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ABSTRACT  

Surface segregation, restructuring and sintering phenomena in size-selected copper-nickel 

nanoparticles (NPs) supported on silicon dioxide substrates were systematically investigated as a 

function of temperature, chemical state and reactive gas environment. Using near-ambient 

pressure (NAP-XPS) and ultra-high vacuum X-ray photoelectron spectroscopy (XPS), we 

showed that nickel tends to segregate to the surface of the NPs at elevated temperatures in 

oxygen- or hydrogen-containing atmospheres. It was found that the NP pre-treatment, gaseous 

environment and oxide formation free energy are the main driving forces of the restructuring and 

segregation trends observed, overshadowing the role of the surface free energy. The depth profile 

of the elemental composition of the particles was determined under operando CO2 hydrogenation 

conditions by varying the energy of the X-ray beam. The temperature dependence of the 

chemical state of the two metals was systematically studied, revealing the high stability of nickel 

oxides on the NPs and the important role of high valence oxidation states in the segregation 

behavior. Atomic force microscopy (AFM) studies revealed a remarkable stability of the NPs 

against sintering at temperatures as high as 700 °C. The results provide new insights into the 

complex interplay of the various factors which affect alloy formation and segregation 

phenomena in bimetallic NP systems, often in ways different from those previously known for 

their bulk counterparts. This leads to new routes for tuning the surface composition of 

nanocatalysts, for example through plasma and annealing pre-treatments. 
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INTRODUCTION 

  Catalytic systems based on bimetallic alloy nanoparticles (NPs) often exhibit significantly 

superior catalytic properties compared to their monometallic counterparts as a result of 

synergetic geometrical and electronic effects between the constituent metals.1-10 Segregation 

phenomena may take place during the chemical reaction and modify the elemental composition 

of the surface, crucially affecting the catalytic activity and selectivity of the system towards 

certain products. In bulk metal alloys, phase segregation is a result of the complex interplay of a 

number of factors, which include the atomic radii of the metals,11-12 their surface free energy,13 

the oxide formation enthalpy,14-15 and the metals’ affinity to form stable chemical bonds with 

adsorbate species.16-19 With the exception of the atomic radii, all other factors can differ 

significantly in NPs compared to bulk systems, often as a function of the particle size, leading to 

distinct surface properties. Understanding the way in which surface chemical and morphological 

restructuring affects the catalytic properties of the NPs under reaction conditions is important for 

further optimizing the efficiency of such systems.  

  Copper-nickel (CuNi) alloys have been successfully employed as catalysts in a number of 

reactions, including carbon dioxide and carbon monoxide hydrogenation,20-24 hydrogenolysis of 

ethane and propane,25-26 the reverse water-gas-shift reaction,27 ethanol steam reforming28-29 and 

methane decomposition,30 exhibiting increased catalytic activity compared to their monometallic 

counterparts. Doping of Cu surfaces with Ni has been theoretically shown to strongly promote 

methanol synthesis.31-33 The addition of CO into the CO2 hydrogenation reaction mixture further 

promotes methanol synthesis, an observation which was partly attributed to CO-induced surface 

segregation of Ni.34  Given that the atomic radii of Cu and Ni are very similar (128 pm versus 
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124 pm),35 the size misfit does not play an important role with respect to segregation in this 

system. In reduced chemical state and in the absence of surface adsorbates, Cu is expected to 

segregate towards the surface of the particles due to its lower surface free energy.14, 36-37 In the 

presence of oxides or oxygen-containing adsorbates, the situation is much more complex. In bulk 

bimetallic systems, the Gibbs free energy for NiO is higher (less negative) than that of CuO, but 

lower than that of Cu2O.15, 38 This means that in bulk CuNi alloys, the segregation trends for Cu+ 

and Cu2+ are in principle opposite to each other, with Cu2+ preferentially segregating to the 

surface and Cu+ inwards.  Different preparation conditions and chemical states of the metals can 

thus lead to different segregation trends in the presence of oxygen.39-42  

Little is known about the restructuring in CuNi NPs. It was shown that Cu2O is much more 

stable in NPs than in bulk and that the stability of both Cu oxides is strongly dependent on the 

particle size.43 Furthermore, Ni3+ species in oxide compounds, which are usually unstable in bulk 

materials, seems to be more stable in NPs.44  NAP-XPS studies on CuNi NPs recently showed 

that Cu segregates to the surface upon annealing in O2,
45

 contrary to what would be expected for 

bulk alloys based on the Gibbs free energy. It becomes obvious that it is very difficult to know in 

advance the segregation behavior of Cu and Ni in an oxidizing environment for a NP of a given 

size. In the presence of hydrogen-containing adsorbates, the stronger chemical bonds that 

hydrogen forms with nickel compared to copper are in principle expected to result in surface 

segregation of Ni.25, 46 But also in this case the particle size affects the surface composition, 

given that smaller particles promote alloying of the metals (due to higher diffusion rates47) and 

alloy particles have decreased oxide reduction temperatures compared to segregated 

monometallic phases.48 The chemical state is also crucial, because the presence of metal oxides 

in the as-prepared samples can actually reverse the trend expected based on the surface energies 
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and the adsorbate effect.49 Finally, the interaction of the metals with the substrate is always of 

significant importance, since sintering, interdiffusion and chemical bonding may affect the 

morphology and the stoichiometry of the particles.50-53  

In order to shed light on the interplay and relative importance of the various factors which 

affect the surface properties of bimetallic CuNi NPs, under conditions which are relevant for 

catalytic CO2 hydrogenation, we have studied the morphological stability and chemical state of 

size-selected (~  5 nm) Cu0.6Ni0.4 NPs supported on SiO2/Si(111). Emphasis is given to the 

understanding of temperature- and adsorbate-induced alloying and segregation phenomena in 

reducing and oxidizing environments. The sample morphology was characterized via ex situ 

atomic force microscopy (AFM) before and after the annealing. The chemical surface 

composition of the bimetallic NPs was investigated via X-ray photoelectron spectroscopy (XPS) 

both using a monochromatic Al Kα X-ray source in a UHV lab setup and at a synchrotron-based 

near-ambient pressure XPS (NAP-XPS) setup, where a depth profile of the particles was 

acquired by varying the photon energy under operando reaction conditions.  

 

EXPERIMENTAL  

  Size-selected bimetallic Cu0.6Ni0.4 NPs with an average diameter of 5 nm were synthesized via 

inverse micelle encapsulation, a colloidal synthesis method which enables extensive control of 

the NP size and the interparticle distance.54–58 Poly(styrene)-block-poly(2-vinylpyridine) (PS-

P2VP) diblock copolymers (PS:P2VP ratio of 48500:70000, Polymer Source, Inc.) were 

dissolved in toluene to form micellar cages. The micelles were then loaded with copper(II) 
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nitrate hexahydrate (Cu(NO3)2 6 H2O) and nickel(II) nitrate trihydrate (Ni(NO3)2 3 H2O), 

leading to the formation of size-selected bimetallic CuNi NPs with narrow size distribution.  

  The micelle-encapsulated NPs were deposited on SiO2/Si(111) substrates via dip-coating at a 

speed of 5 cm/min. The polymeric ligands were then removed by ex situ O2 plasma etching (SPI 

Plasma Prep III Plasma Etcher, 20 minutes, 20 W, 350 mTorr). For some of the samples, the dip-

coating and plasma etching procedure was repeated multiple times to achieve higher coverage of 

the substrate with particles. Subsequently, the samples were loaded into an ultra-high vacuum 

(UHV) system (SPECS GmbH) where they were further treated with in situ O2 plasma (3 x 15 

minutes, 9.8 W, 3ꞏ10−5 mbar) to remove adventitious carbon from sample transfer in air. The 

successful removal of the polymeric and adventitious carbon by the two plasma treatments is 

demonstrated by the lack of any C1s peak in high-resolution XPS spectra (see Supporting 

Information (SI), Figure S1).  

  After the in situ O2 plasma treatment, one sample (S1) was reduced by in situ H2 plasma (45 

minutes, 8 W, 3ꞏ10−5 mbar) and then stepwise annealed in vacuum (10−9 mbar) in the UHV 

preparation chamber for 20 min in 150 °C steps (250 °C, 400 °C, 550 °C, 700 °C). A second, 

identically prepared sample (S2) was annealed in a high-pressure cell attached to the UHV 

system following the same temperature steps under a pressure of 1 bar O2.  After each annealing 

step, the samples were transferred in vacuum to an UHV analysis chamber, where XPS 

measurements were acquired using a monochromatic Al Kα X-ray source (hv = 1486.7 eV) and a 

hemispherical electron analyzer (Phoibos 150, SPECS GmbH). The pass energy of the electron 

analyzer was 15 eV. 
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  In order to study the effect of gaseous adsorbates and in particular of a CO2 / H2 reaction 

mixture under operando conditions, identically prepared samples were investigated using NAP-

XPS at beamline CSX-2 of the NSLS-II synchrotron at Brookhaven National Laboratory (USA). 

To increase the NP loading on the surface, in order to compensate for the attenuation of the 

electrons in the gaseous environments, these samples were dip-coated (and subsequently treated 

with ex situ O2 plasma) three times. XPS spectra were acquired in situ in O2 (0.2 Torr, 400 °C), 

in H2 (0.5 Torr, 400 °C), in a CO2 / H2 reaction mixture (1:3 volume ratio, 0.68 Torr total 

pressure, at 210 °C and 240 °C), and in pure CO2 (0.5 Torr, 240 °C). The measurements were 

performed at two different photon energies (1130 eV, 1540 eV) to obtain depth profile 

information of the near surface elemental composition. After each step, the sample was cooled 

down, the chamber was evacuated, and the new gas was introduced approximately at room 

temperature (RT). 

 

  For investigating the NP morphology and possible sintering, AFM images were acquired ex situ 

in tapping mode (Bruker MultiMode 8 AFM) before and after annealing. The size distribution of 

the NPs was obtained by measuring at least 150 individual NPs in each image using the open-

source software Gwyddion.  

 

RESULTS & DISCUSSION 

 

  AFM images of two identically prepared Cu0.6Ni0.4 NP samples supported on SiO2/Si(111) 

substrates are shown in Figure 1, both in their as-prepared state (after ex situ O2 plasma) and 

after annealing in reducing (UHV) or in oxidizing (O2) environment. The freshly prepared 
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samples are characterized by an average particle size of (5.2 ± 0.7) nm and a narrow particle size 

distribution. Representative height histograms are shown in Figure S2 of the SI. The particle 

sizes given in the histograms refer to their heights, as determined by AFM. The lateral resolution 

of AFM is lower due to the tip convolution effect. This can lead to apparent NP diameter 

differences in the AFM images. Given that the particles have a spherical shape (see also 

Scanning Transmission Electron Microscopy (STEM) images in Figures S3, S4 in SI), the lateral 

size of the particles is considered equal to their height. The spatial distribution of the NPs on the 

substrates is homogeneous. The morphology of the NPs does not change significantly upon 

annealing. The average interparticle distance remains the same, demonstrating the remarkable 

stability of the NPs against sintering, even upon high temperature (700 °C) heating in UHV (S1), 

as opposed to previous studies on Cu/SiO2 NP systems.50 This may be due to the initial O2 

plasma treatment leading to a strong oxidized-metal/oxide support interface. The average particle 

size was found to decrease to (3.0 ± 0.4) nm after UHV annealing at 700 °C (S1) and to (2.1 ± 

0.4) nm upon O2 annealing at the same temperature (S2). This can be at least partially attributed 

to the loss of metals via sublimation and/or to the interaction with the substrate. Such interaction 

might involve inward NP diffusion facilitated by a possible low-temperature SiOx decomposition 

catalyzed by the NPs or the growth of the SiO2 layer in O2 leading to a partial embedding of the 

NPs into the substrate and an apparent smaller NP height.52, 54-56 The chemical reduction of the 

initially oxidized metals is unlikely to be responsible for the size decrease, firstly because the 

NPs probably re-oxidize during the AFM measurements (which are performed in air), and 

secondly because the chemical reduction can anyway only account for a size decrease of ~ 15% 

at most (see Table S1, SI). Similar observations are made for the samples investigated under 

operando reaction conditions with NAP-XPS, except that no significant decrease of the particle 
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size occurs in this case (possibly due to the lower temperatures employed for those 

measurements compared to the UHV studies and the absence of in situ O2 plasma pre-treatment). 

No evidence of sintering is present on those samples either (see AFM images displayed in Figure 

S5, SI).  

 

XPS spectra from the Cu 2p and Ni 2p core level regions acquired at RT in UHV (1ꞏ10−9 

mbar) after different plasma and annealing treatments are shown in Figure 2. The elemental Si 2p 

peak from the SiO2/Si support (at a binding energy of 99.4 eV)57 was used for energy calibration 

in all spectra. The Cu 2p3/2 (a) and Ni 2p3/2 (b) regions were fitted with Gaussian-Lorentzian line-

shapes (ratio 0.3) and a linear background. In agreement with the literature,58-61 the Cu 2p3/2 

spectra were fitted with a single peak corresponding to metallic Cu0 or Cu+ (Cu2O) at 932.6 eV, 

two peaks for Cu2+ (CuO) at 933.7 eV and 935.1 eV, and two peaks for shake-up satellite 

features at 942.4 eV  and 944.7 eV. The energy difference between the Cu0 and Cu+ 2p3/2
 peaks 

(~ 0.1 eV) is too small to be experimentally resolved in lab-based XPS. Distinction between Cu0 

and Cu+ with the help of the LMM Auger lines was not possible in this study due to the low 

count rates resulting from the small particle coverage. A Cu(OH)2 component at 935.3 eV is also 

present after O2 plasma (sample S2).62 For the deconvolution of the Ni 2p3/2 spectra a metallic 

component  (853.1 eV) with an asymmetric line-shape was used in the fittings. The area ratio, 

the binding energy offset and the width of its two satellite features (at 856.8 eV and 859.1 eV) 

were constrained in the fittings following the work of Biesinger et al.63 The binding energy of 

the Ni0 component is ~ 0.5 eV higher than reported in the literature and increases with increasing 

temperature due to a particle size effect.64-65 The peak at binding energy around 856.7 eV  can be 

attributed to either Ni(OH)2 (Ni2+) or Ni2O3 / NiOOH (Ni3+).63-64, 66-67 Its satellite feature was 
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fitted with one component at 862.2 eV. Ni3+ oxides are generally unstable in bulk materials, but 

there have been indications that they are more stable on NPs.44 For the sample annealed in O2, a 

Ni2+ (NiO) component at 854.1 eV was also included.64, 68 The binding energy shift as a result of 

the alloying of the two metals is expected to be only about 0.1 eV, which is below our 

experimental resolution.69-70 

Initial in situ treatment with an H2 plasma, prior to the annealing in UHV (Figure 2, sample 

S1), results in a mostly reduced state of both metals. While the presence of Cu+ cannot be 

excluded, it is more likely that the peak around 932.6 eV in the Cu 2p3/2 spectrum corresponds to 

Cu0, because Ni oxides are in general more stable than Cu oxides and Ni is already mostly 

reduced after H2 plasma. The Ni spectra are dominated by the metallic Ni0 peak at 853.1 eV and 

its satellites, but a remaining contribution of ~ 15% from Ni3+ or Ni(OH)2 is still present after the 

H2 plasma. It is noted that a reduction of the Ni oxide only by annealing in UHV (700 °C for 20 

minutes or 500 °C for 180 minutes), i.e. without the use of any H2 plasma or reducing gas 

environment, was not possible in our study. Such attempts resulted in the loss of Cu before the 

Ni oxide was reduced. 

The initial in situ O2 plasma treatment of an identical sample (Figure 2, sample S2) results in a 

highly oxidized state for both metals. The Cu 2p3/2 spectrum contains mostly Cu2+ species 

(Cu(OH)2 and CuO) and only a small contribution of Cu+.  The presence of Cu(OH)2 is likely 

due to the increase in the content of H2O in our UHV chamber during the O2 plasma treatment. 

Upon annealing in 1 bar O2, the Cu(OH)2 and Cu2O peaks disappear and only CuO contributions 

(together with the corresponding satellite features) remain in the Cu spectra. The intensity of the 

Cu 2p signal is drastically decreased above 550 °C and completely disappears at 700 °C, mostly 
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due to inward segregation, as will be explained in the following. Ni is likely in the form of Ni3+ 

species after the initial O2 plasma, as either Ni2O3 or NiOOH. The presence of Ni(OH)2 cannot 

be excluded, but Ni3+ species are more likely, because the same peak line-shape was observed 

under operando O2 annealing conditions in the NAP-XPS studies, as will be explained later in 

the text (Fig. 3). Upon annealing in 1 bar O2, the Ni3+ peak intensity gradually decreases above 

400 °C, while the NiO contribution (at 854.1 eV) increases from 11% (among all Ni species) to 

63% at 700 °C. A gradual increase of the binding energy of the Ni2+ component with temperature 

(see Figure S6, SI) is attributed to the temperature-induced decrease of the particle size. 

To gain insight into the depth profile of CuNi NPs in situ under different environments, 

synchrotron-based NAP-XPS spectra were acquired (Figure 3). The inelastic mean free path 

(IMFP) of the Cu 2p and Ni 2p electrons in the CuNi NPs for the two different X-ray photon 

energies that were used are summarized in Table S2 (SI). For both spectral regions the IMFP is 

approximately 0.6 nm at the low photon energy (1130 eV) and ~ 1.1 nm at the high photon 

energy (1540 eV). In O2 at 400 °C (0.2 Torr) both metals are highly oxidized (Cu2+, Ni3+). The 

presence of Ni(OH)2 cannot be excluded, however the absence of a significant hydrogen source 

in the chamber under NAP-XPS O2 annealing conditions, as well as the different line-shape of 

the Ni 2p3/2 peaks compared to those under operando H2 annealing conditions (see next 

paragraph), indicate that Ni3+ species are more likely during O2 annealing. 

After subsequent exposure to H2 at 400 °C (0.5 Torr), the NPs are mostly reduced, with only a 

small (~ 10%) remaining Cu2+ component and approximately 13% Ni(OH)2 present at the 

surface. The assignment of the peak at 856.7 eV to Ni(OH)2  is not definite, because Ni3+ species 

may also be present, but the high amount of hydrogen in the chamber in this case and the line-

shape (in particular the peak-to-satellite area ratio) make the presence of Ni(OH)2 more likely. 
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Both the metallic (Ni0) and the Ni(OH)2 components were fitted using constraints (area ratio, 

energy differences) based on the work of Biesinger et al.63  

The NPs are almost completely reduced in the CO2 / H2 reaction mixture under CO2 reduction 

reaction conditions (240 °C). No Ni3+ or Ni(OH)2 species are detected on the surface. A small 

amount of Cu2+ (~ 10%) may still be present. Upon annealing in pure CO2 at the same 

temperature, Ni becomes partly oxidized at the surface of the particles (Fig. 3b), but a significant 

amount of metallic Cu0 (42%) and Ni0 (22%) components remain as well. 

The elemental composition determined from the integrated areas of the fitted curves after 

consideration of the corresponding sensitivity factors is summarized for the various samples 

discussed above in Figures 4 (UHV XPS) and 5 (NAP-XPS). The Cu to Ni ratio (Cu:Ni) 

decreases significantly with increasing temperature in all samples, independent of the chemical 

state and the adsorbate environment. The change is particularly drastic at temperatures above 400 

°C, reaching in UHV a final value of 19 : 81 at 700°C (sample S1, Fig. 4a). In O2 the effect is 

even more prominent, since Cu disappears completely from the probing volume of the NPs at 

700 °C, leaving only Ni behind (sample S2, Fig. 4b). To interpret these results one needs to 

consider two things: the phase segregation and surface restructuring of the particles, and the non-

reversible loss of metal as a result of sublimation and/or inward NP diffusion into the SiO2 

substrate. For the latter, the ratio of the metals to silicon, as determined from the XPS fittings, 

was determined (Figure S8, SI). It becomes obvious from the temperature dependence in Fig. S8 

that both metal contents decrease upon heating, but the loss of Cu is larger than that of Ni. Cross-

sectional STEM/EDS (Figure S4) does not indicate significant diffusion of metals into the 

substrate upon annealing, so the metal loss is most likely due to sublimation of highly mobile Cu.    

Thus, although the decrease of the Cu:Ni ratio observed in Figure 4 indicates surface segregation 
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of Ni at elevated temperatures, the conclusion cannot be definite due to the simultaneous non-

reversible loss of copper, which contributes to the effect.  

 

The depth profiles extracted from the NAP-XPS measurements shown in Figure 5, in 

combination with the corresponding metal-to-silicon ratios in Figure S9 (SI), give further insight 

into this question. The atomic ratio plots clearly demonstrate that in an O2 atmosphere at 400 °C, 

the amount of Cu in the near-surface region of the particles (probed by the lower photon energy, 

1130 eV) is lower than deeper inside the NPs. The opposite is the case for Ni, which exhibits 

about 10% higher atomic percentage close to the surface compared to deeper atomic layers. This 

result shows that Ni segregates to the surface in the presence of O2. This is in agreement with 

what would be expected for bulk materials containing Cu+ and Ni2+, where surface segregation of 

Ni occurs according to the Ellingham diagram,15, 38 but is different from the segregation trend 

previously observed in 11 nm large CuNi NPs, where copper comes to the surface of the NPs 

upon annealing in O2 at 350°C.45 The discrepancy underlines the complex interplay of the 

various factors affecting the segregation phenomena in NP systems, as discussed in the 

Introduction. The different chemical state of the metals in the two studies, and in particular the 

different ratio of Cu2+ to Cu+ and of Ni3+ to Ni2+ in the as-prepared samples, is most likely the 

main reason for the opposite segregation trend. Due to the initial O2 plasma treatment of our 

samples (necessary for the polymer removal), the as-prepared chemical state is much more 

oxidized, resulting in Cu2+ and Ni3+ being the dominant species upon O2 annealing in the NAP-

XPS studies. In the study by Beaumont et al., on the contrary, copper is only partly oxidized 

after the O2 annealing treatment and nickel remains mostly metallic.45 The Ni surface segregation 

in our NPs indicates that the oxide (or oxyhydroxide) formation Gibbs free energy for Ni3+ is 
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smaller than for Cu2+. To the best of our knowledge, such a calculated energy value (i.e., an 

Ellingham diagram for NPs) is not available. It is worth noting that the larger particle size in 

Beaumont et al. compared to our work may also be a factor contributing to the different 

segregation trends, given the dependence of the oxide formation enthalpy and the stability of 

metal oxides on this parameter. 

The surface segregation of Ni becomes stronger upon reducing the NPs in H2 (0.5 Torr) at 400 

°C. The difference of the atomic percentages between the near-surface and subsurface layers 

(Fig. 5) becomes higher (~ 15%) than in O2, with more Ni being again present at the surface than 

in the interior of the NPs, and with the opposite trend observed for Cu. This behavior is 

consistent with previous segregation studies both in bulk and on NPs and can be attributed to the 

stronger chemical bonds formed between Ni and hydrogen adsorbates as compared to Cu.25, 46 

Although the presence of Ni(OH)2 species in the NAP-XPS operando studies in H2 may also 

contribute to the observed segregation trend, the fact that the metal ratio (Fig. 5) remains 

practically the same in the subsequent CO2 / H2 reaction mixture (where Ni is completely 

metallic), indicates that this contribution is not significant. Interestingly, surface segregation of 

Ni was also observed already at room temperature on the sample which was reduced with H2 

plasma and then investigated in vacuum by XPS at the Al K source (sample S1, Figure 4a). 

Based on the lower surface free energy of Cu compared to Ni, segregation of Cu to the surface 

should be expected.14 The fact that the opposite trend is observed is due to the presence of 

hydrogen adsorbates at the surface of the NPs, which overshadows the free energy induced trend. 

It would be interesting to confirm the surface segregation of Cu in a fully reduced sample 

without the use of any adsorbates (i.e., no plasma and no annealing in gas), but this has not been 

possible in our study, because the nickel oxides are very stable in UHV even at the highest 
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temperatures we could reach (700 °C), and no metallic state could be achieved without losing the 

(more volatile) Cu species. A reduced Ni state could be only achieved with the help of H2 plasma 

or annealing in H2, but then the adsorbate effect dominates the segregation behavior. 

The surface segregation of Ni under CO2 reaction conditions in the CO2 / H2 reaction mixture 

(Figure 5) is important for the interpretation of catalytic activity and selectivity results, given that 

Ni doping of Cu(111) surfaces is theoretically predicted to be beneficial for methanol synthesis 

from CO2 hydrogenation, leading to the highest methanol yield among various other metal 

doping options (Au/Cu(111) <Cu(111) < Pd/Cu(111) < Rh/Cu(111) < Pt/Cu(111) < 

Ni/Cu(111)).31 It is also relevant for the understanding of the promoting effect of adding CO to 

the CO2 / H2 reaction mixture.34 In the former example, surface segregation of Ni was reported to 

take place in the presence of CO, which was found to be beneficial for methanol synthesis.34 Our 

results demonstrate that, at least for the NP treatment that we applied, the desired surface 

segregation of Ni is achieved without the presence of CO in the reaction mixture. It is plausible 

that the initial O2 plasma treatment of the CuNi NPs, followed by the H2 annealing, is beneficial 

for the surface segregation of Ni through the creation of the highly oxidized Cu2+ and Ni3+ states. 

Further investigation on this is necessary.  

The final step of the NAP-XPS study involved heating the CuNi sample in pure CO2 (0.5 torr) 

at the same temperature as that of the CO2 hydrogenation (240 °C). The segregation trend of the 

two metals is partly inverted under these conditions, with the percentage of Cu at the surface 

increasing and that of Ni decreasing. The result is a relatively mixed state, with no significant 

variation of the elemental stoichiometry with increasing depth. The depth profiles of the 

elemental composition of the NPs under the various annealing conditions discussed above are 

graphically visualized using three-dimensional atomic models, shown as insets in Figure 5. The 
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atomic ratios in the models correspond to the ratios determined by NAP-XPS. It is interesting 

that, although both O2 and CO2 are oxidizing gases, the segregation trends observed for these 

two gases are not the same. This demonstrates again the important role of the sample pre-

treatment and the highly oxidized states produced upon O2 plasma, which were present before 

any of the other annealing treatments in different gaseous environments were applied. Due to the 

fact that the oxide formation free energy lines for Cu+, Cu2+, Ni2+ and Ni3+ are entangled and 

intersect each other, the relative initial content of the different chemical states is crucial for the 

understanding of surface segregation. While a moderately oxidized state (like in pure CO2 in our 

study or in O2 in Beaumont et al.45) results in Cu surface segregation, the opposite may be the 

case when fully oxidized high-valence states are present. 

 

 

CONCLUSIONS 

  By using UHV and near-ambient pressure XPS, in combination with AFM, we were able to 

demonstrate the important role of surface adsorbates and the initial metal chemical state on the 

segregation phenomena of ~ 5 nm large size-selected CuNi NPs. By determining the atomic 

percentage of the two metals as a function of temperature and depth from the surface in different 

gas environments (UHV or operando in O2, H2, CO2 / H2 mixture, CO2), we could demonstrate 

that Ni segregates to the surface of the particles in O2 when the metals are fully oxidized and 

high valence oxidation states are present. The surface segregation of Ni is further promoted upon 

annealing in H2 and subsequently in a CO2 hydrogenation reaction mixture (CO2 : H2 ratio 1:3) 

under operando conditions due to the adsorbate effect, which overshadows the role of the surface 

free energy. The presence of Ni at the surface of Cu-based catalysts is known to be beneficial for 
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obtaining high methanol yield. The NPs exhibit remarkable stability against sintering even at 

high temperatures (700 °C) in reducing environment, possibly because of the strongly oxidized 

substrate as a result of the initial O2 plasma conditions. Treating the CuNi NPs with H2 plasma 

prior to annealing in UHV also leads to the desired Ni surface segregation, already at room 

temperature. Our study sheds light on the complex interplay between the various factors which 

affect the surface morphology and chemical state of CuNi NPs and suggests that the surface 

atomic composition and thus the catalytic properties of the particles can be tuned by appropriate 

plasma and annealing treatments.  

SUPPORTING INFORMATION 

Details on XPS analysis; details on STEM/EDS characterization and FIB sample preparation; 

analysis histograms of NP heights from sample S1 and S2; AFM images before and after the 

NAP-XPS operando study; additional XPS analysis results; STEM images and EDS mapping; 

estimated decrease of particle size due to the reduction of monometallic Cu, Ni and bimetallic 

CuNi NPs; electron kinetic energies and inelastic mean free path for different X-ray excitation 

energies. 
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Figure 1.  AFM images of size-selected (~ 5 nm) CuNi NPs supported on SiO2/Si(111) acquired 

at room temperature after the initial ex situ O2 plasma treatment (a, d) and after annealing at the 

indicated temperatures. The annealing was performed in UHV for sample S1 (pre-reduced, b-c) 

and in 1 bar O2 for sample S2 (pre-oxidized, e-f). All images display a 1 x 1 μm sample region. 

The scale bar length is 400 nm. 
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Figure 2. XPS spectra of the (a) Cu 2p3/2 and (b) Ni 2p3/2 core level regions of CuNi NPs on 

SiO2/Si(111) acquired at room temperature in UHV after different plasma and annealing 

treatments, as indicated on the graphs. 
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Figure 3. Near-ambient pressure XPS spectra of the Cu 2p3/2 (a, c) and Ni 2p3/2 (b, d) core level 

regions of CuNi NPs on SiO2/Si(111) acquired in situ during annealing under various gas 

pressure and temperature conditions indicated on the graphs. X-ray photon energies of 1130 eV 

(a, b) and 1540 eV (c, d) were used for acquiring the depth profiles of the NPs.  
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Figure 4. Cu and Ni atomic percentages as a function of annealing temperature, as determined 

with XPS measurements acquired in UHV at room temperature after annealing (a) in UHV (S1: 

pre-reduced sample) or (b) in 1 bar of O2 (S2: pre-oxidized sample).  
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Figure 5.  Cu (red) and Ni (blue) atomic percentages extracted from near-ambient pressure XPS 

measurements acquired in situ in the presence of various gases at the temperatures indicated on 

the graphs.  The insets show AFM images of the sample before and after the annealing (scale 

bar: 400 nm), as well as atomic models of the NPs, where the variation of the elemental 

composition with the distance from the surface, as determined by NAP-XPS, is depicted. The 

grey area in the center depicts the volume of the NPs which is not probed within the sensitivity 

range of our XPS measurements (deeper than the IMFP). The model representations are for 

visual purposes only and do not reflect the actual crystallographic positions and sizes of the 

different atoms. 
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