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Abstract 

Many studies of heterogeneous catalysis, 

both experimental and computational, 

make use of idealised structures such as 

extended surfaces or regular polyhedral 

nanoparticles. This simplification neglects 

the morphological diversity in real 

commercial oxygen reduction reaction 

(ORR) catalysts used in fuel-cell cathodes. 

Here we introduce an approach that 

combines 3D nanoparticle structures 

obtained from high-throughput high-precision electron microscopy with density functional theory. 

Discrepancies between experimental observations and cuboctahedral/truncated-octahedral 

particles are revealed and discussed using a range of widely used descriptors, such as electron-

density, d-band centres and generalized coordination numbers. We use this new approach to 

Page 1 of 27

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 2 of 20 

 

determine the optimum particle size for which both detrimental surface roughness and particle 

shape effects are minimised. 

Keywords: heterogeneous catalysis, fuel cells, ADF STEM, density functional theory 

When aiming to improve the function of heterogeneous catalysts, rapid characterisation of their 

morphological and chemical properties is required. Combining atomic resolution electron 

microscopy with electronic structure modelling can reveal new insights into catalyst function by 

enabling structure-property relationships to be determined. Both high-resolution electron 

microscopy and density functional theory (DFT) are each able to contribute very detailed insights 

right down to the atomic level; however, the applicability of both methods is often limited by the 

achievable throughput of measurements, the relatability between the two techniques, and the 

tendency for researchers to often study model systems. 

Real catalyst systems show wide morphological variability, and it is necessary to characterise an 

ensemble of particles to understand and explain their overall activity. X-ray absorption fine 

structure (EXAFS) measurements can yield valuable insight into the coordination and chemical 

environments in materials 1; and while there have been both impressive time-resolved 2 and 

spatially-resolved 3 studies on platinum and platinum-alloy fuel cell cathode materials, the nature of 

the broad-beam x-ray illumination means these are necessarily collective measurements and the 

action of individual nanoparticles is not considered. Here we use a high-throughput microscopy 

technique to determine the 3D structure of an ensemble of nanoparticles. Following that, a 

reduced-scaling DFT method is used to determine the electronic structure of a subset of the 

particles, enabling a widely applicable descriptor of oxygen binding-energy to be derived, and a 

prediction to be made of this binding across the entire ensemble of nanoparticles. We predict a size 

range with a binding-energy that most closely approaches the optimal case, and which is consistent 

with the current commercially optimised synthesis routes. 

To enable the high-throughput structural characterisation, we use high-resolution annular dark-

field scanning transmission electron microscopy (ADF-STEM). Obtaining atomic-resolution images 

of metallic nanoparticles is now routine in the aberration-corrected scanning transmission electron 

microscope (STEM). The annular dark-field imaging mode, with strong Z-contrast between the 

carbon support and the metallic nanoparticle 4, yields 2D projections (images) of the intrinsically 3D 
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structures. Determining structures from such data then becomes an inversion problem. One 

possibility is electron tomography, though this requires generally very large electron doses or 

alternatively large, robust or embedded samples 5–8. An alternative to tomography is to analyse the 

ADF image intensity 9,10, quantify the scattering cross-sections of atomic columns 11, and evaluate 

the number of atoms therein 12. This cross-section approach is robust to sample tilt, source size, 

defocus, astigmatism and other aberrations in the electron probe 11,13,14, and as a dose-efficient 

alternative to tomography is a powerful tool when imaging real nanoparticles and not model 

systems. 

Where larger fields of view are available, statistical parameterisation approaches can be used to 

interpret the cross-section measurements 15–17. Here however, as the nanoparticles consist of 

relatively few atomic columns, we instead compare the image intensities against tabulated 

reference data to identify the numbers of atoms. These reference data are calculated via careful 

simulation, matched to all experimental parameters, for which we verify their overall accuracy 

through the master weighing curve (see Figure 1). By assuming particles are crystalline and contain 

no voids, the atom counts per column can be relaxed to yield 3D atomic structures through an 

empirical potential 12. The ability to rapidly evaluate the atomic morphology of particles, without 

needing to tilt the sample to additional projections, unlocks a metrology regime with far higher 

throughput where whole ensembles of particles can be explored. 

Similarly, DFT calculations have been widely and successfully used to study catalytic reactions on 

metallic surfaces 18–22. However, with conventional DFT approaches, the computational burden 

scales with the number of atoms cubed. To endure this, many works have utilised periodic supercell 

approaches where only one type of crystal plane is modelled, or ultra-small so-called ‘magic 

number’ regular polyhedra. Unfortunately, these model structures exhibit only a small fraction of 

the diverse range of surface morphologies available for molecular interaction. The development of 

a new generation of linear-scaling methods (such as the ONETEP program 23 via which DFT 

calculations on larger systems can be performed 24) has brought catalytically relevant sizes of 

nanoparticles (2-10nm) into reach. 

The major challenge in developing linear-scaling DFT approaches is being able to retain the same 

high level of accuracy as conventional cubic-scaling DFT. DFT calculations for metallic systems are 
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more challenging than those for insulators and the development of reduced-scaling, or even linear-

scaling methods, for metallic systems is an open area of research 25. While a linear-scaling DFT 

method for metals is not yet available, there has been significant progress in the development of 

reduced-scaling DFT methods for large-scale calculations on metallic systems. The DFT method 

implemented in the ONETEP program offers the capability of performing DFT calculations on 

metallic systems with several thousand atoms 26. By modelling both ideal and experimental 

nanoparticles, the degree of deviation between the two regimes can be understood, particularly 

with respect to the interaction of adsorbates with the nanoparticle surface. 

Many previous studies have focussed on ideally shaped nanoparticles such as those based on 

cuboctahedra or icosahedra 27–29. Experimental nanoparticles are likely to deviate from these 

“ideal” shapes and this introduces the risk of discrepancies arising between predictions made from 

DFT calculations and experimental results. As a test case we take the oxygen reduction reaction 

(ORR), which takes place at the cathode of proton exchange membrane (PEM) fuel cells, and model 

the binding-energies of atomic oxygen on both perfect cuboctahedra and experimentally observed 

nanoparticles. According to the Sabatier principle, catalytic activity is controlled by the binding 

strength of reactive intermediates 18; in the case of the ORR, these are oxygen and hydroxyl bound 

to the metal surface. An optimal catalyst should not bind O2 too weakly, thus preventing the 

molecule from dissociating, nor should it bind the intermediates O and OH too strongly, smothering 

the surface, blocking active sites, and preventing the reaction from proceeding further. Thus 

binding-energies of reactants to nanoparticle surfaces have been used as a descriptor for catalytic 

activity in many studies which also seek to understand how this is affected by particle size 28. 

Previous estimates for the optimal binding-energies vary slightly depending on the precise DFT 

computations performed and extrapolations made, but have been quoted as 0.2eV weaker 18,30, or 

0.25eV weaker 31 than for that of the Pt(111) surface. 

The sample investigated here was taken from a commercially produced ORR catalyst system 

consisting of Pt nanoparticles on a carbon-black support. In order to contextualise the subsequent 

ensemble of atomic models, we first evaluate the wider particle size distribution. ADF STEM images 

were recorded using a JEOL3000F equipped with a Fischione 3000 ADF detector (further 

experimental particulars are discussed in the supplement). 
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Figure 1.  Particle size distribution calculated from 1342 observations (mean diameter 3.46nm, 

median: 3.25nm) with representative HR-STEM images labelled by total atom count. The overlaid 

scatter plot (blue points) shows the measured number of atoms (right axis) as a function of particle 

diameter. The particles with 353 and 522 atoms are shown and their relative positions in the 

population histogram are highlighted. 

A histogram of the distribution of nanoparticle sizes is shown in Figure 1, from 1342 observations a 

mean particle size of 3.46 nm was determined. In addition to the size histogram, high-resolution 

(HR) STEM images were recorded over as wider size range as possible using a JEOL ARM200CF fitted 

with a probe-aberration corrector. Care was taken to minimise sources of experimental error from 

detector or column misalignment 32. Following the experiment design optimisation of DeBacker et 

al. 33, a relatively long camera-length of 12 cm was selected yielding an ADF collection angle of 51.7-

248.4mrad. To minimise sample damage and to correct for non-linear scanning-distortions, a series 

of images were recorded in quick succession 34; linear scan-drift was also minimised by 

incorporating a 90° scan-rotation between successive frames 35. Electron dose was evaluated at 

1.38 104 e-Å-2 per frame which, for a typical series of 20 frames, becomes 2.76 105 e-Å-2 after 

integration. This is above the minimum dose shown to be necessary to achieve single atom 

counting sensitivity 36. An example of frames from the time-series acquisition are shown in the 
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supplementary information. From the time-series, we can observe when an atom-hopping event 

has taken place (an indicator of damage) and can choose how many frames from the start of the 

series to integrate. This ‘post-mortem’ style of analysis allows us to find the ideal optimum between 

integrating more frames to improve signal-noise ratio (SNR) but without introducing artefacts from 

beam-damage. Even though every care was taken to minimise beam-damage, we were unable to 

record atomic resolution on-axis images of particles below 2nm diameter.  

Of the many particles imaged 13 were sufficiently close to a zone axis to allow accurate atom 

counting and a representative selection of these from across the size range are also shown inset in 

Figure 1. Further ADF images are shown in Figure 2; already we see qualitatively that there is a 

variety of shapes even for particles of similar size. 

Atom-counts from the high-resolution frames are plotted as a function of particle diameter, where 

the fit follows a cubic relation as expected. The measured pre-factor of 35.21 is within a 0.2% 

agreement with the value of 35.25 expected for a bulk-like number density of Pt atoms 37 (see 

supplementary information for derivation). This confirms that the overall ‘nano-weighing’ of each 

particle is accurate, giving then a good confidence in the accuracy of the atom-count assignments 

for each atomic column in the HR-STEM images. The precision of these assignments is dictated by 

other factors including sample-tilt, scan-distortion 34 and Poisson noise 36, though every effort was 

made to minimise these. 

From these images, the number of atoms in each individual atomic column were counted, and 3D 

reconstructions produced based on the energy minimisation method described in Jones et al. 12,38. 

A genetic algorithm was used to search as wide as possible energy landscape; this is based on the 

work of Yu et al, but using the experimental atom-count data rather than computationally 

expensive full-field image matching 39. This energy minimisation provides a computationally 

efficient but somewhat simplified approach to determining the optimum structure for each 

particle; as a result, these were followed by a more computationally intensive and fully 

unconstrained geometry relaxation performed using the Sutton-Chen force field within the 

DL_POLY4 software 40. During this relaxation, a small relaxation of the atomic separations was 

observed around the periphery of the particles (RMS differences between the initial and final 

structure of 0.1 Å). 
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Of the particles observed, some contain a number of atoms close to a ‘magic number’ of atoms of 

truncated cuboctahedra commonly used in DFT studies (Figure 2); ball models of all the 

experimentally observed structures are shown in the supplement. 

 

Figure 2.  HR-STEM images (a) and accompanying hard-sphere models (b) for experimental particles 

observed with atom-counts near to magic-numbers; models are coloured by atom coordination 

numbers 
12

 and rotated to show their dominant facets. Magic number cuboctahedra are shown for 

comparison rotated to the same orientations (c). Population histograms (d) show the coordination 

number fractions as a function of particle atom-count for both magic (left) and experimentally 

observed particles (right). The 7, 8, and 9 coordination atoms corresponding loosely to both (110) 
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facets and edges between facets, and (100) and (111) surfaces respectively are labelled, as well as 

the ‘bulk-like’ atoms of ≥10 coordination. The dashed area represents the fraction of low-

coordination adatom, corner and step sites. 

The coordination number information from Figure 2 reveals some important results. Firstly, as 

particle size increases the proportion of bulk-like coordinations (≥10 coordination) increases; a 

classic surface area to volume effect. Secondly, all the experimental particles observed showed 

some surface roughness with significantly more atoms of lower coordination than cuboctahedral 

nanoparticles of equivalent size. The dashed area in Figure 2 represents the low-coordination sites 

(6 and fewer) and this is 20% of the total atoms in the 353 atom particle, rising to more than 46% if 

we consider these as a proportion of the surface atoms. 

Owing to the computational demands of DFT, only the two smallest experimental models 

containing 353 and 522 atoms were used for DFT calculations, as well as the cuboctahedral 

nanoparticles with 309 and 561 atoms which are of similar size to these two experimental 

nanoparticles. These required significant supercomputer resources, and so particles larger than this 

(> 2.8 nm diameter) were not studied here with DFT. Electronic calculations were performed with 

the ensemble-DFT method 26 for metallic systems in the ONETEP linear-scaling DFT program 23. The 

Revised Perdew-Burke-Ernzerhof (RPBE) exchange correlation functional was used 41 (further 

details of the computational methodology can be found in the supplementary Information). 

Although only two cuboctahedral, and two experimental structures were computed, our aim is to 

obtain descriptive information from the DFT calculations which can be used to predict chemical 

properties across the observed ensemble of nanoparticles. To achieve this, we first map the local 

electronic-density calculated on an isosurface of the total electrostatic potential of the nanoparticle 

(0.0 Eh has been used throughout this work). Figure 3 shows these maps for the two smallest 

experimental particles and their closest magic number analogues. 
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Figure 3.  Coordination number and DFT analyses for the smaller (left) and larger (right) 

nanoparticles studied. Hard-sphere structural models were calculated from the ADF data and are 

coloured according to their coordination number; these are shown rotated to various viewing 

directions to highlight their morphology. Alongside the structural models, the DFT results showing 

isovalue surfaces of total electrostatic potential at 0.0 Ha colourised by the local electronic-density. 

Size analogue cuboctahedra DFT results are shown for comparison. 

By comparing the electronic charge density maps between the experimentally measured and 

cuboctahedral nanoparticles, it is immediately apparent that the experimental structures show a 

far greater number of sites of low electron-density compared to their cuboctahedral counterparts. 
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Atoms with lower coordination numbers exhibit lower electron-density values on their surfaces (as 

sampled on the electrostatic isosurface) due to the well-known Smoluchowski effect 42. This effect 

describes the observed 43–45 spreading out of electronic charge density at sharp, surface 

corrugations and defects resulting in loss of electron-density above low coordinated sites (see 

supplementary information Figure S6). This is particularly visible when contrasting the relatively 

high electronic charge density on facets of the cuboctahedral nanoparticles with the lower density 

values on the edges and even more electron deficient vertices. Also, when examining the 

experimental particles, very high-density sites are visible under vacancy defects 46, where the 

atomic centre has high coordination number, and very electron deficient isosurface sites can be 

seen on adatoms with low coordination number. 

The results from the electronic charge map descriptor are compared with the other descriptors we 

have investigated, namely oxygen binding-energies at various sites (which can be directly related to 

catalytic activity), the d-band centres 47 (see supplementary information), and partitioning of 

electronic charge on atoms. 

The electronic-density iso-surfaces also highlight a greatly different diversity of surface sites 

between the magic-number and experimental models. To evaluate this systematically an algorithm 

was developed to identify all the possible atop, bridge, and hollow sites across the surface of the 

nanoparticles and implemented into a stand-alone program (this can be found in the ‘Utilities’ 

section at www.onetep.org). The results of this are illustrated for the Pt309 model in the 

supplementary information. Using this code, the generalized coordination number (gCN) of every 

possible site for an oxygen adsorbate was calculated (using the formula from Calle-Vallejo et al. 48) 

for every one of the experimental and magic-number atomistic models. The results for the three 

smallest nanoparticles are shown in Figure 4. 
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Figure 4.  Histograms of the generalized coordination numbers of all possible surface atop, bridge 

and hollow oxygen binding sites, for the cuboctahedral Pt309 and the experimental Pt353 and Pt522 

particles. For all plots, the number of total sites are indicated and the number of unique sites. 

The histograms in Figure 4 reveal several insightful features. Firstly as expected, the magic-number 

Pt309 exhibits only a small number of unique gCN oxygen binding sites; a total of 25 unique-sites 

describe every possible symmetry-related adsorption site, and a systematic DFT study is relatively 

tractable. For the experimental Pt353 of similar size, the surface roughness leads to a far greater 

number of unique site-geometries, 273 unique sites in total. The largest of the experimental models 

in this work exhibits ≈8300 surface adsorption sites with 539 unique geometries. From these 

histograms, the experimentalist may mine the data in various ways depending on their onward 
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investigation; for example, though not done here, one can easily extract ‘the fraction of hollow-

sites out of all sites’ or ‘the number of total oxygen-binding sites with a gCN greater than 8’, 

plotting each as a function of particle size. Instead here, with this collection of models of increasing 

size and of adsorption site diversity, we are no longer seeking to study each of the many thousand 

unique adsorption sites, but rather to extract some single parameter to compare nanoparticles 

across the ensemble. 

While the colour-coded iso-surface representations provide a visual qualitative descriptor of the 

strength of O binding, quantitative values can also be extracted across the ensemble of 

nanoparticles measured. Figure 5 shows the oxygen binding-energies across a variety of sites from 

a Pt309 cuboctahedron and also single-crystal slab models (as computed by DFT calculations) both as 

a function of the electron-density value on the potential isosurface, and as a function of their 

generalized coordination number 48. Further models for the adatom variants used for the 

calculations leading to Figure 5 are shown in the supplementary information (Figure S6). Electronic-

density values, for each binding site (whether atop, bridge, or hollow) are used as descriptors of O 

binding strength, providing linear relationships for each binding-energy as a function of electron-

density value. Information about how these values are extracted, for each type of site (atop, bridge 

or hollow), is provided in the supporting information. One advantage of such electronic descriptors 

is that they are expected to apply also to alloyed nanoparticles, or particles with inbuilt surface 

strains, which we intend to explore in a future work. 

The DFT O adsorption energies were computed according to the following equation: 

����� = ���	
 − ��� −
�



�
�  

where ���is the total energy of the bare, clean nanoparticle in vacuum fully relaxed by DFT, 

���	
is the total energy of the nanoparticle with a single oxygen atom adsorbed onto the test site, 

and �
� is the total energy of an oxygen molecule in isolation fully relaxed by DFT. To maximise the 

throughput of unique sites evaluated in a reasonable computation time, the Pt positions in the 

nanoparticle are kept fixed in their vacuum optimised geometries while each O atom is fully 

relaxed. To validate this approximation, results were compared with slabs using full relaxation. In 

these calculations, the degrees of freedom of all atoms in the three surface layers were free to relax 
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due to the presence of the oxygen, along with the oxygen degrees of freedom. The bottom two 

layers remained constrained to be bulk-like. The change in oxygen binding strength, observed when 

allowing the platinum atoms to relax due to the presence of the oxygen (Figure 5, black diamonds), 

is consistently a stronger binding by ≈0.2 eV. As we are aiming for a high throughput analysis, 

calculating the effect of the Pt relaxation for all sites is not feasible. Rather than opting to apply a 

uniform 0.2 eV strengthening to the binding energy for all sites, it is simpler here to recognise that 

we are primarily interested in the relative differences in energy between sites, and therefore use 

the binding energies without Pt relaxation. Results from the cuboctahedra and the slab calculations 

are shown together in Figure 5. 

 

Figure 5.  Calculated oxygen binding-energies for various oxygen-relaxed atop, bridge and hollow 

sites from both a cuboctahedral Pt309 nanoparticle, and from slab calculations, as a function of 

electron-density (a) and gCN (b). The gCN values are calculated using the formula from Calle-Vallejo 

et al.
48

. Black diamonds represent the results of fully-relaxed (oxygen and platinum) calculations. 

Binding-energy calculations for oxygen at various sites (Figure 5a) ) shows that oxygen binds most 

strongly to sites predicted to have low electron densities. Similarly (shown in the supplement), 

surface atom d-projected DOS, resolved according to the coordination number of surface atoms 

shows that reducing the coordination number shifts the d-band centre to higher (more positive) 

values. This is in accordance with the d-band model of Nørskov 20 which suggests enhancements of 

binding strength as the d-band centre becomes more positive. From our calculations the Pt(111) 

binding-energy (at a hollow FCC site on a slab without Pt relaxation) was found to be -0.751eV. 
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Previous literature 18,30,31 suggests that the optimal binding energy is ≈0.22eV weaker than the 

binding energy for the Pt(111) hollow-site. Using our energies calculated with unrelaxed Pt, this 

would suggest an optimal binding energy of -0.53eV. 

Atop sites are only found to be energetically favoured (most negative) for gCNs lower than ≈3.5. At 

higher coordination, the bridge and then hollow sites are expected to dominate. Unlike the simple 

geometric coordination numbers of the metal atoms shown in Figure 2 & Figure 3, the generalized 

coordination number of the oxygen-adsorbate sites (Figure 4 & Figure 5) capture a more subtle 

weighted average of the neighbouring atoms. The quality of the generalized coordination number 

as a descriptor of oxygen binding-energy has been shown to offer a powerful tool for catalyst 

evaluation 27,46,48,49, and has been exploited in the engineering of defective extended surfaces, but 

not so far for nanoparticles 46. The approach has also already been reported to yield reliable results 

across different sizes of metallic nanoparticles 46,48. 

From the data in Figure 5 b) we fit a linear trend which allows us to extrapolate from the individual, 

and computationally expensive, DFT calculations and onto the many thousand unique sites across 

the experimental observations, and predict a binding-energy for every surface site. So-called 

“volcano plots” that follow from the Sabatier principle of catalyst activity, whether from different 

materials 18,50 or for platinum surface sites of different coordinations 46, show that pure platinum 

surfaces always bind oxygen slightly too strongly (desorption limited). At present is it not 

computationally practicable to calculate the chemical-activity of every site across the particle 

surface. Here, as a useful metric of overall particle catalytic activity, we consider the fraction of 

surface sites within 0.2 eV of the optimum binding strength of -0.52 eV, and this fraction can be 

rapidly calculated using the linear fit in Figure 5 b). While this may not explicitly yield a quantitative 

relationship to chemical-activity, it does offer a rapidly calculated metric for comparing any given 

particle with reference to the rest of the ensemble. This ‘fraction of sites within 0.2eV’ (FΔ<0.2eV) 

metric is more subtle than simply counting the fraction of {111} sites, is sensitive to particle-size, 

shape and roughness, and so can be used to evaluate the comparative catalytic performance of 

nanoparticles from a real catalyst sample. 

To summarise; from high-quality ADF images and computationally efficient relaxations, we have the 

3D locations of the metal atoms, the locations of all possible oxygen binding sites, and the 
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generalized coordination numbers of all those sites. Combining this with the DFT master-trend from 

Figure 5 b), we are able to calculate a FΔ<0.2eV for each observed particle. This site-identification and 

master-trend scaling is rapidly calculated, even for very large particles, and is shown in Figure 6 for 

both the experimental particles and for thermodynamically predicted Wulff shapes (truncated 

cuboctahedra), for cuboctahedra and quasi-spherical comparators. 

 

Figure 6.  Fraction of surface sites within 0.2eV of optimal binding (FΔ<0.2eV) for the 13 experimentally 

observed particles, and truncated-octahedra, cube-octahedra and quasi-spherical reference 

particles. 

For the Wulff-shape magic-number particles we see a monotonic curve dominated by simple size 

effects. Even though, by definition, all the models following a Wulff shape series have similar 

{111}/{100} face area ratios, at small diameters the excess of low coordinated edges and vertices 

results in a smaller FΔ<0.2eV. This FΔ<0.2eV falls to zero for truncated-octahedra below 1.5 nm and is 

consistent with the data reported by Shao et al. for their particles smaller than 2nm 28. 

Experimentally we were unable to observe particles smaller than 2nm on-axis in the HR-STEM; in 

addition to these being only a small number-fraction of all present, even when found these are 

highly sensitive under the electron beam. A similar trend is observed in the cube-octahedral series, 
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though with the sharper tips of such models yielding very low-coordination sites, the FΔ<0.2eV falls to 

zero for all models below 2.0 nm. 

The FΔ<0.2eV for the experimentally observed particles was found to always be lower than for the 

Wulff shapes but higher than the cube-octaherda. That is to say that the experimental results are all 

bounded by one of these two geometric models. From this we might conclude, that while it is 

generally valid to use perfect-model geometric-series for simplified surface studies, the true 

experimental surface will always reveal more subtle details. From the structural models (Figure 2 & 

supplementary info.), and the gCN histogram analysis (Figure 4) we observe both an increase in 

roughness compared with Wulff shapes, and also a general lowering of the surface gCN. Because 

the lowest coordination sites are so strongly over-bound, rough adatom sites effectively poison the 

surface locally blocking otherwise high-coordination sites below. The downward shift of the 

experimental curve from the Wulff trend for the largest and smallest particles encompass the 

various topographic-effects, reducing the FΔ<0.2eV for these models. In contrary, relative to the cube-

octahedral models, we see the opposite effect where FΔ<0.2eV is now improved in comparison to the 

perfect models (consistent with the increased fraction of {111} facets observed). Both these relative 

results indicate that caution must be exercised when comparing experimental chemical activity 

measurements to geometric simulations, something we hope to study in a future work. 

As a further comparison, a series of 1600 randomly generated single-crystal quasi-spherical models 

were also generated and the FΔ<0.2eV evaluated. These models were formed from a single-crystal 

lattice with only atoms within a radius threshold from the origin kept; this radius was stepped 

larger to create all the model in the series. Because of the discrete atomic nature of the spherical 

models, the surfaces are not perfectly smooth but rather a mixture of small facets and rougher 

high-index sites. 

The FΔ<0.2eV reaches most closely to the Wulff trend for particles in the size range of 2.7-3.5nm; with 

these models (with their increase fraction of {111} facets) sitting higher than the quasi-spherical 

trend but still falling short of the Wulff models. The location of this optimum is consistent with the 

industrially optimised synthesis process (determined from trial and improvement), and the specific-

activity observations previously reported 28. For the very largest experimentally determined 

nanoparticle structures, these appear more spherical, suggesting that they are further from their 
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thermodynamic optimum shape and their shape is more kinetically limited, and indeed the FΔ<0.2eV 

approaches the quasi-spherical trend. From inspection of Supplementary Figure S4, it can be seen 

that the larger particles do not show a commensurate increase in {111} facet area and have become 

more spherical. 

Two twinned particles were observed at 3.7nm (1811 atoms) and at 3.8nm (1969 atoms). While one 

of these was well below the wider trend, as only two of the thirteen particles in this study 

contained twins, a wider study of twinned particles would be required before making any specific 

conclusions about these. Finally, the cube-octahedral series of particles show the lowest FΔ<0.2eV of 

any series, and underestimate the FΔ<0.2eV at 3.5 nm compared to the experimental result by the 

same amount that Wullf-shapes overestimate this. Figure 6 then highlights two important points; 

firstly presumptive model geometries alone should not be relied upon when studying expected 

chemical behaviours, and secondly, that if they are then catalyst synthesis optimisation can be 

misinformed. 

In conclusion, the three-dimensional structural models presented here, with up to 5000 atoms 

each, can each be calculated from experimental data in only a few hours on a standard desktop 

computer 12. These structural models can be used as inputs to reduced-scaling DFT calculations to 

yield the electronic structure of the experimental nanoparticles. It is observed that increased 

roughness, compared to the equilibrium Wulff structures, lead to more sites with lower electron-

density and therefore higher O-binding reducing activity. Using a DFT-generated binding-energy 

master-trend calibration plot, an estimate for the ‘fraction of sites within 0.2eV’ (FΔ<0.2eV) can be 

calculated in only a few seconds for an ensemble of experimentally determined structures. This 

would be computationally unfeasible to do by DFT calculation of individual adsorption energies for 

each of the sites of each nanoparticle. By leveraging the accuracy of large-scale DFT calculations on 

small models, via the generalized coordination calibration relation, we can gain insight into a far 

wider ensemble of atomic models than would otherwise be possible. This high-throughput 

approach agrees well with other reported experimental 28,50 and simulated 49 findings for this 

system and offers the potential to accelerate the development of better tuned catalysts for the 

ORR. Similar calibrations for other species have been reported and may lead to the optimisation of 

other systems 51. In this work, the generalized coordination descriptors were evaluated for pure 

metal nanoparticles. While these may not be expected to be simply transferable to doped or 
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alloyed cases, the electronic descriptors can be; these come at an increased computational cost 

with a single point energy calculation needed for each nanoparticle structure that needs to be 

studied but are nevertheless dramatically less demanding than having to do a DFT calculation of 

adsorption energy for each distinct site. In the future, the FΔ<0.2eV metric seems well suited to future 

extension from gCN to electronic-density, exploiting other experimental inputs, such as changes in 

binding-energy arising from composition 18 or atomic displacement (strains) 47. The current rapid 

pace of progress in experimentally mapping composition and strain in the STEM merits revisiting 

this concept in the near future. 

Supporting Information Available 
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Figure 1.  Particle size distribution calculated from 1342 observations (mean diameter 3.46nm, median: 
3.25nm) with representative HR-STEM images labelled by total atom count. The overlaid scatter plot (blue 
points) shows the measured number of atoms (right axis) as a function of particle diameter. The particles 
with 353 and 522 atoms are shown and their relative positions in the population histogram are highlighted.  
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Figure 2.  HR-STEM images (a) and accompanying hard-sphere models (b) for experimental particles 
observed with atom-counts near to magic-numbers; models are coloured by atom coordination numbers12 

and rotated to show their dominant facets. Magic number cuboctahedra are shown for comparison rotated to 

the same orientations (c). Population histograms (d) show the coordination number fractions as a function of 
particle atom-count for both magic (left) and experimentally observed particles (right). The 7, 8, and 9 

coordination atoms corresponding loosely to both (110) facets and edges between facets, and (100) and 
(111) surfaces respectively are labelled, as well as the ‘bulk-like’ atoms of ≥10 coordination. The dashed 

area represents the fraction of low-coordination adatom, corner and step sites.  
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Figure 3.  Coordination number and DFT analyses for the smaller (left) and larger (right) nanoparticles 
studied. Hard-sphere structural models were calculated from the ADF data and are coloured according to 

their coordination number; these are shown rotated to various viewing directions to highlight their 
morphology. Alongside the structural models, the DFT results showing isovalue surfaces of total electrostatic 
potential at 0.0 Ha colourised by the local electronic-density. Size analogue cuboctahedra DFT results are 

shown for comparison.  
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Figure 4.  Histograms of the generalized coordination numbers of all possible surface atop, bridge and hollow 
oxygen binding sites, for the cuboctahedral Pt309 and the experimental Pt353 and Pt522 particles. For all plots, 

the number of total sites are indicated and the number of unique sites.  
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Figure 5.  Calculated oxygen binding-energies for various oxygen-relaxed atop, bridge and hollow sites from 
both a cuboctahedral Pt309 nanoparticle, and from slab calculations, as a function of electron-density (a) and 

gCN (b). The gCN values are calculated using the formula from Calle-Vallejo et al.48. Black diamonds 

represent the results of fully-relaxed (oxygen and platinum) calculations.  
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Figure 6.  Fraction of surface sites within 0.2eV of optimal binding (F∆<0.2eV) for the 13 experimentally 
observed particles, and truncated-octahedra, cube-octahedra and quasi-spherical reference particles.  
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