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ABSTRACT 

This paper reports on preparation and characterization of nanostructured Re and Co-

Re/Al2O3/NiAl(110) surfaces designed as model catalysts for operando studies of Fischer-Tropsch 

synthesis. Scanning tunneling microscopy on pure Re particles identified strong Re-Al2O3 support 
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interaction, resulting in uniform nucleation and growth on random point defects. X-ray 

photoelectron spectroscopy confirmed the strong interaction through a shift in the binding energy, 

in addition to size-dependent final state effects.  Co-Re particles were prepared by sequential 

deposition of the two metals, resulting in core-shell structures in which the shell was (strongly) 

enriched with the metal deposited second. Annealing of bimetallic particles allowed for elemental 

redistribution, as was concluded from the XPS data and supported by modeling. The annealing 

also resulted in sintering of bimetallic clusters. Interestingly, the thermal stability of the Co-Re 

surfaces prepared by sequential deposition of Co, followed by Re, was better than that of both pure 

Co and pure Re. 

Introduction 

 Fischer-Tropsch (FT) synthesis is a powerful process to catalytically convert synthesis gas 

(syngas: H2 + CO) to synthetic fuels. Commercially used catalysts often consist of supported Fe 

or Co nanoparticles (NPs); the latter being particularly suited for syngas conversion obtained from 

natural gas reforming.1 Cobalt-based catalysts give paraffins and some -olefins as the main 

products.1 Industrial FT catalysts frequently contain small quantities of metals as Re, Pt, or Ru, 

which boost catalyst activity, product selectivity, and lifetime. Furthermore, promoters dictate the 

dispersion, reducibility, and particle size of the most important constituent of the catalyst: e.g. as 

discussed for the metallic Co nanoparticle component.2-4 The current success of the FT technology 

is a result of painstaking trial-and error work, i.e. correlating catalyst parameters such as 

preparation method, particle size distribution, and/or oxidation state with performance data. 

Unfortunately, fundamental and operando approaches to unravel the underlying mechanism of the 

Co-promoted FT catalyst are less developed. In this perspective, detailed investigations on 

powders (3D) and surfaces (2D) using tools that give detailed information on both bulk properties 
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as well as the top few atomic layers of the catalyst at operative conditions are vital. In this regard, 

a fundamental study was recently performed in our laboratories by Navarro et al., showing 

accumulation of hydrocarbon chains of 14 or 15 carbon atoms on the Co(0001) surface using 

operando STM at 220 oC in a 2 H2 + CO gas mixture at 2 bar.5 

Although the superior performance of Re-promoted Co catalysts in FT synthesis is well 

established,3-4 the location of the Re atoms in the Co nanoparticles is still debated. Some studies 

state that Co and Re form an alloy, others propose that single Re atoms accumulate on the surface 

in intimate contact with Co metal atoms or that Re is located just below the Co nanoparticle 

surface.6-8 In this connection, we recently reported that Re can mix with Co on the nanoscale when 

using a colloidal synthesis approach, and that as much as 15 at. % Re can be incorporated into Co 

NPs, taking the β-Mn-type structure, as a solid solution (alloy).9  

To unravel fine structural and mechanistic details taking place on the real Co-Re-supported 3D 

catalyst surface during FT synthesis, precise, well-defined 2D model catalysts are essential. Al2O3 

is a common support for Co-based FT catalysts, and a 2D alumina support can be easily grown on 

a NiAl(110) single crystal by mild oxidation forming a sub-nm thick film,10-11 providing sufficient 

electric conductivity for ultrahigh vacuum (UHV) techniques such as X-ray photoelectron 

spectroscopy (XPS) and scanning tunneling microscopy (STM) and their operando versions, near-

ambient pressure XPS and high-pressure STM.  

The preparation and characterization of nanoparticles grown on Al2O3/NiAl(110) is widely 

reported in the literature, including un-promoted Co/Al2O3/NiAl(110).12-14 In brief, defects of the 

alumina film play a dominant role on the nucleation behavior of metal NPs. Furthermore, metal-

support interaction determines which of the nucleation sites (point defects, domain boundaries, or 

step edges) will exhibit preferential growth.13 In contrast to the case of reducible oxide support, 
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the oxidation state of the deposited metal particles is less likely to be affected by interaction with 

the support.15 In particular, Co nucleates preferentially on step edges and domain boundaries in 

3D fashion forming rounded nanoparticles (contact angle >90°).14 Annealing to temperatures of 

500-900 K leads to particle sintering and migration of Co into the subsurface region.16 

To the best of our knowledge no similar investigations have been undertaken for the case of Re 

or bimetallic Co-Re on Al2O3/NiAl(110). In this paper we are utilizing STM and XPS as the main 

characterization tools to report for the first time on the nucleation and growth of Re and bimetallic 

Co-Re NPs deposited on Al2O3/NiAl(110). We investigate the metal-support interaction, the 

chemical state of Co and Re in the as-prepared bimetallic NPs, and the Co-Re element distribution, 

including the effect of temperature on sintering and elemental restructuring. We foresee the 

obtained results to be particularly useful in the preparation of well-defined 2D model catalysts 

suited for exploring the fine details of Co-Re/Al2O3 catalysts for Fischer-Tropsch synthesis. 

Experimental part 

All experiments were carried out in a home-built UHV setup described elsewhere.17 The system 

is equipped with an X-ray photoelectron spectrometer (SPECS Phoibos), an electron-beam 

evaporator (Oxford Applied Research), standard sample preparation equipment, and a custom-

made scanning tunneling microscope.  

Sample Preparation  

The NiAl(110) single crystal (Surface Preparation Laboratory18) was cleaned by cycles of 1.5 

kV Ar+ sputtering and annealing at 1300 K. Growth of the alumina film was accomplished 

according to a literature procedure.10 In brief, the growth was performed by three cycles of 

oxidation at 600 K in a 5 × 10−6 mbar O2 background (1 × 10−6 mbar O2 in the last cycle) for 10 

min and subsequent UHV annealing at 1100 K (1050 K in the last cycle) for 5 min.11 The cleanness, 
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flatness and absence of adsorbates on the film were checked by XPS and STM, respectively. The 

cobalt, rhenium and mixed nanoparticles on alumina were prepared using an electron-beam 

evaporator. All depositions were carried out with the Al2O3/NiAl(110) support at room 

temperature. Re (99.97 %, ChemPUR) and Co (99.99 %, ChemPUR) evaporation was conducted 

in UHV at pressures better than 2×10−9 mbar, using fluxes of 0.004 monolayer (ML)/min and 0.3 

ML/min, respectively, as estimated from STM images (see particle statistics paragraph below for 

the procedure). Annealing of surfaces was carried out at pressures better than 2×10−9 mbar. Each 

temperature was maintained for 30 min. The sample temperature was calibrated according to the 

procedure described previously, using a thermocouple welded to the side of the sample.19 

X-ray Photoelectron Spectroscopy 

All XPS experiments were carried out using a monochromated Al Kα X-ray source with a 54° 

incidence angle from the surface normal and electron collection along the surface normal. The 

analyzer pass energy was 10 eV, dwell time 0.1 s. The spectra were analyzed using the least-

squares curve fitting program Winspec.20  Binding energies are determined by peak fitting 

procedure and are reported with an uncertainty of ± 0.1 eV, referenced to the Ni 2p3/2 and Al metal 

2p3/2 photoemission peaks centered at 852.7 eV and 72.9 eV, originating from the substrate. Fitting 

of the Re 4f and of the (Ni3pAl2p) spectra included a Shirley baseline subtraction and fitting with 

a convolution of Gaussian and Lorentzian functions. A Ni 2p reference spectrum, measured on a 

clean, unmodified Al2O3/NiAl(110) surface before Co deposition, was subtracted from all Co 2p 

spectra. Experimental Re and Co signal attenuation is normalized to the Ni3pAl2p intensity and 

has an estimated uncertainty of 2%, based on analysis of uncertainties described in SI section 7. 

STM measurements 
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Scanning tunneling microscopy was conducted using cut Pt80Ir20 0.25 mm diameter tips 

(Goodfellow). The data were recorded using the CAMERA 4.3 software package developed at 

Leiden University.21,22  Imaging was performed at a typical sample bias of 1 V and tunneling 

current of 0.2 nA. Particle heights are reported with an uncertainty of ± 0.03 nm, according to 

calculations in SI section 7. 

Particle Statistics  

Statistics on cluster density, coverage, and height of the particles were obtained using the 

Gwyddion software package.23 Errors found in the automated particle recognition were corrected 

in manual post-processing. For statistical analysis, only image segments without steps on the 

surface were considered. Particle heights were determined from particle height histograms, which 

were fitted with a Gaussian function. The typical distribution width obtained from the Gaussian fit 

was 0.25 nm. 

A combination of STM and XPS results was used to determine the Re and Co coverage. The Re 

4f/(Al 2p + Ni 3p) and Co 2p/(Al 2p + Ni 3p) ratios were determined for all experiments. To obtain 

the metal coverage from an STM image, the total volume of the particles in the image was 

calculated using particle detection via thresholding. Due to 0.3 nm overestimation of heights of 

metallic particles on Al2O3/NiAl(110) at the sample bias used in this work (−1 V),14 the volume 

was calculated with respect to the horizontal plane defined by the 0.3 nm threshold. Due to 

overestimation of the lateral dimensions of the particles a volume overestimation between 2.1× 

and 17.0× can be observed (see Supporting Information in Ref. 11). Assuming the tip radius to be 

of similar size as the particles, we have divided the total volume obtained by the thresholding 

method by four,11 obtaining coverage values consistent with literature on Co/Al2O3/NiAl (110). 

After calibration of the XPS (Re 4f or Co 2p) /(Al 2p + Ni 3p) ratio versus STM coverage, a 
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coverage estimate could also be obtained from XPS intensities for the bimetallic samples. 

Similarly, particle volumes were calculated using the XPS coverage and the particle density 

obtained from STM. While the particle volumes could also be determined directly from the STM 

data, the combined XPS/STM procedure minimizes the influence of the variations in tip size. All 

coverages are expressed in monolayers of the Re(0001) and Co(0001) surfaces; 1 Re ML 

corresponds to 1.52×1015 Re atoms/cm2 and 1 Co ML is equal to 1.83×1015 Co atoms/cm2. All 

particle heights reported here are the actual particle heights, determined as (observed particle 

height minus 0.3 nm). Throughout analysis particle height (h) was used as the most reliable 

indication of particle size, since STM is more sensitive in the normal direction. Contact angles and 

work of adhesion were estimated following an approach described elsewhere.14 Error bars for 

cluster height and cluster density were estimated as detailed in the Supporting Information.  

Results and discussion 

Co and Re nucleation on alumina 

The alumina support used in this work is a two-layer alumina film, see Figure 1a.10,24 Despite 

the fact that the grown film is highly crystalline, it does contain point defects and domains with 

different orientations (see the dark lines in Figure 1a). Because the bonding in the alumina film is 

highly saturated,24 nucleation of metallic nanoparticles deposited on Al2O3/NiAl(110) 

predominantly occurs on point defects, domain boundaries, and step edges.11-14, 25-26 The relative 

importance of these three nucleation sites is determined by the metal-support interaction 

strength.11, 13, 27 If the interaction strength is high, metal atoms arriving on the surface are likely to 

form a nucleus on one of the first defects they encounter. Since the point defects are randomly 

distributed, in contrast to the domain boundaries and step edges, the first defects encountered by 

the arriving metal atoms are often the point defects. Hence, metals with a strong metal-support 
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interaction tend to nucleate predominantly on point defects. In contrast, weakly adsorbed metal 

atoms will travel further before nucleating, and will therefore show a preference for the nucleation 

site that binds stronger. In the case of our alumina film, the strong binding sites are the domain 

boundaries and step edges. 

Figure 1b shows the sample after deposition of 0.3 ML Co at room temperature. In good 

agreement with literature results,13-14 we find that point defect nucleation at random terrace sites 

is common, yet there is a preference for the step edges (Figure S1). This is consistent with an 

intermediate metal-support interaction, in which the atoms arriving on the surface only sometimes 

stick to the point defects for long enough to form a nucleus with another Co atom, but often not, 

allowing the atoms to proceed to the stronger binding step edges and domain boundaries. 

Corroborating this assignment, the particle density is 9×1012 cm2, which is close to the saturation 

density of noble metals on this support,13, 28 but lower than that observed for vanadium.26 We 

should point out that the deposition flux is an important parameter in the nucleation process, as a 

high deposition flux tends to result in a high particle density.27 In a typical experiment, Co was 

deposited at a high flux of 0.3 ML/min, and therefore the resulting particle densities obtained were 

slightly larger than those reported in earlier work.14   

 

Figure 1. a) STM topography image of a 0.5 nm thick alumina film grown on a NiAl(110) single 

crystal, showing a step edge and domain boundaries (dark lines). Image size 32×20 nm2, Us 0.7 
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V, It 0.1 nA. b) STM topography image of 0.3 ML Co/Al2O3/NiAl(110) showing random 

nucleation on alumina terraces and domain boundaries, and decoration of step edges. Image size 

80×80 nm2, Us 1 V, It 0.2 nA. 

 Based on the average particle height (h = 0.84 nm) and average particle volume (V = 0.65 nm3) 

we can get a rough estimate of the contact angle α of the particles by approximating them as 

(truncated) spheres:14 

cos 𝛼 = 1 −
3𝜋ℎ3

3𝑉+ 𝜋ℎ3,         (1) 

For the very small particles used in this work, the assumption of (truncated) spheroid particles is 

a crude one.  Hence, the value of α should be seen as indicator for the tendency to form flat or 

rounded particles rather than as an accurate descriptor of the particle shape. Similarly, the 

macroscopic formula for the work of adhesion yields a rough indication of the particle-support 

interaction:14 

𝑊𝑎𝑑 =  𝛾(1 + 𝑐𝑜𝑠 𝛼)       (2) 

In equation 2, γ is the surface free energy of the metal. Taking into account the larger surface area 

of the particles with respect to our spheroid approximation (estimated 10% larger), we used γ = 

2.78 J/m2.29 Inserting the values for h and V in Equation 1 and 2, we find a contact angle of 118° 

and a work of adhesion of 1.5 J/m2, in good agreement with the literature9 value of 1.6-1.8 J/m2.   

Rhenium is a much more oxophilic metal than Co, and hence one would expect a strong Re-

support interaction.30 Figure 2 shows that this is indeed the case. The particle density at 0.4 ML 

is 12.8×1012 cm2 (Table 1), which is comparable to the highest density for metals deposited at 

room temperature on Al2O3/NiAl(110).13 The particles are nearly completely randomly dispersed, 

implying that nucleation preferably takes place at point defects rather than at the step edges. The 
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strong Re-support interaction is also apparent from the contact angle of 103° (for 0.4 ML Re) and 

work of adhesion 3.1 J/m2, which is twice that for Co for comparable coverage. 

 

Figure 2. Series of STM images for increasing Re coverage (0.02-0.4 ML) on Al2O3/NiAl(110), 

showing almost no preference for nucleation on steps or domain boundaries. All images are 80×80 

nm2, Us 1 V, It 0.2 nA.  

Table 1. Particle density, volume, height and position of the Re 4f7/2 XPS peak for a series of Re 

coverages on Al2O3/NiAl(110). 

Coverage (ML) Density 

(1012clusters cm2) 

Average particle 

volume (nm3) 
Height (nm) Re 4f7/2 (eV) 

0.02 1.2 0.3 0.4 42.4 

0.04 2.2 0.3 0.5 42.1 

0.08 2.5 0.3 0.5 42.0 

0.10 4.4 0.7 0.7 41.8 

0.25 8.6 1.4 0.8 41.6 

0.40 12.8 1.2 0.8 41.4 

Bulk metal    40.5 31-32 

 

To obtain information on the electronic state of the Re particles, we conducted XPS 

measurements. Figure 3 and Table 1 show that the Re 4f binding energy is strongly dependent on 

the particle height (h) and volume (Figure S4). For the lowest coverage of 0.02 ML, the 4f7/2 peak 

was found at 42.4 eV, shifted to higher binding energy by ca. 2 eV from its literature bulk value 

of 40.5±0.2 eV.31-32 Although binding energy shifts with respect to the bulk metal are commonly 
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observed for nanoparticles,33-36 especially for subnanometer ones, the magnitude of the shift is 

relatively large. As the coverage was stepwise increased to 0.4 ML, the 4f7/2 peak position 

progressively moved to 41.4 eV, with a concomitant peak FWHM narrowing from 3.5 to 1.8 eV. 

Figure 3b compares our results for the Re4f binding energy shift as a function of particle size to 

those obtained by Richter et al. on Co/Al2O3/NiAl(110).34 Like Richter et al., we obtained the 

particle size by assuming the particles to be hemispheres, in reasonable agreement with the 

observed wetting angle. For the same size, the binding energy shift of the Re particles is some 0.3 

eV higher than that of Co (Figure 3b).  

 

Figure 3. a) Rhenium 4f core level photoelectron spectra for increasing Re coverage of 0.02-0.4 

ML. b) Binding energy shift as a function of particle height for Re (4f7/2) (black spheres) and Co 

(2p3/2) (stars). Co data were extracted from Richter et al.34 A 1/r fit is also shown for both data 

sets. See also Figure S4 for normalized Re 4f spectra and ∆BE plotted on “particle volume” axis. 

Three main causes for the size-dependent binding energy shifts can be identified: a) Finite size 

effects. Due to the limited size of the particles, the average coordination number decreased, causing 

lattice strain. Furthermore, the density of states in the particle is decreased due to the limited 

number of electrons it contains. These effects alter the electronic properties of the metal, and hence 
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the (initial state) core level binding energy.33-36 b) Support effects. The interaction with the support 

can lead to charge transfer from the particle to the support, resulting in shifts (e.g. 0.7 eV for 

platinum on ceria) towards the bulk position as the particle size increases from 0 to 2.5 nm.37 

Additionally, the support may donate oxygen atoms to the particles, increasing their oxidation 

state. As aluminum is substantially more oxophilic than rhenium,30 we do not expect such an 

oxidation-reduction reaction to occur. c) Final state effects. These occur due to incomplete 

screening of the core hole created during photo-ionization when particles are supported on non-

conductive substrates.33-34 To fill the core hole in a nanoparticle the electrons therefore need to 

tunnel from the NiAl(110) substrate through the bandgap of alumina to the particle, which is slow 

with respect to the photo-ionization process.12  

Using an Auger parameter analysis, Richter et al. separated the final state effect from the initial 

state contributions due to finite particle sizes and support interactions. While the final state effect 

was found to dominate, a contribution of around 0.3 eV from the initial state effect was observed, 

with a minor dependence on particle size within the investigated range. Because the Co and Re 

particles are both metallic, for comparable sizes of particles we expect the final state effect to be 

almost identical.33 Hence, the difference between the results for Re and Co likely stems from initial 

state contributions. Richter et al. identified the effect of finite particle size as the major cause for 

the 0.3 eV shift observed for Co (at maximum studied coverage), noting that the alumina film is a 

weakly interacting support. In the case of Re, stronger interaction with the support most likely 

justifies the additional 0.3 eV shift observed in XPS.  

Sequential deposition of Re and Co 

Co-Re particles were prepared by two sequential deposition procedures. In the first, 0.1 ML Re 

was deposited, followed by 0.4 ML Co (see Figure 4a, referred to as Re+Co hereafter). In the 
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second procedure, 0.3 ML Co was deposited first, followed by 0.4 ML Re (see Figure 4b, referred 

to as Co+Re hereafter). The peak position of the Re 4f doublet for both the Re+Co and Co+Re 

particles was found at 41.3 eV, shifted equally from its “bulk” metal reference, in contrast to pure 

0.1 ML Re on alumina observed at 42.0 eV. The equal shift implies that the Re is associated with 

Co in both cases, regardless of evaporation order. A more detailed description comes from the 

measured particle densities after the first and second stage of deposition. For the Re+Co sample, 

there is an increase in the particle density from 2.9×1012 to 12.3×1012 cm2 between the Re and Co 

deposition. This indicates that the Co is not only associated with the Re, but that pure Co particles 

have been formed as well. In contrast, when the deposition order was reversed for the case of 

Co+Re, the particle density remained more or less constant (9.0×1012 and 8.2×1012 cm2 

respectively), indicating that all particles are bimetallic Co-Re. In contrast, for smaller Re 

coverage, i.e. 0.3 ML Co + 0.05 ML Re, pure Co and bimetallic Co+Re particles were formed 

(Figure S2). 

 

Figure 4. a) 100×100 nm2 STM topography images corresponding to sequential deposition of 0.1 

ML of Re followed by 0.4 ML of Co (a, top); and sequential deposition of 0.3 ML of Co followed 
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by 0.4 ML of Re (a, bottom). Us 1 V, It 0.2 nA. b) Corresponding Re 4f spectra for 0.1 ML 

Re/Al2O3/NiAl(110) before and after deposition of 0.4 ML of Co, showing a shift of the Re doublet 

due to association with Co (top black and middle red lines). A similar normalized spectrum was 

obtained when 0.4 ML Re was evaporated on top of 0.3 ML of Co (bottom blue line). 

To investigate the distribution of Co and Re in the particles, we analyzed the Re 4f and Co 2p3/2 

peak intensities after the first and second stage of the preparation, Figure 5 (see also Table S1). In 

both the Re+Co and the Co+Re case, the XPS signal of the metal that was deposited first is 

attenuated due to the second deposition. This attenuation results from the increase in size of the 

particles, which increases the average length that the photoelectrons have to travel through the 

particle before escaping into vacuum. We modeled such attenuation for two scenarios: 1) A particle 

with an overlayer of the second metal on the first metal (core-shell model). 2) The first and second 

metal forming a particle with mixing of the two elements (alloy model). The details of the models 

can be found in the Supporting Information. We point out that other Co/Re distribution models 

may be possible.6-7 Hence, the comparison of the models chosen here to the experimental data 

should only be used to estimate the tendency of Co/Re interdiffusion within a particle. Figure 5 

compares predicted attenuation of XPS intensities for core-shell and alloyed nanoparticles 

scenarios for bimetallic Re+Co (left) and Co+Re (right) nanoparticles with a 0-0.5 nm overlayer 

of the second metal with experimental data for 0.24 nm Co overlayer and 0.12 nm and 0.32 nm Re 

overlayer, respectively. These overlayer thicknesses were determined using the change in particle 

height following the deposition of the second metal (see Table S1 in the Supporting Information). 
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Figure 5. Comparison of XPS attenuation modeling and experimental data points for 0.05 ML Re 

+ 0.2 ML Co at room temperature and after annealing at 750 K (left) and 0.3 ML Co + 0.05 ML 

Re, + 0.35 ML Re at room temperature (right). The modeled attenuation of the initially evaporated 

metal in a core-shell configuration is plotted in blue, and for an alloyed particle in red. 

Experimental data points obtained as prepared at RT are plotted as black squares, and the Re 

attenuation after annealing to 750 K in a) is plotted as a grey sphere (further details are in the 

Effects of annealing section). Error bars for experimental datapoints represent the errors in 

determining particle height and XPS peak area ratios and were calculated as described in the SI. 

The experimental overlayer thicknesses were calculated using the particle height data provided in 

Table S1 in the SI.  

In general, alloyed nanoparticles imply mixing of the metals and therefore exhibit less 

attenuation of the first metal, while in the core-shell structure the core is more attenuated due to 

an overlayer. For the case of Re+Co, Figure 5, left panel indicates that the experimental Re 4f 

attenuation (0.90) is well described by the core-shell model, whereas the alloy model is somewhat 

off (0.94). Taking into account an error margin of 2% in the XPS intensity, and 0.03 nm in the 

STM height estimation, the offset of the alloy model is just outside the estimated uncertainty range. 
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Thus, we establish that the Re+Co sample tends to form Re core, Co shell particles. In contrast, 

we are inclined to state that the deposition of 0.05 ML Re on Co results in alloy formation, although 

the difference between the two models is almost within the uncertainty of the modeled Co 

attenuation (right panel). For further addition of Re up to 0.4 ML, the model neither predict core-

shell nor alloy formation. To be more conclusive, we find that the wetting angle of the 0.3 ML Co 

+ 0.4 ML Re particles is 132°, which is larger than 118° observed for pure Co. Assuming that the 

particle-support interaction Wad has remained constant, this indicates an increase in the particle’s 

surface free energy γ (see Equation 2). For Co core - Re shell particles, this is to be expected, 

because the Re surface free energy (3.97 J/m2) is significantly larger than that of Co (2.78 J/m2).29 

Therefore, we suggest that the 0.3 ML Co + 0.4 ML Re particles form a core-shell structure. 

Since the order of the Co and Re deposition affects the distribution of Co and Re within the 

particles, we can conclude that the internal equilibration of Co-Re particles is hampered at room 

temperature. This kinetic limitation, within days of sample preparation, is often observed in room 

temperature nano-alloying studies.14, 38-39 If the metal with the lowest surface free energy is 

deposited second, it forms an overlayer, even if the metals tend to form homogeneous alloys in 

bulk (such as the Co-Re system40,41). In contrast, when the metal with the highest surface energy 

is deposited second, partial or complete segregation of the first deposited metal occurs. 

Effects of annealing  

To study the thermal stability of the model catalysts and get more insight into the restructuring 

of the bimetallic particles at higher temperature, we conducted a series of stepwise annealing 

experiments. At each step, the temperature was maintained for 30 minutes, after which we 

performed STM imaging (Figure 6 and Figure S3 in the Supporting Information) and XPS 

quantification (Figure 7c) at room temperature. 
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Figure 6. Series of STM images for bimetallic nanoparticles (Co+Re, 0.3+0.4 ML) measured at 

room temperature as prepared at room temperature, annealed at 700 K, 950 K, 1080 K. Scale 

80×80 nm2, Us –1 V, It 0.2 nA. 

From STM images shown in Figure 6 and S3, the normalized particle densities and heights for 

pure Re, Co+Re, and Re+Co versus annealing temperature were extracted and presented in Figure 

7a,b  (see SI for plots without normalization), which are compared to earlier work by Heemeier et 

al. on pure Co/Al2O3/NiAl(110).16 From the decrease in cluster density and the increase in cluster 

height upon annealing it becomes clear that sintering occurs in all cases, but there are differences 

in the degree of sintering. For Pd, Rh, and Co on Al2O3/NiAl(110), Heemeier et al. found only 

small differences in the extent of sintering.16 In line with this, we find that pure Re shows a similar 

degree of sintering as pure Co. The Re+Co sample, which predominantly consists of pure Co 

particles, also follows the trend of pure Co. It should be noted that the particle size and density 

may affect the sintering rate. However, based on the similarity between the high density Re+Co 

sample (12.3×1012 cm2 initially) and the low density Co sample (3.3×1012 cm2 initially) of 

Heemeier et al.,16 these effects appear to be of lesser importance. 
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Figure 7. Normalized cluster density a) and cluster height b) as a function of annealing temperature 

for pure Re (diamonds), Re+Co (squares) and Co+Re (circles) on Al2O3/NiAl(110). The dataset 

for pure Co/Al2O3/NiAl(110) from Heemeier et al. is plotted for comparison (red stars).16 The 

normalization was performed with respect to the situation at room temperature. c) Normalized 

XPS intensity of Re4f/(Ni 3p + Al 2p) and Co2p/(Ni 3p + Al 2p) core levels for 0.05 ML Re + 0.2 

ML Co (top panel) and 0.3 ML Co + 0.4 ML Re (bottom panel) as a function of annealing 

temperature. For normalization, the intensity after deposition of the first metal is taken as 1. 

The Co-Re particles produced by the Co+Re deposition are much more stable than pure Co or 

Re. To explain this, we note that three particle/material properties can affect sintering: 1) The 

detachment barrier to release atoms from the particles (Ostwald ripening mechanism); 2) The 

diffusion barrier of particles as a whole (coalescence mechanism); 3) The diffusion barrier of 

detached atoms (Ostwald ripening). Since the atoms detaching from Co-Re particles are the same 

as for pure Re or Co, the sintering resistance of Co-Re cannot be explained by the Co or Re atomic 

diffusion barrier (3). Hence, either the detachment barrier (1) or the particle diffusion barrier (2) 

is higher for the bimetallic particles than for the pure metals. If the Co-Re particles were able to 

diffuse as a whole, one would expect that in addition to sintering, also relocation of particles 

towards oxide domain boundaries and step edges would occur, since these bind the particles more 

strongly. However, the images in Figure 6 do not show an increased preference for step edges or 
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domain boundaries. Therefore, we conclude that the stability of the Co-Re particles results from a 

high detachment barrier (1). This conclusion implies that there is a favorable interaction between 

Co and Re, which is supported by the study of solid solutions over the entire composition range in 

the Co-Re binary alloy phase diagram.40 

Besides sintering, the annealing affects the elemental composition of the particles, and the Co-

Re distribution within the particles. Already at temperatures as low as 508 K, changes in the 

relative Co 2p3/2 and Re 4f intensities are observed (see Figure 7c). This confirms our conclusion 

from the previous section that Co-Re interdiffusion is kinetically hindered during the preparation 

at room temperature (see above). 

For the Re 0.05 ML + Co 0.2 ML experiment, the as-prepared sample is a mix of pure Co 

particles and Re core-Co shell particles. During sintering at 750 K, the Re signal drops from 90% 

to 77% (with respect to bare 0.05 ML Re), as shown in the top panel of Figure 7c. This suggests 

that Re remains in the particle core, while the Co shell thickens (height increase of 0.43 nm). In 

good agreement with the core-shell description, we find a Re signal of 82% with respect to bare 

Re using the core-shell model (h=0.43 nm in Figure 5, left). Hence, little or no Re-Co intermixing 

occurs at 750 K. Similar to our observations, Parschau et al. showed that alloying of Co deposited 

on Re(0001) only occurs in the interface layer within the investigated temperature range up to 500 

K.42 At 950 K, the Re signal is completely recovered, while the Co signal decays. At such high 

temperatures, diffusion of metal atoms into the substrate becomes possible at the domain 

boundaries.16 The height decrease of the particles and the loss of Co in the XPS signal in Figure 

7c confirm that some of the Co is indeed removed from the surface. We should point out that 

evaporation of Co does not play a role at the temperatures employed here.43  Since the Re signal 

for Re+Co completely recovers to its intensity before Co deposition, the Re atoms do not diffuse 
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into the substrate at 950 K. Similar behavior is observed for the Co+Re sample (Figure 7c, bottom 

panel), although at higher temperature (1080 K). The difference in onset temperature was 

attributed to the higher Re content in the Co+Re sample, which likely increases the stabilizing Co-

Re interaction.  Note that for the Re+Co sample, most of the Co remained on top of the substrate. 

Hence, the complete recovery of the Re signal indicates that Re has moved from the core of the 

particles towards the surface. 

For Co+Re, the Co signal regains intensity during annealing up to 950 K (see Figure 7c, bottom 

part). This could be interpreted as the result of Co penetrating the Re shell, moving closer to the 

particle surface. Remarkably however, the Re intensity remains steady for Co+Re over the entire 

temperature range probed here. This suggests that the retrieval of the Co signal is not due to 

alloying of the Co core with the Re shell, as the Re signal would be attenuated in this case. Indeed, 

our model indicates a Re attenuation of 19% in case of homogeneous alloy formation (based on 

the data at 508 K, see supporting information for details on the model) with respect to a pure core-

shell situation.  Therefore, the simple model applied for the room temperature situation is not suited 

to explain the element distribution in the post-annealed Co-Re NPs. 

Nevertheless, some hints regarding the more detailed arrangement of Co and Re in the annealed 

particles can be obtained from the literature and additional modeling of our XPS data. Based on 

low energy ion scattering data and density functional theory calculations, Bakken et al. proposed 

that Re occupies subsurface positions inside the Co-Re particles, instead of forming a 

homogeneous alloy.8 Stimulated by this idea, we modeled subsurface Re in the particles using a 

Co-Re-Co sandwich structure (see supporting information for more details). This results in a small 

Re attenuation of 8% (based on the data at 508 K), which comes significantly closer to the 

experimentally observed stable Re signal, particularly considering that the Co+Re sample prepared 
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at room temperature already showed some Co-Re mixing. Meanwhile, the Co attenuation 

decreases to 21%, which is also fairly consistent with the experimental data (17%). Hence, the Re 

subsurface structure appears to be a reasonable explanation of our data. However, further study is 

required to exclude the possibility of other complex Co-Re arrangements. 

 Conclusions 

Motivated to prepare a well-defined Co-Re/Al2O3 model catalyst for Fischer-Tropsch synthesis, 

we provide the first report on the nucleation and growth of Re and Co-Re clusters on 

Al2O3/NiAl(110), including a detailed study of the effect of annealing on the particle distribution 

and element distribution within the particles. In contrast to Co, which has medium metal-support 

interaction and tends to nucleate at domain boundaries and step edges, we find that Re exhibits 

strong metal-support interaction (twice higher work of adhesion). This results in high particle 

densities and growth of Re clusters at randomly distributed point defects. A cluster size effect on 

the binding energy was observed for both Co and Re using XPS. Due to the stronger metal-support 

interaction of Re, its binding energy shift was higher by +0.3 eV compared to Co.  

Sequential deposition of Co and Re at room temperature yields un-equilibrated core-shell Co-

Re and Re-Co bimetallic particles, depending on evaporation order. When Co is promoted with 

small quantities of Re (Co+Re) an alloy formation can be observed, as predicted earlier.44 Post-

annealing enables internal elemental redistribution to occur.  The equilibrated structure cannot be 

satisfactory modeled as a homogeneous alloy or a core-shell structure, yet could be explained by 

the Co core - Re subsurface layer - Co shell structure suggested in the literature. 8, 45  

The elemental redistribution of the clusters due to annealing is accompanied by sintering for 

bimetallic particles. For Re, the sintering results are similar to the case of pure Co reported in the 

literature.16 For the bimetallic Co-Re particles (produced via deposition of Co followed by Re 
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deposition), superior sintering resistance is observed. We attribute this to a higher adatom 

detachment barrier for the bimetallic nanoparticles, due to the increased stability of both Co and 

Re in the bimetallic particles with respect to their pure phases.  

The currently developed nanostructures are targeted to mimic real industrial Fischer-Tropsch 

Co-Re-based catalysts. We foresee our developed understanding of the preparation of well-defined 

nanostructured Co-Re/Al2O3/NiAl(110) surfaces to be particularly useful for further fundamental 

reactivity studies of catalytic reactions by means of surface sensitive probes as high-pressure 

STM17, infrared spectroscopy and near-ambient pressure XPS. We are convinced that systematic 

operando studies in CO-, H2- and H2+CO-containing atmospheres on such surfaces will address 

open questions on the role and location of Re during the reaction, as well as the growth of the long 

hydrocarbon chains on Co(0001) recently reported by Navarro et al. using the Reactor STM.5 

Finally, it is worth pointing out that both Co and Re nanoparticles have applications beyond FT-

catalysis (e.g. NH3-synthesis46-47), and that the reported findings will be of relevance for a wide 

audience. 

 

Supporting information. Additional STM images and XP spectra, not-normalized XPS 

quantification, estimation of uncertainties, model details for as-prepared and annealed particles, 

and references 17, 21 in full are described in the supporting information. 
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