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Abstract: For noble-transition bimetallic catalysts, the structure stability evaluates as significant as the well-studied 

catalytic efficiency in economic point of view. The structure evolution and corresponding dynamics of NiAu bimetallic 

nanoparticles under ambient conditions are investigated using in situ Cs-corrected STEM and DFT calculations. In 10 

oxidization, Au component promotes dissociation of oxygen and initiates Ni oxidization, which simultaneously drives the 

migration of Au atoms yielding multi-shell structures, denoted by Ni@Au@NiO. The subsequent hydrogen reduction 

induces surface reconstruction forming fcc-NiAu clusters. After cycles of catalyzing CO oxidization, inverse Au 

segregation and Ni recrystallization occur ascribed to exothermic excitations. The results of this study can help to 

understand the evolution behaviors of the bimetallic nanoparticles under ambient conditions as well as to optimize the 15 

structure design of bimetallic catalysts. 
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Introduction 

The distinct synergy of two components that can introduce 

superior catalytic properties has made noble-transition bimetallic 20 

materials attract increasing research efforts during the past few 

years.1-3 Evaluation of such nanostructured catalyst falls into two 

aspects, catalytic efficiency and activity stability. For the former 

aspect, previous work has succeed in achieving continuous 

promotion of catalytic efficiency through designing the surface 25 

configuration for more active sites4-8, utilizing noble component 

in form of single atom9-11, reducing coordination number of 

surface atom via clusters assembly approach12, 13. For the 

catalytic stability, however, less attention has been paid as known 

as so far even it plays a role as important as the efficiency in 30 

potential applications of the catalysts14-16. Especially less concern 

has been paid for their structure stability in ambient atmospheres 

of realistic perspective, including surface oxidization 

decontamination and subsequent hydrogen reduction for catalyst 

reactivation as well as running catalytic cycles. Known that the 35 

catalytic stability of a bimetal sensitively relies on the surface 

conditions that influence the binding energy of surface atoms, 

including component configurations, structural defects, and 

surface oxidization states.17-20 These surface parameters can be 

changed ascribed to the competition of ordering- and 40 

clustering-type in the alloy system (e.g. the competition between 

L12 and Z1 phases in fcc Au-Ni system), where the phase transfer 

occurs under thermal excitation at level of tens of meV.21 Such 

energy value can be easily satisfied in a typical catalytic reaction 

step.2, 9, 22 Furthermore, previous works has proved the change in 45 

catalyst composition can also modulate the catalyst activity and 

thus control the reaction behavior and morphologies of final 

products.23 

Disclosing the delicate evolution behaviors of bimetallic 

nanostructure in typical atmospheres through atom-resolved 50 

in-situ observation has become a crucial issue pursued by 

researchers before it comes to practical application. The 

advantages of spherical aberration (Cs) correctors equipped on 

scanning transmission electron microscope (STEM) make it a 

powerful tool for characterizing atomic structures of crystals with 55 

multi-components, especially for the multi-metallic ones 

benefiting for their large atomic number difference and 

outstanding irradiation resistance.24-27 Further combined with 

environmental reaction facilities of either E-cell holder28-30 or 

ETEM22, 31, it enables direct observation of an individual 60 

heterogeneous nanostructure at atomic level, from which the 

delicate atmosphere-related structure evolution can be registered 

with a specific nanoparticle.32-35 However, several critical aspects 

have to be carefully considered before give conclusions through 

these in situ environmental observations: i) the knock-on 65 

sputtering effect in microscope as well as the electron stimulated 

desorption of gas molecules; ii) the thermal desorption of 

molecules induced by electron irradiation; iii) the environmental 

pressure is always limited far below ambient pressure to ensure 

efficient spatial resolution (typically lower than 20 mbar for 70 

resolution better than 0.2 nm).36 These factors can change the 

reaction conditions, which have possibilities of blocking the 

achieving of intrinsic information of catalytic reactions under 

ambient conditions. 

Here, we report an in situ study on atmosphere-related atomic 75 

structure evolutions of NiAu nanoparticles under ambient 

pressure. Fantastic structure evolution has been observed of 

several selected NiAu bimetallic nanoparticles during oxidation, 

reduction as well as a catalytic cycle, including the components 

diffusion driven by oxidization, surface amorphization induced 80 

by reduction and the inverse segregation and recrystallization in 

catalytic reaction. Density functional theory (DFT) simulations 

reveal that the Au atoms promote the Ni oxidization by driving 

the dissociation of nearby oxygen molecule, and simultaneously 
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Figure 1. HADDF images of NiAu nanoparticles in conditions of: as-synthesized (a~b), oxidized (c~d) and vacuum annealed (e), respectively. (a) low magnified 

overview of as prepared samples; (b) an individual NiAu particle with spindle-like morphology, the inset is the corresponding schematic model; (c) a typical NiAu 

particle after the exposure in air for 85 days at room temperature, the inset is the simultaneously collected STEM-BF image giving clear lattice fringes of a NiO shell; 

(d) a NiAu particle annealed at 350 
o
C for 8 hours in air, forming an ideal Ni@Au@NiO multilayer structure; (e) in situ observation of NiAu reconstruction in 

vacuum annealing through four stages (insets of 1 to 4) as the temperature increases, the atom-resolved HADDF image was taken from marked area of inset 3. 5 

 

diffuse to form the Au shell on the residual Ni core. During 

reduction, the as-reduced Ni atoms will incorporate into the Au 

layer forming amorphous alloy surface composed of NiAu 

clusters in fcc configuration. During the catalytic cycle, the 10 

particle surface recrystallizes and Au atoms turn to segregate onto 

the surface under the exothermal excitations of the catalytic 

reaction. 

 

Results and discussions 15 

Taking the advantages of high resolution HAADF imaging, the 

atomic structures of the NiAu nanospindles in different 

conditions are briefly demonstrated in Fig. 1 (Au atoms show 

much brighter contrast). For the original NiAu particles (Fig. 

1a~1b), most Au component separates at one side of the Ni 20 

matrix leaving a small amount of single Au atoms dispersed in 

the Ni matrix and these monodispersed atoms are more active and 

with high mobility in either oxidizing atmosphere or vacuum 

annealing but initiate rather different structure reconstruction 

behaviors. When these bimetallic nanoparticles were exposed in 25 

air at either room (~20 oC) or promoted temperatures (350 oC), 

oxidization induces the formation of multilayer structures with 

the Au component dispersing into the shells on the residual Ni 

cores and NiO layer as the outermost shells, i.e., forming 

Ni@Au@NiO multilayer structures as shown in Fig. 1d. Figure 30 

1c shows an obvious snapshot of such a reconstruction process 

where the Au component has partially dispersed along the Ni 

matrix. For the case of in-situ annealed in vacuum (Fig. 1e) 

which provides detailed understanding on the thermal stability of 

the NiAu nanostructures, the nanostructures evolve through four 35 

distinct steps with the increase of temperature: (i) polyhedron 

recrystallization of Ni matrix (inset 1); (ii) facets-selected 

segregation of monodispersed Au component (inset 2); (iii) single 

crystallization of Ni matrix (Fig. 1e and inset 3); (iv) wrapping 

diffusion of Au component (inset 4). The lattice spacings from 40 

the fcc structure were labeled. The monodispersed Au atoms 

show higher mobility at low temperature (400 oC), while the 

wrapping diffusion of main Au component at high temperature 

(600 oC or even higher) can be ascribed to the lattice stress 

between two components and the significantly reduced migration 45 

barrier in a quasi-molten state (more details about thermal 

annealing induced structure changes in air and vacuum can be 

found in Fig. S1 and Fig. S2, respectively). Herein it should be 

noted that the diffusion of Au atoms in the oxidizing atmosphere 

(starting from room temperature) is much easier than that in 50 

vacuum (starting above 400 oC), which reveals that the oxidation 

environment should account for such difference. Moreover, since 

the Au and Ni components separate on two sides in the original 

NiAu structure and the Ni phase can be oxidized especially at 

promoted temperature, a Au-separated Ni@NiO structure should 55 

be expected in the oxidation condition rather than the 

Ni@Au@NiO multilayer structure.  

The question comes what drives Au atoms to migrate? To answer 

such a question, we have carried out extensive theoretical 

investigation based on DFT. According to above microscopy 60 

results, the epitaxial dispersion of Au component on Ni(111) 

surface of inside nickel matrix dominates the configurations of 

the two phases, which coincides with the experience from 
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Figure 2. Optimized structures of the Au assisted Ni oxidization process (side view and top view). The left two images show the configurations of oxygen (red) 

absorption near/away from the Au (yellow) sites on the Ni(111) surface (light/dark blue); the right two images illustrate the configurations of Au-induced 

dissociation of oxygen molecule, Ni oxidization, as well as the dispersion of Au atoms. The Au atoms have been intentionally shrunk to give better illustration of 

structure detail. 

 5 

previous reports.8, 37 Therefore we built a slab model with three 

adjacent Au atoms on a five-layer Ni(111) support (nine Ni atoms 

per layer). Considering the ferromagnetism of Ni, the spin 

polarization was also considered throughout the calculations. 

Figure 2 provides schematic illustration of the possible 10 

configurations during oxidization process. The calculations 

turned out that two of the three adjacent Au atoms prefer to 

occupy the three-fold hcp sites (in a “ABAB” stacking sequence 

with Ni support) while another on the fcc site (in a “ABCABC” 

stacking sequence with Ni support). 15 

Based on this optimized Ni(111)( 3 × 3):3Au structure, the 

adsorption behavior of oxygen on the surface of the model 

structure has been investigated. In order to compare the 

adsorption behavior of oxygen nearby or being away from the Au 

atoms, we accordingly considered two situations, i.e. one 20 

situation with O2 close to one of the Au atoms (the lateral 

distance is ~1.4 Å ), another one with the lateral distance of about 

3.3 Å. The calculations show that the O2 molecule close to the Au 

atoms dissociates and the adjacent three Au atoms migrate on the 

Ni(111) surface upon structural optimization for the first situation, 25 

resulting in compact arrangement as shown in Fig. 2 (Au atoms 

sit on three adjacent hcp hollow sites). Differently, for the second 

situation in which the oxygen molecule is away from the Au 

atoms, no apparent change of the atom arrangement has been 

observed, except for the slight elongation of the O-O bond from 30 

1.235 Å (for the isolated O2) to 1.45 Å. The energetics analysis 

showed that the dissociative adsorption of oxygen in the first 

situation is up to 1.884eV, which is more stable than the 

molecular adsorption in the second situation, revealing the 

remarkable promotion of Ni oxidization near the Au atoms. These 35 

results indicate that: (1) the oxygen nearby Au atom tends to 

dissociate, which subsequently promotes the oxidation of Ni 

substrate; (2) the dissociation of oxygen drives the migration of 

Au atoms in turn, and they tend to occupy the adjacent three-fold 

hollow sites, based on which an ideal Au shell is predictable. The 40 

migration of Au atoms into compact arrangement driven by 

oxygen dissociation is thought to account for the experimentally 

observed crystalline structures of Au component (Fig. 1c and 1d). 

In addition, considering the lattice matching stresses, NiO phase 

(with largest lattice spacings in the three phases) is driven to the 45 

outermost layer during mass transportation leaving the Au 

diffusion layer in the middle and the residual Ni (smallest lattice 

spacings) as the core. A short movie (Au Assisted Ni 

Oxidization_movie.avi) has been made to show the above 

dynamics, which accounts for the experimental formation of 50 

Ni@Au@NiO multilayer structure. 

The evolution behaviors of NiAu nanostructure in practical 

catalytic cycles, including the decontamination process and 

subsequent hydrogen reduction as well as the catalytic 

oxidization of CO are studied here. Generally, the overview of 55 

element distribution shown in the pseudo-colored insets from 

marked area of Fig.3a~3c manifests similar contrast change, 

revealing the identity of reconstruction manners of the three 

particles. Specially, after the insufficient oxidization in air for 30 

min, the bimetallic particle maintains the separation of Au and Ni 60 

components but wrapped outside by a NiO layer (~1nm in 

thickness) as shown by Fig. 3a. Clear lattice fringes are visible 

for all three phases and the diffusion of Au component is not 

obvious.  

When reduced in hydrogen at 300 oC for 30 min, obvious 65 

amorphization on the particle surface was observed (Fig.3b). The 

diffusion trend of Au component is remarkable during the 

reduction noting that the brighter Au tip has nearly disappeared 

(the area marked by green dashed ellipse of Fig. 3d~3e). Besides, 

the contrast of Au atomic columns in the HAADF image (Fig. 3e) 70 

is weak, discrete and with fuzzy edges compared with their 

appearance of Fig. 3d, especially at the edges of particles where 

an amorphous alloy layer has been substituted for NiO layer 

induced by hydrogen reduction. All these features evidence that 

the reduced Ni atoms from the NiO layer has migrated into the 75 

Au layer forming an amorphous mixture layer composed of 

clusters The STEM-BF images (Fig. S3) simultaneously acquired 

with those in Fig. 3 provide more intuitive demonstration on the 

crystallinity change. Another effect of hydrogen reduction is to 

arouse the partial combination of adjacent two particles and the 80 

contact point becomes rich with the Au component as shown in 

the areas marked by yellow dashed ellipse in Fig. 3e. Such 

behavior is much similar with that during the vacuum annealing 

aforesaid, which can also be contributed to the spontaneously 

minimization of surface energy.  85 
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Figure 3. In situ observed NiAu reconstruction in a series of catalytic reactions. (a~c) HAADF images of the same three-particle region after air oxidization (300 
o
C 

in air for 30 min), hydrogen reduction (300 
o
C in H2 for 30 min) and catalytic reaction (80 

o
C in CO+O2 for 60 min), respectively. (d~f) the corresponding high 

magnified HAADF images from the marked regions of image (a~c), respectively. 

 

After the focused NiAu nanostructures having been subjected to 5 

the catalyzing oxidation of CO at 80 oC for 1h, their atomic 

structures were further changed as shown in Fig. 3c and 3f. It is 

fantastic to discover that the Au component demonstrates a 

segregation trend to gather on the surface as shown by the inset of 

Fig. 3c. There even forms stable crystal lattice in some areas 10 

(circled by green line in Fig. 3f), which is also verified by 

STEM-BF imaging (Fig. 3S). Meanwhile, an obvious crystallinity 

promotion on NiAu surface can be noted with sharp contrast of 

Au columns embedded in Ni fringes. 

As having been observed, the oxidation process would drive both 15 

the Ni and Au atoms to migrate. It is intriguing to find that such 

reaction-driving migration of surface atoms also apply to the 

situation of hydrogen reduction. On the contrary, the catalytic 

oxidation process enables the inverse reconstruction of NiAu 

nanostructure, including the surface segregation of Au component 20 

as well as the recrystallization of Ni matrix. These evidences 

bring questions on how the surface atoms will rearrange in 

subsequence of the collapse of NiO layer due to the absence of O 

atoms during reduction, and what are the dynamics to coordinate 

the Au migration, Ni/NiO phase transition and surface 25 

recrystallization? To understand the reconstruction dynamic of 

the Ni/Au/NiO structure at atomic level, we also adapted DFT 

simulations on the basis of model structures previously optimized 

shown in Fig. 2. To simplify the computation, we left out the 

reaction details between hydrogen and apex O atom on the crystal 30 

NiO surface but started the DFT optimization after the desorption 

of water molecules. The configuration of as-reduced Ni atoms 

adapting on the Au layer was considered in the representative 

slab model as shown in Fig. 4. Six Au atoms on Ni(111) (3×3) 

surface were considered, representing the diffused Au shell 35 

supported on the residual Ni core. Four Ni atoms initially on the 

Ni(111) lattice site were adopted to model the Ni atoms reduced 

from NiO layer. The results show that the outermost layer of 

as-reduced Ni atoms has completely rearranged upon structural 

optimization with the Ni atoms partially incorporating into the Au 40 

layer. While the rest of Ni atoms (indicated by black arrow in left 

top view of Fig. 4) that are initially closer to the Au atoms (i.e. 

with less space beneath) are found to migrate on the Au surface 

toward the adjacent lattice site (indicated by white arrows in left 

top view of Fig. 4). The rumpling of the Au layers is observed as 45 

well, which may be attributed to the contraction of Au layer 

driven by the neighboring accumulated Ni atoms and the stress of 

lattice expansion. In the case of reduction at promoted 

temperature (300 oC), such distortion of Au lattices induced by 

the Ni incorporation could be more drastic and even completely 50 

confuses the original crystallinity of Au layer. This mechanism 

accounts for the surface amorphization of as-reduced NiAu 

particles. Moreover, according to our simulations, a common 

structure of Au and as-reduced Ni atoms follows a fcc 

configuration (occupy the A, B, and C sites, respectively) as 55 

shown in the right top view of Fig. 4. The unit size of this 
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Figure 4. Optimized structures of the Ni(111)/Au/NiO multilayer slab before (left two images) and after (right two images) the surface reconstruction driven by 

hydrogen reduction. The left two images show the configuration of as-reduced Ni atoms (purple) adapting on the Au layer (yellow) that is supported on the Ni(111) 

surface (light/dark blue); the right two images illustrate the configuration reconstructed from the original structure (left two images) through DFT optimization. 

 

structure is estimated to be 0.3 nm, which is actually coincident 5 

with the mean diameter of NiAu clusters measured from the 

experimental results (Fig. S4). This discovery further supports the 

rationality of our simulations based on the experimental data.  

Considering the structure reconstruction behavior of the NiAu 

nanoparticles in the catalytic reaction (herein the oxidization of 10 

CO), a catalytic cycle can be divided into several steps that have 

been well studied in previous works,2, 9, 37 including absorption of 

CO and O2 molecules, dissociation of O2 and simultaneous Ni 

oxidization, transfer of oxygen atom from NiO to CO (also 

known as CO oxidization), and desorption of CO2 molecules. 15 

From the energy point of view, remarkable surface energy 

fluctuations appear at two steps in each catalytic cycle. One step 

is the O2 absorption and Ni oxidization where the absorption 

energy reduces by ~1.0 eV,2, 8, 9 our results of both experiments 

and calculations has attested that the dissociation of the oxygen 20 

can drive the dispersion of the Au atoms along the Ni(111) 

surface. Another step is the CO oxidization coupled with 

breaking of Ni-O bond where the activation barrier could be as 

small as ~0.46 eV,8 whereas the CO oxidization reaction is 

exothermic by up to 2.0 eV2, 9 and such abundant energy shall 25 

drive surface reconstruction (noting in our vacuum annealing that 

the equivalent energy for Au diffusion is only at level of 0.1 eV). 

Moreover, Reichert H. and co-workers reported the competition 

of ordering- and clustering-type in the NiAu alloy system, where 

the Au3Ni of fcc phase (also observed in our results) can transfer 30 

into Au3Ni2 phase under thermal excitation at level of tens of 

meV.21 This may provide interpretations on the observed Au 

segregation and Ni recrystallization on the surface noting that the 

fcc configuration of Ni and Au for the outermost two layers could 

be reconstructed under the exothermic excitations. 35 

Experimental details 

The NiAu nanospindles were synthesized in a mild chemical 

solution system using oleylamine as both solvent and reductant as 

reported in our former work.38 Structure characterizations were 

performed on the same batch of sample to ensure the 40 

comparability of structure evolution behaviors in different 

atmospheres. A JEOL JEM 2100F microscope with a STEM 

probe corrector (CEOS GmbH probe corrector) was used in 

STEM mode that gives a spatial resolution of ~0.1nm. Both 

STEM bright-field (STEM-BF) and high-angle annular dark-field 45 

imaging (HAADF) images were collected simultaneously to 

achieve comprehensive information of the same hybrid 

nanostructure.  The lens settings define the collect angle for 

HAADF imaging to be around 50 mrad, which enables the direct 

observation of atoms with different atomic numbers. A catalytic 50 

cycle of CO oxidization as well as the preliminary surface 

treatment (including decontamination via oxidation and hydrogen 

reduction) was processed in the cell of Bruker Tensor 27 

spectrometer. For the pre-oxidization process, an air flow of 30 

ml/min was introduced into the cell at temperature of 300 oC for 55 

30 min to eliminate the possible organic residual on the surface of 

NiAu nanospindle. Then a gas mixture of 2% H2 (99.999%) and 

98% N2 (99.999% pure) was at flow rate of 30 ml/min was inlet 

for another 30 min at 300 oC remove the oxidization state at 

sample surface. In the following catalytic cycle, a gas mixture of 60 

1% CO (99.5% pure, Al tank) and 99% N2 (pure) at a flow rate of 

30 ml/min was inlet for 1h at each temperature for CO 

adsorption. Then the cell was pumped to 1x10-5 mbars to remove 

the gaseous CO species. For CO oxidation, a gas mixture of 1% 

CO, 1% O2 (99.999% pure) and 98% N2 at a total flow rate of 30 65 

ml/min was inlet for 1h at 80 oC (a standard temperature for 

catalytic oxidization of CO). After each of above procedures, the 

sample was first cooled to room temperature under pure N2 and 

was then transferred into the microscope immediately (less than 

15 min) so as to reduce any additional structure change of the 70 

sample. 

Conclusions 

In conclusions, the atmosphere related structure evolution of 

NiAu nanoparticles are studied by combined quasi in-situ 

HAADF imaging at atomic scale and DFT calculations. In the 75 

oxidation atmosphere, the oxygen molecules near the Au cluster 

tend to dissociate and bond with Ni atoms initiating the 

occurrence of Ni oxidation. Simultaneously, the approaching and 

dissociation of O2 drive the diffusion of Au atoms along the 

Ni(111) surface resulting in the formation of the Ni@Au@NiO 80 

multi-shell structures with the assist by lattice matching stresses. 

During hydrogen reduction, the drastic removal of O atoms leads 
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to the collapse of the NiO layer followed by the amorphous 

reconstruction of Ni, Au atoms with partial Ni atoms incorporated 

into the Au layer and the rest diffuse to the Au surface forming 

alloy clusters with fcc configurations. Differently, the oxidation 

process enables the inverse reconstruction of NiAu nanostructure, 5 

including the surface segregation of Au component as well as the 

recrystallization of Ni matrix, which can be attributed to the 

exothermic excitations of catalytic reaction. The knowledge on 

the distinct reconstruction behaviors of NiAu bimetallic system in 

diverse atmospheres provides guideline in structural design and 10 

optimization of performance of bimetallic catalysts. 
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