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Abstract. Determination of the extent of oxidation in batches of metal nanoparticle is essential 

to predict the behaviour of the material. Using aberration corrected transmission electron 

microscopy (TEM) it was possible to detect the formation of an oxide shell, of thickness 3nm, 

on the surface of copper nanoparticles. Further analysis shows that this shell actually consists 

of two layers, both of which were polycrystalline in nature with domains in the size range of 1-

2 nm, and having a thickness of 1.5 nm each. Energy dispersive X-ray spectroscopy confirms 

that the layers arise due to the formation of oxides, but it was not possible to determine their 

exact nature. Analysis of the intensity variation within images obtained via probe corrected 

scanning TEM combined with a high angle annular dark field detector indicates that the shell 

consists of an inner layer of cuprous oxide (Cu2O) and an outer layer of cupric oxide (CuO). 

This work was complemented by conventional TEM which provided size distribution and 

revealed that the majority of particles have a core consisting of a single crystal of copper.  This 

demonstrates the ability of TEM to determine the extent of oxidation of nanoparticles and its 

potential to be applied to a wide range of homogenous and heterogeneous nanoparticles. 
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1. Introduction 

 

Engineered nanoparticles started to become commercially available in the 1970s [1] since then their 

potential in forming the basis of new and improved materials has become well established [2-6]. The 

size distribution of nanoparticle production batches is regarded as the key determinant in 

understanding their properties (e.g. optical, electrical and catalytic) [7] and the ability to measure this 

with high accuracy and precision using electron [8,9] and scanning probe [10]microscopies is now 

well established. However, other factors will also strongly affect their behaviour. These include shape, 

crystal structure, composition and the presence of a shell. This is particularly true for metal 

nanoparticles, consisting of materials such as copper, titanium and molybdenum (which are now 

becoming commercially available for a range of applications [11]) as they will oxidise in air. The 

formation of an oxide layer or even complete oxidation of the nanoparticle may significantly affect 

their properties to the detriment of their intended function. The oxidation mechanism for bulk metal 

have long been studied [12] and can be described by the Cabrea-Mott theory with a rapid initial 

growth rate which then virtually stops [13]. Both recent experimental [14,15] and theoretical [16] 

work on the oxidation of metal nanoparticles have indicated that this theory cannot completely 

describe the behaviour seen and the interpretation of the various detailed measurements is far from 

straightforward. A method to determine the extent of oxidation and the exact structure of the oxide 

layer (composition and crystal structure) is needed, along with the size distribution, in order to predict 

the overall properties of manufactured metal nanoparticle batches.  

TEM, first developed in the 1930s [17], can routinely provide images with resolution of better 

than 0.2 nm and has been used extensively in the study of nanoparticles [10] . The closely related 

technique of scanning transmission electron microscopy (STEM) has also been used, especially when 

combined with a high angle annular dark field (HAADF) detector [18]. HAADF removes the 

influence of Bragg diffraction on image contrast, which is then primarily affected by the specimens 

atomic number, Z, and thickness [19,20].  STEM HAADF has been used to determine the shape 

characteristics of nanomaterials such as gold nanorods [21]. In the past decade aberration corrected 

instruments have become commercially available which partially remove the effect of spherical 

aberrations within the electron lens from the recorded image, from the objective lens for image 

corrected TEM and from the probe forming system in probe corrected STEM, and can routinely 

improve the point resolution to 0.07  nm[22]. Inert metal nanoparticles, such as gold [23], platinum 

[24] and silver [25] have been extensively studied by TEM. Their inertness prevents them from 

forming oxidised structures, whilst this makes them ideal for analysis by TEM their cost means they 

will have only limited practical applications. Several authors utilizing conventional  TEM to study 

copper, aluminium [26] and zinc [14] nanoparticles have reported the formation of a oxide shell which 

can grow at elevated temperatures, to eventually form completely oxidised and hollow particles.  
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Here it will be demonstrated, how the capabilities of conventional and aberration corrected 

TEM along with probe corrected STEM can be exploited in the characterisation of copper 

nanoparticles, in particular in revealing the structure of the oxide shell. In part this will be achieved 

using a novel method for nanoparticle production [27], which can generate high quality nanoparticles 

in the gas phase that can be deposited directly onto a carbon film coated TEM grid. This helps to 

overcome various issues with regard to the sample preparation of nanoparticles for TEM analysis.  

Nanoparticles prepared in a fluid have to be stabilised with surfactants and/or salts, which can 

contaminate the particles during the sample preparation stage. Alternatively, if the nanoparticles are 

stored as a powder there is a strong chance that the particles will agglomerate.  

2. Experimental 

 

2.1 Nanoparticle Preparation 

 

All nanoparticles were prepared using a high power pulsed hollow cathode technique [27]. Gas is 

flowed through the hollow copper cathode so that a plasma discharge is formed. Material is the 

spluttered from the cathode by the plasma, which can coalesce into particles. As it does so the particles 

gain a negative charge which effectively controls their size. Deposition of the particles is controlled by 

a anode ring. The hollow cathode was driven with a pulsed power supply. For the TEM analysis two 

samples were prepared at different parameters: sample (1) frequency       Hz, peak current 

     A (       V),constant average power           W, deposition time      min and 

sample (2)       Hz, peak current      A (       V),          W, deposition time      

min. The pulse width (       µs) and the argon pressure (      Pa) were the same. Oxidation 

of the particles is expected to occur outside of the deposition chamber. The particles were deposited 

directly onto gold TEM grids coated with a thin film of amorphous carbon (Ted Pella) and were 

analysed over three  months and their morphology appeared not to change over this period of time.  

 

2.2 (Scanning) transmission electron microscopy. 

 

All conventional TEM images were obtained in bright field using a FEI Tecnai G
2
 TF20 UT 

microscope equipped with a field emission gun operating at a voltage of 200 kV. High resolution 

aberration corrected (S)TEM images were performed using the Linköping monochromated double-

corrected FEI Titan
3
 60-300 instrument operated at  300 kV. Additional STEM images were obtained 

with a monochromated probe corrected FEI Titan 80-300 instrument. Both microscopes exhibits a 
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high brightness Schottky-type field emission gun (XFEG). Energy dispersive X-ray spectroscopy 

(EDS) measurements were taken using the FEI Titan 80-300 instrument and Oxford Instrument INCA 

system and line profiles were calculated with the background subtracted. 

 

3. Results and Discussion 

 

First conventional bright field TEM imaging was undertaken, to characterise the particles and their 

size distribution. They were first imaged at relatively low resolution with a small objective aperture 

(20 µm). This has the effect of enhancing the contrast, with an example image shown in Figure 1(a). 

Individual particles are clearly visible and are dispersed across the carbon film. The size distribution of 

the particles could then be easily measured using automatic image analysis [28] using the ImageJ 

software package [29]. The maximum Feret measurement was used [30] and the size distribution from 

the two samples is shown in Figure 1(b). Both samples are highly monodispersed with a narrow size 

distribution with Sample 2 having a smaller average particle size, (23.0 ± 9.6 nm compared to 26.4 ± 

8.9 nm). Both samples are seen to show an addition and smaller mode in their size distribution at a 

diameter of 7 nm. From the low resolution images a possible shell layer was seen on all of the particles. 

High resolution bright field transmission electron microscopy imaging shows that in the majority of 

cases that the particles have a core consisting of a single crystal (Figure 1(c)).  Although a significant 

minority of particles do show a core consisting of polycrystalline domains. An example of this is 

shown in Figure 1(d) where the core consists of two domains with a grain boundary between them. 

The shell layer, apparent in the low resolution images could not be clearly resolved in the HRTEM 

images, in part because of the well-known phenomenon of delocalization of the lattice fringes due to 

aberrations within the objective lens [31].  

Partially removing the effect of these aberrations by, via the use of a image corrected TEM instrument, 

is then required to perform a more detailed study of the nanoparticle structure and in particular of its 

shell. Apart from the size distribution, both samples appear identical and the results of analysis for 

both samples of nanoparticles are subsequently combined. An aberration corrected high resolution 

TEM image of a single nanoparticle is shown in Figure 2(a) clearly showing a core and a shell layer 

and its fast Fourier transform (FFT) is shown in Figure 2(b). The higher information limit of the 

corrected instrument compared to conventional TEM is clearly observable from this pattern showing 

additional features (spots) corresponding to higher spatial frequencies as compared to the conventional 

TEM image’s FFT (Figure 1(c)). This diffractogram was indexed to copper as indicated in Figure 2(b). 

Also apparent in the FFT pattern is a ring feature with a radius of 4.1 nm
-1

, indicating the presence of 

multi-crystalline domains. Inversing the FFT pattern excluding the spots due to the copper metal 
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reveals that the core consists of a single crystal of copper (Figure 2(c)) whilst the shell is 

polycrystalline in nature. Indeed the shell appears to consist of two distinct layers both with crystalline 

domains 1- 2 nm in size with a different crystal structure (Figure 2(d)). However for these nano-sized 

crystallites, the number of lattice planes imaged was too small and their orientation unknown meaning 

that their identification was not possible. 

 

Figure 1: Transmission electron microscopy analysis of copper nanoparticles using a conventional 

instrument.  (a) A typical low resolution image of copper nanoparticles showing a core / shell structure. 

(b) The obtained size distributions from low resolution images for the two samples. Typical high 

resolution TEM image from a particles with (c) a single crystalline core (c1: FFT pattern and c2: 

zoomed in on the central core area of the nanoparticle) and (d) a poly crystalline core, with two main 

domains (d1: same particle imaged at low resolution with a small objective aperture). 
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Figure 2: Analysis of the copper particles using aberration corrected transmission electron microscopy. 

(a) noise filtered high resolution image and (b) its corresponding fast Fourier transform. Zoomed in 

images of the particles (c) central core and (d) surface, the latter obtained by inverting the FFT pattern 

shown in (b) with the spot pattern filtered out. (with the approximate positions of the shell layers 

highlighted).. 

The structure of the core and shell was further examined using probe corrected scanning transmission 

electron microscopy and the results are summarized in Figure 3, both bright field  and HAADF 

imaging were used to image particles simultaneously. Low resolution bright field and HAADF images 

are shown in Figures 3(a) and (b) respectively. Both confirm the presence of particles consisting of a 

core and a shell. From these images the typical thickness of the shell could be measured (3 nm) and, 

due to its darker appearance in the HAADF images, has a lower overall atomic mass compared to the 

core. Increasing the magnification (Figure 3(c)) and the HAADF image again reveals the bi-layer 

nature of the shell, with inner and outer layers of thickness 1.5 nm. A high resolution HAADF image 

is shown in Figure 3(d) and zooming on the shell (Figures 3(e and f)) again shows the single 

crystalline core surrounded by multi crystalline domains. Further examples are given in the supporting 

information. EDS reveals the presence of copper and oxygen, which could be directly associated with 

the particles. An EDS line scan across a single particle is shown in Figure 3(g) showing the copper and 

oxygen signals. If we assume that the particle consists of a copper core surrounded by an oxidised 

shell, of thickness 3 nm, then a first approximation of the EDS line scans can be generated. This was 
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done by normalising the line scans with respect to the thickness variation for a hollow sphere, 

excluding the free space, for the oxygen signal and a solid sphere for the copper signal with a 

correction to reduce the signal from the shell region due to the presence of oxygen.  The predicted 

copper and oxygen line profiles can then be plotted as also shown in Figure 3(g). There is a good 

correlation between the actual and predicted line profile. Especially the oxygen signal, which is seen to 

peak then drop to 50% of its maximum value as it moves towards the centre of the particle which is 

predicted by the oxide shell model. Whilst this confirms the presence of an oxide shell on the particles, 

the EDS signal is too low to determine its exact nature and composition. 

. 

 

Figure 3: Analysis of the copper nanoparticles using probe corrected transmission electron 

microscopy. Low resolution images using the (a) bright field and (b) high angle annular dark field 

(HAADF) detectors; both are showing a shell structure surrounding the particles. (c) Higher resolution 

using the HAADF detector with the bi-layer nature of the shell visible. (d-f) High resolution HAADF 

image of the particle showing a single crystal core and the poly-crystalline nature of the shell layer and 

(g) EDS line scan across a single particle showing the copper and oxygen signal along with the 

predicted line profiles assuming a metal core and a oxidised shell. 
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All the results are consistent with the particles consisting of a core of copper surrounded by a thin shell 

of oxidised materials. This shell actually consists of two layers both of which are polycrystalline in 

nature. Copper is known to form two types of oxide, cuprous oxide (Cu2O) and cupric oxide (CuO). 

As is common with many materials the oxide layers are too fragile for extensive investigations using 

the analytical methods of EDS and electron energy loss spectroscopy. In order to try and determine the 

exact nature of these shell layers for the STEM investigation, further analysis of the probe corrected 

HAADF-STEM images was undertaken by deriving HAADF images using a first approximation based 

on a geometric model. This was done by assuming that both the intensity contrast  (I) in the HAADF 

image is dependent primarily on the sample thickness (t) and the mean atomic number (Z) via the 

relationship [32] 

I = f(t,Z
1.7

).  

and that the particle could be represented by a simple geometric model [33] for the particles with the 

core being modelled by an anisotropic ovoid (non-spherical factor of 0.8). Firstly a HAADF image of 

a particle was selected (Figure 4(a and b) reproduced from Figure 3(c)). Note that this particle neither 

has a crystallographic zone axis aligned with the electron beam nor any apparent defects within the 

core Having the crystalline zone axis aligned to the electron beam [34] and the presences of defects[35] 

can both affect the HAADF image intensity. From these assumptions a geometric model of the particle 

is produced (Figure 4(c)) and finally a derived HAADF image (Figure 4(d)). The model image appears 

similar to the actual HAADF image. Taking a cross section from the HAADF image (Figure 5(a)) and 

comparing to the derived intensities (Figure 5(b)) shows that the closest fit is for a copper core 

surrounded by a shell with an inner layer of Cu2O and an outer layer of CuO. Repeating this fitting to a 

different particle is provided in the supplementary information Figure S2.  

Previously the oxide layer on copper nanoparticles has been seen as a continuous shell [26]. This is the 

first time that the shell has been revealed to have two layers, with different oxidation states, consisting 

of polycrystalline domains. 
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Figure 4: Stack plot showing the analysis of the HAADF image. (a) measured HAADF image of a 

single nanoparticle. (b) The same HAADF image artificially coloured to highlight the core and the two 

layers of the shell (c) The geometric representation of the nanoparticle and (d) the resulting derived 

HAADF image based on (c). 
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Figure 5. (a) HAADF image of the nanoparticle used for intensity comparison. The red line indicates 

the central location of the intensity profile as averaged over a region defined by the green rectangle. (b) 

Comparison of the intensity profiles produced from the different geometric representations of the core-

shell nanoparticle with the actual normalised HAADF intensity. 

 

4. Conclusions 

 

Corrected scanning and bright field transmission electron microscopy has revealed the formation of 

nanometre sized oxide crystals on the surface of copper nanoparticles. These form a bilayer shell, 3 

nm thick, with different compositions for each layer. Oxide layers forming on metal nanoparticles 

could strongly affect their behaviour. The approach highlighted here demonstrates how these can be 

effectively studied and also has applications for other heterogeneous nanomaterials.  
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Supporting information S1: 

Bright (a) and HAADF (b) high resolution images of the same nanoparticles 

 

This is also revealed in the bright field and HAADF images shown in figures 3 (g and h) 

respectively, where the bright field image again shows the crystalline regions extending to 

the end of the nanoparticle whilst the HAADF image reveals the shape and location of the 

core and shell. 
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S2: Additional analysis of a different particle. Information as per text 
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