Scale bar is 2 nm. Electrodeposition was carried out at -0.5 V vs SCE 

for 5 ms. 

 

Although our primary interest is in capturing the dynamics and mechanism of early stage 

electrodeposition it is first necessary to ascertain whether momentum transfer from the highly 

energetic (200 kV) electron beam to the particles themselves, induces surface diffusion. Since the 

largest effect is expected on the least massive particles our focus was on isolated atoms. To 

separate the effects of electrochemically induced motion from that of the electron beam, we 

quantified electron-beam induced atom movements for a series of ADF-STEM images recorded at 

different time intervals in the same area. A representative series of ten ADF-STEM images 

containing 41 tracked atoms (colored for clarity) as well as a NP that does not change position, is 

shown in SI 5, Figure S5 and Movie S1. Note each frame receives an electron dose equivalent to 

that for each time-stamped IL-STEM image, thus the tenth image has received an electron dose 

ten times the electron dose used per IL-STEM image. The atom movements observed from Frames 

1 to 2 and Frames 1 to 10 are also shown in Figures 3a and 3b respectively. After two electron 

doses, there is negligible movement of any of the atoms (Figure 3a). Even after an excessive ten 

doses (Figure 3b), 66% of the atoms have moved a mean square displacement of less than 0.1 Å2 

(SI 6, Figure S6), whilst the NP changed its orientation. This demonstrates that the effect of the 

electron beam on isolated atom movement is negligible under the conditions we employ for IL-

STEM imaging.  
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Dispersion-corrected density functional theory (DFT) calculations33 were also employed to 

determine the energy required to move isolated Au atoms over the (110) surface of BDD. A fully 

oxidized (110) surface was modeled. A mixture of ether (C-O-C) and ketone (C=O) groups on the 

surface were found to be the most energetically favorable configuration, SI 7, Figure S7. Figure 

3c depicts the energetic landscape for Au atom motion across the (110) surface; two preferred 

directions of travel, [11̅0] and [001], were elucidated, with thermal barriers to atom diffusion of 

0.16 eV and 0.25 eV respectively. Since a temperature of 60 °C (thermal baking temperature) 

corresponds to 0.029 eV of thermal energy per atom, movement of atoms on the BDD platform 

during thermal baking is thus also of minor concern.  

Figure 3. (a and b) Effect of the electron beam on atom mobility. In one location, containing a 

single NP and 41 atoms (identified by the colored spots), ten consecutive images were recorded. 

Atom movement from (a) frames 1 to 2 and from (b) frames 1 to 10 is displayed. Scale bar is 2 

nm. (c) Energy landscape for adsorption of a single Au atom on an oxidized diamond (110) surface. 
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Shown is a contour plot with contour energies in eV according to the color bar on the right. The 

background shows a ball-and-stick model of the surface with carbon atoms in gray, oxygen atoms 

in red and 1st layer carbon atoms in light blue. Minimum energy barriers along the [11̅0] (in red) 

and the [001] (in orange) directions are also depicted. 

Importantly, we also find that the Au-BDD-TEM platform is stable over long time periods. 

Figure S8 shows two images of the same area, the first recorded immediately after the final 

electrodeposition and the second, 73 days later (stored at room temperature under vacuum). 

Differences are negligible, even to the extent that individual atoms remain in identical locations. 

Early Stage Au Nucleation and Growth from Single Atom to Nanoparticle: Having 

established the validity of our experiment, we now demonstrate quantitative analysis of early stage 

Au nucleation and growth using the IL approach in combination with STEM.  Quantified analysis 

of electron scattering is well-established;34 here we use the contrast of individual Au atoms, 

together with multi-slice image simulations to calibrate and convert ADF-STEM intensity to a 

count of Au atoms34 (see Materials and Methods and SI 9, Figure S9). We first track the effect of 

an electrochemical deposition potential on the behavior of isolated atoms and ACs. Figure 4 shows 

representative IL-ADF-STEM images after total deposition times of (a) 5 ms and (b) 10 ms. Six 

areas of interest are highlighted; squares 1-5 each contain a single AC, whilst square 6 contains 

isolated atoms. These squares have the same area and sit in the same position in Figures 4a and 

4b. The total number of atoms have been counted in each (Table 1). 
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Figure 4. IL-ADF-STEM “snapshot” images of early stage electronucleation and growth focusing 

on isolated atoms and ACs. (a and b) Show the rearrangement process atoms undergo in response 

to an applied potential, over 10 ms. Scale bar is 2 nm. Electrodeposition was carried out at -0.5 V 

vs SCE for (a) 5 ms and (b) 10 ms. 
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Somewhat surprisingly in the 5 ms of electrodeposition between Figures 4a and 4b there does 

not appear to be any significant change in the atom count of the ACs, in the numbered squares, 

within experimental error.  Although note the total atom count for the whole image does increase 

from 316 ± 4 atoms (Figure 4a) to 345 ± 3 atoms (Figure 4b).  However, what is different is the 

atoms have changed position, reorganizing themselves, in response to the applied electrode 

potential. This rearrangement is especially evident in squares 2, 3 and 4 where for the former, 

square 2, the “line” of six atoms connected to the cluster has now become incorporated into the 

AC. Since we are confident that our STEM measurement methods do not affect the atom locations 

significantly, we can also assign the rearrangement of individual atoms towards each other in 

square 6, as a result of the applied potential.  

A second example of electrochemically driven atomic rearrangement is shown in Figures 5a to 

5c (and at lower magnification in SI 10, Figure S10). The NP identified with a blue circle acts as 

a reference point. The highlighted AC (blue square) does not change its total number of atoms in 

Figures 5a and 5b (160 ± 10 vs 160 ± 20 atoms) however, the position of the atoms has clearly 

changed as the system moves to adopt a lower energy configuration (perimeter of AC also 

decreased from 3.37 nm to 3.01 nm). After a further 20 ms of applied potential, Figure 5c, the AC 

transforms into a smaller and more ordered NP (see inset) comprised of only 82 ± 7 atoms 

(perimeter 1.39 nm). The AC upon converting to a more stable NP has actually lost atoms 

(although their final location is unclear from these images). Such phenomena have not been 

considered in the electrodeposition literature and is certainly not currently predicted by any 

electrodeposition theory. Figure 5 thus not only demonstrates the level of detail IL-ADF-STEM 

can reveal on early stage growth using the BDD-TEM platforms but enables the elucidation of 

mechanisms and growth pathways previously not described at the atomic level. 
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Figure 5. IL-ADF-STEM “snapshot” images of early stage electronucleation and growth focusing 

on isolated atoms, AC and NP. (a to c) One example of how a NP forms from an AC over a 30 ms 

electrodeposition time period. Scale bar is 2 nm. Electrodeposition was carried out by applying -

0.5 V vs SCE for (a) 5 ms (b) 10 ms and (c) 30 ms. 
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Growth Interactions Between Neighboring ACs and NPs: Also of considerable interest is 

how neighboring entities (ACs and NPs) interact. We have shown single atoms aggregating into 

ACs and ACs converting to NPs but have yet to discuss possible interactions between ACs and 

NPs. The images as shown in Figure S3 provide a wealth of “snapshot” data from which such 

information can be obtained, as illustrated by Figures 6a to 6c, which show a series of 

electrodeposition dynamics from three different locations. In Figure 6a at 5 ms, two dominant 

features are present, a crystalline NP (269 ± 9 atoms) and a disordered AC (153 ± 5 atoms). After 

a further 5 ms of growth the almost complete disassembly of the AC has occurred via streams of 

atoms into the NP, which move across both the surface and each other. In response, the NP has 

become disordered, with clearly not enough time for recrystallization. After a further 20 ms, atom 

movement is complete resulting in the formation of one single crystalline NP (730 ± 30 atoms), 

with the surrounding area now devoid of isolated atoms. The size of the NP indicates that during 

growth not only did the NP incorporate all atoms from the neighboring AC but also incorporated 

atoms from other sources, most likely due to direct attachment i.e. by direct reduction of Au ions 

to Au atoms at the NP surface.  
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Figure 6. IL-ADF-STEM images of atomic cluster – NP dynamic interactions during 

electrodeposition. (a to c) AC and NP interactions during Au electrodeposition in three different 
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areas for “snapshot” growth times of 5 ms, 10 ms and 30 ms at an electrodeposition potential of -

0.5 V vs SCE. ACs dissemble to provide atoms to a neighbouring crystalline NP, which becomes 

disordered as a result, followed by recrystallization. Scale bar is 3 nm. 

 

Figure 6b features a monocrystalline Au NP (labelled 1, 222 ± 7 atoms at 5 ms), surrounded by 

five ACs, (2, 3, 4, 5, 6) with atom sizes of (34 ± 1; 40 ± 1; 35 ± 1; 48 ± 2 and 59 ± 2) respectively. 

After a further 5 ms, the nearest AC (AC 2) has already been incorporated into NP 1, while ACs 

3, 4 and 5 undergo movement and disassembly to provide streams of atoms which also feed into 

NP 1. This process causes NP 1 to lose crystallinity and become disordered (atom count = 710 ± 

30 atoms). This size cannot be accounted for by only considering AC incorporation and again 

indicates direct atom attachment (from solution). AC 6 does not take part in the disassembly 

process but instead grows in size to 127 ± 5 atoms, itself becoming a crystalline NP.  

This is an example of an AC progressing to a crystalline NP structure by increasing in atom 

number, in contrast to the data in Figures 5a to 5c. One difference is the fact that AC 6 in Figure 

6b is clearly more spherical in nature than the AC captured in the Figure 5 “snapshot”. Our data 

thus indicates that ACs, dependent on their stage of morphological evolution, will either gain or 

lose atoms during a rearrangement process in their progression to become crystalline. After 30 ms, 

integration of AC’s 3, 4 and 5 into NP 1 is almost complete, with NP 1 reordering into a crystalline 

structure of size 650 ± 30 atoms. The NP which was AC 6, after a further 20 ms electrodeposition 

has an atom count of 115 ± 5 atoms, suggesting it has not grown in size during this period. Figures 

6a and 6b clearly show that on this timescale, ACs and NPs cannot be considered non-interacting, 

contrary to classical theories.11 They also demonstrate that a traditional definition of aggregation 

where two particles or clusters move across the surface to come together is not strictly true here. 
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Rather, if there is a suitable distance between NP and AC, it is the disordered AC which loses 

atoms to the more stable crystalline NP. Whilst this process happens, the NP becomes liquid-like 

(disordered) and only recrystallizes once the process has (almost) fully completed.   

Integration of many ACs into one dominant structure will have implications on the final structure 

of the NP e.g. by creating faults, twin boundaries, defects or leading to irregular structures; all 

features which can greatly impact the electrocatalytic activity of Au NPs.35 It is also interesting to 

consider whether what we observe falls under the definition of electrochemical Ostwald ripening, 

where less stable particles dissolve to provide atoms for growth of the larger, more stable particle.36 

Here, we observe the more stable NP grow at the expense of the less stable AC, however it is not 

a  dissolution event, whereby atoms from the AC dissolve and directly redeposit into the crystalline 

NP. Thus we speculate we are witnessing either, what we term “surface mediated” Ostwald 

ripening, where the supercritical atoms do not dissolve but simply translate from one site to 

another,37 or coalescence followed by recrystallization. 

Figure 6c presents further information on this process, again showing the interaction between a 

NP and an AC. After 5 ms electrodeposition, Figure 6c (5 ms), the NP (290 ± 20 atoms) and AC 

(50 ± 3 atoms) are located within ~ 1.62 nm of each other (face to face). After a further 5 ms 

electrodeposition, Figure 6c (10 ms), it is only the AC that has significantly taken on atoms (from 

neighboring sources or via direct attachment), growing in size to 220 ± 10 atoms; in doing so the 

face to face separation has reduced to ~ 0.77 nm and an atom bridge linking the two structures is 

now evident. The NP has remained fairly consistent in size, 260 ± 10 atoms. After a further 20 ms 

of growth, one crystalline NP remains (450 ± 20 atoms), Figure 6c (30 ms). Given the atom count, 

this NP is unlikely to have gained atoms through direct attachment, but as a consequence of atom 

transfer from AC to NP. 
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CONCLUSIONS 

Our results, using IL-STEM in conjunction with BDD TEM electrodes, provides a tantalizing 

atom-level insight into the mechanistic dynamics of early stage metal nucleation and growth, the 

results of which are not described by classical electrodeposition theories. Such knowledge can lead 

to better control of electrodeposition morphology and the creation of electrochemical deposition 

methods. We show direct evidence for potential-induced atom movement, atom clustering and 

cluster transformation, into crystalline NPs, possible via both gain or loss of atoms. Discrete 

entities are also shown to be interactive with a clear tendency for disordered clusters to be 

consumed within a closely spaced NP, via a cluster disintegration process which sees the NP 

transition through a disordered state first. More wide ranging, the electrochemical production of 

stable isolated metal atoms on the BDD platform holds considerable promise for single atoms 

studies in e.g. electrocatalysis38 and magnetism.39 Finally, the universality of the approach means 

this technology can reveal the atomic-scale intricacies of a myriad of technologically important 

electrochemical processes40 which undergo a morphological change with applied potential. 

MATERIALS and METHODS 

Solutions: Au electrochemical deposition solutions were prepared from potassium 

tetrachloroaurate (KAuCl4, 99.99%, Sigma-Aldrich) with perchloric acid (HClO4, 99.99%, Sigma 

Aldrich) as a supporting electrolyte in ultra-pure Milli-Q water (18.2 MΩ cm, Millipore Corp., 

U.S.) at 20 °C. All chemicals were used as received without further purification. Au3+ deposition 

solutions contained 1  10-3 M [AuCl4]
- in 0.1 M HClO4 (pH = 1.09) which was deaerated with 

Argon (Ar) for 20 minutes before electrodeposition to exclude oxygen. Ar flow was maintained 

over the solution during the experiment. 
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Materials and Electrode Fabrication: The experiments were performed using a freestanding 

microcrystalline BDD plate, suitably doped for electrochemical studies (boron dopant level of ~3 

×1020 B atoms cm-3)27, 41 and grown using microwave chemical vapor deposition (Element Six, 

Harwell, Oxford).27 The plate was mechanically polished to ~ 50 µm thickness, with both sides 

showing a surface roughness of ca. 0.18 nm, measured using AFM on the surface of a grain (grain 

size ca. 2-8 m). The plate was cut into disks of diameter 3 mm (suitable for insertion into the 

TEM holder) using laser micromachining and acid cleaned to remove machining debris. The plates 

were Ar+ ion milled to electron transparency at an accelerating voltage of 6 kV and an angle of 

incidence of ~4°. The sample was mounted on a post support using glycolphthalate bonding wax 

(Agar Scientific) allowing continuous milling as the sample rotated. Each side was milled in turn 

(approx. 2 hours each side) until a small hole (ca. 100-300 µm in diameter) was formed in the 

center of the BDD disk. The disk was mounted into a clamp support for a final low energy ion mill 

of both sides of the disk at an accelerating voltage of 2 kV with a modulated ion beam, for 30 

minutes, to provide a smooth surface finish. The BDD was acid cleaned after ion milling (0.1 M 

HNO3 followed by 0.1 M H2SO4). To make an ohmic contact to the electrode the upper quarter of 

one of the edges was sputtered (Moorfield MiniLab 060 Platform) with Ti (20 nm)/Au (400 nm) 

and annealed in a tube furnace for 5 hours at 450 °C.27, 42  

Electrochemical Measurements: All electrochemical experiments were carried out using a 

three-electrode set-up controlled by a potentiostat (CHI730A, CH Instruments, Inc. Austin, TX). 

A commercial SCE was used as the reference electrode and a helical Pt wire served as the counter 

electrode. The BDD electrode was electrically connected using a fine metal clamp attached to the 

Au contact. The disk was dipped into the electrolyte solution using a manual x,y,z micropositioner 

(Newport, Oxford) such that the central hole was in the solution but the Au contact remained dry. 
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The set-up is shown in Figure S1. Immediately after Au deposition, the grid was rinsed with 

deoxygenated ultra-pure water and left to dry in a desiccator under an Ar atmosphere, and then 

stored under vacuum at 60 oC before transfer to the TEM. Electrodeposition snapshots were 

recorded for growth periods 0 to 5 ms (5 ms total nucleation and growth), 5 to 10 ms (10 ms total 

nucleation and growth) and 10 to 30 ms (30 ms total nucleation and growth). 

Surface characterization: FE-SEM: FE-SEM was used to image the BDD platform before and 

after ion milling and also to obtain low magnification images of the Au particles after 

electrochemical deposition. FE-SEM images were recorded using the In-lens and STEM detector 

on a Zeiss Gemini operating at 15 kV and 25 kV, respectively (Figure S1). AFM: AFM was 

employed to measure the roughness of the surface before and after ion milling, AFM images were 

acquired at a low scan rate (0.25 Hz) in intermittent contact (tapping mode) using a Bruker Innova 

AFM. TEM: For examining the suitability of BDD TEM supports for imaging and diffraction, 

TEM characterization was carried out on the BDD platform using a JEOL-JEM 2100 (LaB6) 

microscope at 200 kV. The time dependent study of particle shape, structure, size, composition 

and evolution, during electrochemical nucleation and growth, were investigated by IL-ADF-

STEM in a double aberration corrected JEOL JEM-ARM200F at 200 kV. Although deposition 

occurred on both sides of the platform, images were all taken from the same face. ADF-STEM 

images were obtained using a JEOL annular field detector with a fine-imaging probe, and a current 

of 23 pA with a convergence semi-angle of ∼25 mrad and an ADF detector inner angle of 50 mrad. 

EELS: EELS was recorded on a JEOL JEM-ARM200F microscope operating at 200 kV with a 

Gatan GIF Quantum SE spectrometer. Measurements were performed at a total energy resolution 

of 3 eV, determined by measuring the full width at half-maximum (FWHM) of the zero-loss peak. 

The following conditions were chosen for the EELS spectra acquisition: convergence semi-angle 
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29 mrad, collection semi-angle 100 mrad, exposure time 0.05 s, dispersion 0.5 eV/ch and probe 

size <0.1 nm. 

DFT simulations: All DFT calculations were carried out with the all-electron, numerical atomic 

orbital code FHIaims33 using tight integration settings and geometry optimizations down to a force 

threshold of 0.01 eV per Å. Dispersion corrected functional Perdew-Burke-Enzerhof (PBE) and 

long-range Van-der-Waals correction (derived by Tkatchenko and Scheffler)43-44 was employed. 

Barrier searches were performed using the Atomic Simulation Environment (ASE)45 and the 

Climbing Image Nudged Elastic Band (NEB) procedure46 with a threshold of 0.07 eV per Å. 

Global geometry optimizations were performed using ASE and the Minima Hopping method.47-48 

The diamond (110) model surface was built using the optimized PBE lattice constant of 3.572 Å. 

The model is composed of 7 carbon layers and a vacuum orthogonal to the [110] direction of 32 

Å. We model the experimental conditions by oxygen passivation of the surface at the top and 

bottom termination of the surface slab. Upon studying a variety of different possible oxygen 

functionalization using local and global optimization, we find the most stable surface to be 

represented by a reconstructed (2×1) surface unit cell of diamond (110) with 2 adsorbed oxygen 

atoms at the surface (see Figure 4 and Figure S7). Both of them are adsorbed at the top carbon 

atoms, one as a double bonded ketone (C=O) group, the other one as an ether (O-C-O) group 

bridging across the (110) carbon ridges.  

The two-dimensional energy landscape reported in Figure 3c was calculated using constrained 

local optimization, where a single gold atom was placed on the oxygen functionalized surface and 

only allowed to relax vertically. Based on this landscape, climbing image NEB calculations were 

performed to calculate the two barriers of gold adatom diffusion along the C-C ridges [11̅0] and 

perpendicular to the ridges [001]. 
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Atom counting procedure from STEM images: The signal from ADF STEM imaging is given 

as an arbitrary intensity and the objective is to calibrate this to give the number of atoms.34 Due to 

the high density of distinct, individual gold atoms surrounding the larger nanoclusters, it is possible 

to obtain a measure of the intensity from one gold atom. Through comparison to simulations, this 

single atom intensity can be used to create a calibration curve from ADF intensity to the number 

of atoms in a vertical column, Figure S9. In measuring the intensity of the gold atoms, first the 

gold signal must be separated from the background BDD signal. On simple images, this can be 

sensibly approximated as a plane to be subtracted. However, for images with complicated 

background intensities, the background is calculated by masking the gold signal and infilling using 

interpolation (provided by MATLAB®’s region-fill). To remove the influence of noise when 

interpolating, a median and Gaussian filter is applied (with standard deviation of 0.017 nm and 

window size of 0.2 nm respectively). The intensity of a single atom is then obtained from averaging 

over a large number of single atoms (typically >100) and the uncertainty is measured as the 

standard error of the means. 

Simulations were performed using QSTEM with 001 orientation gold with a column thickness 

ranging from 1-60 gold atoms. The microscope parameters used in the simulation were empirically 

determined from the microscope (200 kV accelerating voltage, detector radius 45-100 mrad, 

convergence angle of 25 mrad, spherical aberration 1 μm) and with 30 thermal diffuse scattering 

configurations. The total gold column intensity was then summed and fitted using a parabola. Note 

that the intensity has discontinuities due to channeling effects.  
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TABLE 1.  Number of atoms in each atom cluster and associated error as function of 

electrodeposition time for the images presented in Figure 4a (5 ms) and 4b (10 ms). 

 

AC 5 ms (atoms) 10 ms (atoms) 

1 57 ± 5 64 ± 4 

2 29 ± 4  24 ± 3 

3 46 ± 6 50 ± 4 

4 65 ±6 57 ± 4 

5 57 ± 6 59 ± 3 

6 7 7 
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Supporting Information. The following files are available as a PDF free of charge (S1- S10). 

SI 1. Experimental set-up for metal deposition at BDD-TEM electrode. SI 2. Cyclic 

voltammogram for gold reduction and stripping at the BDD-TEM electrode. SI 3. Three IL-ADF-

STEM images in the same area obtained at electrodeposition times of 5 ms, 10 ms and 30 ms. SI 

4. TEM image showing crystallography of the BDD-TEM electrode. SI 5. Atom tracking of atom 

movement (for 41 atoms) over a ten frame period. SI 6. Statistical analysis of atom movement. SI 

7. Ball-and-stick models of the global energy minimum of an oxidized diamond (110) surface slab. 

SI 8. IL-ADF-STEM images showing the same Au-BDD-TEM platform, 73 days apart. SI 9. 

Simulation to enable quantification of Au atom numbers from STEM images. SI 10. Low 

magnification IL-ADF-STEM image of tracked nucleation and growth of Au entities over a growth 

period of 30 ms.  

Movie S1 (available as avi). A 10 s movie comprising the ten ADF-STEM frames displayed in 

Movie S1 showing the effect of longer time exposure of the electron beam on the movement of 

Au atoms on the BDD surface. 
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