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Abstract: Designing well-defined nanoparticles and nanoalloys is a 

tremendous way to achieve in-depth understanding of their intrinsic 

properties. In particular, structure and composition of the core and 

the surface of nanoalloys can be investigated by a combination of 

state-of-the-art in situ microscopy and spectroscopy. These 

nanoalloys represent a playground to establish structure-properties 

relationships within the nano-matter. They provide a much needed 

understanding of the distribution of each element within the 

nanoparticles, depending on the environment (gaseous atmosphere, 

temperature, etc.). This distribution may evolve over time. Lighter 

elements, such as phosphorus, are critical to the reactivity of the 

nanoparticle’s surface in reactions such as CO or CO2 

hydrogenation. Here, the rational design of nanoalloys will be 

discussed (reactants choice, composition control), in relation with 

their surface state. Consequences on heterogeneous and 

homogeneous catalytic reactions, as well as for energy storage and 

conversion, will be illustrated through examples. 

1. Introduction 

Metal nanoparticles and nanoalloys represent a mature research 

field: since the early works on gold nanoparticles,1 many 

research groups joined the quest for advanced nanoparticles. 

These nanoparticles combine shape and size-control with 

increased complexity in terms of composition and element 

distribution inside the object (eg. core-shell or gradient 

nanoparticles).2 They found applications in several fields, 

beyond metallurgy: catalysis,3,4 electrocatalysis,5 magnetism,6,7 

optics8 and plasmonics,9 biology10 and nano-medecine, etc.2 

Nowadays, the bulk of the research still deals with optimizing 

nanoparticles morphology, crystal structure and composition, 

with an effort on including light elements in metals (eg. 

phosphorus,11,12 carbon,13,14 boron11,15). In this purpose, 

synthetic routes have been diversified: reaction triggers include 

microwave and sonochemistry and reaction media expanded 

from aqueous and organic solutions to ionic liquids and molten 

salts.16 

However, these only address one side of the coin: the features 

of the nanoparticle core. The second side is the nature of the 

surface. As established for decades in metallurgy, surface of 

alloys may differs from the bulk, first because a passivation 

hydroxylated layer forms on many metals exposed to ambient 

conditions, second because many metal surfaces reconstruct 

spontaneously: the surface structure differs from the bulk, from a 

crystallographic standpoint. In nanoalloys, surface and core both 

weight in, because surface energy is comparable to lattice 

energy in these small objects. As a consequence, design and 

application of nano-scaled alloys should take great care to 

define and control their surface state: (i) composition of the top 

layers, (ii) crystallographic organization of these layers and (iii) 

presence of organic or inorganic stabilizing agents bound to the 

shell. Due to the high reactivity of surfaces, these parameters 

evolve with the environments that surround the nanoparticles, eg. 

aqueous solution, vacuum or atmospheric conditions. 

Moreover, surface energy may also control the formation of a 

particular crystallographic phase and override the bulk energy. 

While this was well-described in the field of metal oxides – with 

the seminal example of TiO2 that crystallizes into anatase 

instead of rutile below a critical size of ca 10 nm, this is still an 

active research topic for metals and metal alloys. Outcome will 

be a better understanding of the nanoparticle properties but also 

the possibility to target metastable phases and new phases 

absent in the bulk phase diagram. Smarter design of catalysts 

and electrocatalysts is also expected from this research.  

The critical steps to explore these questions are (i) to develop 

model systems: nanoparticles with controlled composition and 

surface state, and (ii) to watch them evolve under controlled 

conditions using in situ spectroscopy. In this personal account, 

this two-step methodology will be discussed through selected 

examples taken from resent research. 

2 Designing metal nanoparticles and 
nanoalloys 

2.1 Nickel nanoparticles with controlled size and surface 

chemistry 

The example of nickel nanoparticles synthesis illustrates how to 

choose rationally the reactants and reaction temperature. In a 

broadly-used synthesis, Ni(acac)2 (acac = acetylacetonate) is 

reacted with oleylamine (OAm) and tri-n-octylphosphine (TOP) 

under air-free conditions to form nickel(0) nanoparticles (Figure 

1).17–19 This reaction is minimal in complexity as it employs only 

three reactants. 
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In addition to the Ni(II) source, oleylamine serves as the 

reducing agent. If its stoichiometry (x) is higher than 4, the 

reaction is quantitative vs. nickel.20 TOP serves as the main 

surface ligands: increasing its stoichiometry (y) results in 

decreasing the nanoparticles diameter.19 

This reaction is interesting in two regards. First, it is 

straightforward to conduct and provides nickel nanoparticles with 

a yield close to 100% without complex separation procedure or 

size-selective centrifugation. Size control is robust (though it 

depends on the chemical impurities of TOP, hence on the 

provider company21). Second, its simplicity allows an in-depth 

understanding of the mechanism involved in the formation of 

Ni(0) species, the nucleation of the nanoparticles and the 

ripening processes. This second point is critical in the framework 

of designing nanoalloy synthesis.  

Reaction temperature. Differential thermal analysis highlighted 

that nickel is reduced at 212 °C in an endothermic process.20 

The reaction temperature of 220 °C, found empirically, is in fact 

the optimal one that allows the quantitative reduction of Ni(II) 

while minimizing the inclusion of carbon (as carbide)22 and 

phosphorus (as phosphide)23,24 in the forming nanoparticles. Yet, 

at this temperature the reduction is swift (completed in the first 

minutes), resulting in a burst of nucleation and favoring a narrow 

size dispersion. 

Byproducts. Analysis of the reaction supernatant and DFT 

modeling of the first steps of the reaction allow identifying the 

formation of several byproducts (Figure 1 bottom),20 which can 

also remain on the surface of the nanoparticles as ligands.  

Ripening processes. Aliquots taken from the solution at 220 °C 

showed that a reaction time of 2h was optimal to complete the 

growth of the nanoparticles. After 2h, ripening processes start 

affecting the morphology and size distribution of the 

nanoparticles, because TOP promotes the formation of Ni(0) 

complexes (leaching) at elevated temperature.19 

 

Figure 1. (Top) Synthesis of nickel nanoparticles from a nickel(II) precursor, oleylamine and tri-n-octylphosphine. (Bottom) Main organic byproducts and TEM of 

nickel nanoparticles. 

From a design viewpoint, one should take into account the 

information displayed on the left side of Figure 1 (yield and 

byproducts), rather than focusing only on the right side (main 

product). This allows anticipating the possibilities and limitations 

of the system beyond the usual criteria of size distribution and 

morphology. Here, the synthesis shows interesting features: a 

quantitative yield, limited ripening processes over a 2-hour 

period and a relatively limited number of organic byproducts. A 

second reaction could thus be envisioned directly on the crude 

solution, to form bimetallic NiCo nanoparticles. 

2.2 Nickel-cobalt nanoparticles: from core-shell to alloys 

Core-shell nanoparticles have found technological applications 

in several fields, eg. luminescence and magnetism.25 They also 

serve as a model system of nano-reactors to study reactions 

over limited length scale.  

Stoichiometry and composition. To build a cobalt shell around 

nickel nanoparticles, a cobalt molecular precursor is introduced 

in a colloidal solution of nickel nanoparticles. It should preferably 

be at oxidation state 0 to avoid galvanic replacement of Ni by Co 

and the etching of the starting nickel nanoparticles, and it should 

be soluble in the reaction medium that mostly contains 

oleylamine. Co2(CO)8 was selected accordingly, as it was shown 

to form Co(0) nanoparticles in a hot-injection procedure.26 It was 

later showed that heating-up and hot-injection procedures give 

equivalent results.27 Moreover, the precursor decomposition is a 

clean and almost quantitative reaction. Thus, the final Ni:Co ratio 

can be controlled a priori from the reactants stoichiometry. This 

was verified by energy dispersive spectroscopy (EDS) mapping 

of the nanoparticles in scanning-transmission electron 

microscopy (STEM), a technique well-suited to the analysis of 

local composition at the nanoscale.28 Nanoparticles with Ni:Co 

ratio of 1:1 and 1:4 were studied. As expected, the shell was 

thicker in the second case than in the first.29  

Reaction temperature. The reaction temperature was carefully 

selected in this reaction: previous works had shown that cobalt 

nanoparticles nucleated in the solution at 180 °C.27 Because 

homogeneous nucleation in the solution is disfavored over 

heterogeneous nucleation on an existing surface, a lower 

temperature was used in the first 10 minutes of the reaction, 

promoting the formation of the first layers of the cobalt shell 



 

 

 

 

 

(Figure 2 – for clarity, organic ligands were omitted from this 

figure and the following ones). The temperature was then 

increase to 180 °C and maintained for one hour in order to fully 

react the Co(0) precursor with the nickel nanoparticles. After 

isolation from the reaction medium by centrifugation, the 

nanoparticles presented a core-shell morphology with nickel in 

the core and cobalt in the shell (Figure 2).30 By design, it is 

possible to control independently the core diameter (cf. previous 

section about nickel nanoparticles) and the shell thickness, by 

adjusting the cobalt precursor stoichiometry. 

 

Figure 2. (Top) Synthesis of nickel-cobalt core-shell nanoparticles and their structural evolution upon annealing under vacuum. (Bottom) STEM-EDS maps and 

EDS measurements across nanoparticles. NB: organic ligands were omitted. 

Surface reactivity of the nanoparticles was high when the shell 

of cobalt was present: a thin layer of ca 1 nm of amorphous 

cobalt oxide formed as soon as the nanoparticles where 

exposed to ambient conditions, as showed by both X-ray 

photoelectron spectroscopy (XPS) and EDS.30 

Interestingly, annealing the nanoparticles under vacuum 

promoted a reordering within each nanoparticle, eventually 

yielding alloyed structures. This was demonstrated using STEM-

EDS equipped with a heating stage. At 320 °C, the limit between 

nickel and cobalt region started to blur, indicating a gradient of 

composition at the core-shell interface (Figure 2 bottom). Similar 

distribution of Ni and Co, indicating the formation of an alloy, 

was observed when the temperature reached 550 °C and 

confirmed at 600 °C.30 

This example of two-step one-pot synthesis Ni-Co bimetallic 

nanoparticles could in principle be extended to any metal, with a 

higher chance of success when selecting metal precursor at an 

appropriate oxidation state (here, 0), that decomposes in a 

quantitative reaction at a temperature compatible with the 

survival of the nanoparticles formed in the first step. Whether the 

second step results in a core-shell structure or an alloy structure 

will depend on the miscibility of the two metals and on the 

energy barrier for the incoming metal to diffuse in the preformed 

nanoparticle core. In the present case, nickel and cobalt can 

form an alloy at the ratio used (according to the bulk phase 

diagram) but diffusion of cobalt in the nickel core started at a 

temperature of 320 °C, much higher that the reaction 

temperature. The core-shell structure can thus be considered to 

be a metastable one, formed under kinetic control. 

In the following section, incorporation of lighter elements (carbon 

and phosphorus) in nickel nanoparticles will be discussed, as it 

experimentally happens at lower temperatures, in the range 

150–300 °C.  

2.3 Metal and lighter elements: the cases of nickel carbides 

and nickel phosphide. 

Carbon and phosphorus both form covalent bonds with transition 

metals. Phase diagrams indicate a variety of phases, such as 

Ni3C and Ni2P. Nanoscaled metal carbides and metal 

phosphides are being investigated in many fields, such as 

electrocatalysis.31,32  

Fortuitous insertion of carbon22 and phosphorus23,29,33 in 

transition metal nanoparticles was observed, due to the partial 

decomposition of the organic reactants (oleylamine, 1-

octadecene, TOP, etc.) during the synthesis. These 

decomposition pathways are not quantitative but allowed 

obtaining Ni3C1-x nanoparticles covering the whole range of x 

from 0 to 1,22 and forming several phases of metal phosphide 

nanoparticles, such as Cu3P,34 Co2P and CoP,35 Ni12P5 and 

Ni2P.36 Carbon and phosphorus insertion are obtained in similar 

temperature range (150 – 300 °C) and reaction medium.24 It is 

therefore difficult to assert that syntheses using TOP produce 

carbon-free phosphides, especially in the case of nickel, into 

which carbon is highly soluble. Because composition analysis of 

the carbon is difficult, many studies rely on x-ray diffraction 

(XRD) on powder to assign the phases and then the composition. 

Few surprising results should however be pointed out, such as 

the fact that Ni12P5 forms at 350 °C preferentially over Ni2P upon 

increasing of the oleylamine stoichiometry from 3 to 22.5 equiv. 

vs. nickel.36 Oleylamine is a source of carbon in these 

conditions:22 tone cannot exclude that the phase obtained is 



 

 

 

 

 

isostructural to Ni12P5 but contains significant amounts of carbide 

species. A spectroscopy sensitive to carbide species, such as X-

ray absorption near edge structure (XANES) at carbon K-edge, 

might clarify this point. 

Because of the difficulties inherent to working with TOP, a 

phosphorus source that is also a source of carbon,24 other 

precursors were explored,37 such as white phosphorus P4. This 

molecule is highly reactive, at the proper oxidation state (0) to 

react with a metal(0) precursor, and soluble in the reaction 

medium. The proof of concept was established by comparing the 

reactivity of a Ni(0) complex with these of preformed Ni(0) 

nanoparticles: in both case, P4 was found to be a stoichiometric 

phosphorus donor, forming Ni2P when 1/8 equiv. was 

introduced.38 This route was generalized to other metals such as 

In, Cu, Fe and Pd.39–42,43  

The P4 route presents the advantage of retaining the same set of 

organic ligands around the nanoparticles: in the case of nickel, 

mostly TOP and oleylamine-derived molecules (see Figure 1). 

Ni2P nanoparticles were investigated as active material in 

negative electrode of Li-ion batteries, in order to provide insights 

on the so-called conversion mechanism that was observed for 

other metal phosphides.44 With the native organic shell, 

nanoparticles were electronically insulating, thus inactive. 

Knowing the composition of this shell, calcination under inert 

atmosphere was expected to produce a carbon-rich conductive 

layer. This was experimentally verified through the observation 

of a low-contrast shell by TEM and of a carbon layer by XPS.45 

Moreover, thanks to the low size dispersion of the initial 

nanoparticles, newly-formed nickel nanoparticles of smaller 

diameter could be identified as the results of the conversion 

reaction occurring during the discharge of the battery: 

Ni2P + 3 Li  2Ni + Li3P.  

2.4 From elucidation of reaction mechanism to the design of 

core-shell structure for magnetic and catalytic applications. 

Step-by-step analysis of the reaction of P4 on fcc nickel 

nanoparticles showed the formation of an amorphous 

intermediate at a temperature as low as 120 °C (Figure 3).46 

Upon further heating, the evolution of this amorphous compound 

depends on the stoichiometry of phosphorus vs. Ni. One would 

expect that this route provides access to all phases described in 

the bulk phase diagram:47 Ni3P, Ni12P5, Ni5P2, NiP2, etc. 

Selecting different phases was successful for other metals (eg. 

Pd, Cu), yet with less variety than expected from the bulk phase 

diagrams.40,48 In the case of nickel, this route only allowed the 

crystallization of Ni2P hexagonal phase (Figure 3). When P4 was 

introduced with a lower stoichiometry, phosphorus-poor phases 

(Ni3P, Ni12P5) did not crystallize. Rather, a Ni2P core started to 

crystallize at 150 °C. Eventually, all phosphorus atoms migrated 

to this core and the remaining of the nanoparticles (nickel) 

crystallized at 220 °C (Figure 3 bottom). Besides, NiP2 could be 

obtained at higher temperature but the nanoparticles size was 

not preserved. 

 

Figure 3. (Top) Synthesis of Ni2P nanoparticles from Ni(0) nanoparticles. (Bottom) Synthesis of core-shell Ni2P-Ni nanoparticles. (Inset) Crystal structures of Ni 

fcc and Ni2P. 

This unexpected result opened a new route for designing core-

shell structures: here, the stoichiometry of phosphorus ultimately 

controls the relative volume of the core and the shell in the 

nanoparticles. Reaction with less phosphorus led to a thicker 

nickel shell. Because metallic nickel is ferromagnetic and Ni2P is 

not, the nanoparticles with thicker shells presented a higher 

magnetization at saturation than those with a larger core, all 

other parameters (nanoparticles diameter, etc.) being equal.46  

Moreover, the catalytic properties of the nanoparticles were also 

related to their phosphorus content. Alkynes hydrogenation was 

performed in solution at 80 °C: the selectivity for alkenes vs. 

alkanes was high with Ni2P catalysts, low with Ni(0) 

nanoparticles and intermediate for the core-shell structure with 

an average composition of Ni3P.49 In this latter case, selectivity 

actually increased over time. This suggests that some 

phosphorus from the inner layer may have migrated back to the 

surface, making it alike Ni2P. 

Beyond these two applications, core-shell Ni2P-Ni structure are 

an exciting case of study: phase speciation was influenced by 

the nanoscale, highlighting a need for phase diagrams that take 

into account the surface energy of nanoalloys.48 Beyond these 

thermodynamic considerations, the difficulty – and opportunity – 

when dealing with nanoalloys is the huge amount of available 

surface that is affected by the environment. In the next section, 

the monitoring of nanoalloys exposed to reactive gases is 

discussed. 



 

 

 

 

 

3. In situ monitoring of nanoparticles and 
nanoalloys under environmental conditions 

Most analytical techniques that involve electron guns or 

analyzers operated under high voltages cannot be operated 

under a gas pressure in a straightforward manner. Conditions of 

analysis of the materials differ from conditions of utilization: this 

is called the pressure gap. Fortunately, instruments have 

evolved in line with the demands of materials scientists and now 

propose technical answers to bridge the pressure gap. These 

analyses are often referred to as “environmental”. 

3.1 Selected tools in the arsenal of environmental analysis 

Transmission electron microscopy (TEM). For the analysis of 

nanoscale objects, electron microscopy naturally comes to mind. 

Modern instruments combine structural and chemical 

capabilities, thanks to high-resolution imaging, energy dispersive 

analysis (EDS) and electron energy loss spectroscopy (EELS) 

that operate in regular or scanning modes.28 Figure 2 illustrates 

the monitoring of NiCo nanoparticles during annealing: these 

measurements were performed in situ, but under ultra-high 

vacuum (UHV).  

Technological breakthroughs have allowed the introduction of 

gas directly in the TEM column (environmental TEM) up to ca 

20 mbar. Moreover, sample-holders can nowadays integrate gas 

or liquid cells that withstand a pressure of 1 bar.50,51 They rely on 

thin windows of fairly transparent materials (eg. Si3N4) to 

separate the high-pressure region from the UHV of the column.  

Interestingly, X-ray spectroscopies have also explored these two 

paths: increasing the pressure in the whole analysis chamber or 

confining the high-pressure region to a limited volume. 

X-ray photoelectron spectroscopy (XPS). XPS informs on the 

surface state of nanoparticles and nanoalloys. By collecting the 

electrons close to the sample and limiting their interaction with 

gas molecules through differential pumping stages, the pressure 

in the analysis chamber was increased from UHV to ca 20 mbar 

(Figure 4 left).52 The pressure is still low compared to these used 

in heterogeneous catalysis but it allows saturation of the sample 

surface with gas molecules. Near-ambient-pressure XPS (NAP-

XPS) instruments are available at several synchrotrons but can 

also be operated with a laboratory x-ray source. Alternative 

developments rely on small reaction chambers (called cells) 

which are directly mounted on the hollow cone that serves to 

collect electrons.52 

 

Figure 4. (Left) Operating principle of NAP-XPS and a view of the analysis chamber at Soleil synchrotron. (Right) Operating principle for X-ray absorption 

spectroscopy with soft x-rays and two views of a cell head (without and with its protective cap) developed at the Advanced Light Source synchrotron.
53

 

X-ray absorption spectroscopy (XAS). This spectroscopy is most 

often operated with hard x-rays (above 5 keV). In this case, 

operating under environmental conditions is convenient because 

of the low attenuation of the incoming and outgoing X-rays in a 

1 bar atmosphere and through thick windows of beryllium or 

glass, regardless of the detection mode (transmission or 

fluorescence). However, XAS with soft x-rays (less than ca 

1.5 keV) and tender x-rays (ca 1.5 to 5 keV) is also interesting 

as it give access to L-edges of first-raw transition metals and to 

K edges of lighter elements such as carbon, oxygen, and 

phosphorus.54 Because of the higher attenuation of the incoming 

beam, operating under vacuum is required. Like for TEM, gas 

cells53 and liquid cells55 were thus developed, using thin 

membranes such as Si3N4 to separate the sample from the 

vacuum (Figure 4 right). The nanoparticles are deposited on a 

substrate and exposed to a chosen gas mixture at a pressure of 

1 bar or less. Back-side laser heating allows controlling the 

temperature. Interestingly, these types of cells allow 

measurements in two modes. Total fluorescence yield (FY) is 

obtained from a detector near the cell window and provides 

information on the whole nanoparticles volume. Total electron 

yield (TEY) is collected through the substrate and amplified. It is 

typically sensitive to the first layers of a solid, i.e. the surface of 

the nanoparticles. TEY was particularly useful for identifying the 

formation of surface cobalt oxide from cobalt nanoparticles 

exposed to CO and H2 (as a model of the Fischer-Tropsch 

synthesis).56 

While each environmental techniques described above provides 

invaluable insights on the surface and core of nanoparticles, 

combining local (TEM) and ensemble (XAS and XPS) 

measurements is best suited to fully understand the 

transformations of nanoalloys.57    

3.2 Reactivity of bimetallic nanoparticles exposed to gas 



 

 

 

 

 

Metal surfaces exposed to gas such as CO are prone to 

reconstruct.58,59 When they contain several elements, overall 

surface energy as well as the affinity of the elements for the 

incoming molecules may trigger deep transformations such as 

atoms migration from buried layers. This was identified in 

several nanoalloys, such as RhPd and PdPt.60  

In this context, nanoparticles of well-defined composition and 

structure, as described above, are excellent model systems. 

Cycles of oxidation (under O2) and reduction (under H2) inform 

on the potential transformation of the nanoparticles in the 

context of catalysis. On Ni-Co core-shell nanoparticles, 

formation of NiCo surface alloy was observed at temperatures 

as low as 220 °C using pressures of 1.33 mbar for O2 and 

6.66 mbar for H2.
29 This temperature is significantly lower than 

these of the alloying process under vacuum. The process was 

followed by XPS that indicated an increasing Ni:Co surface ratio 

upon cycling (Figure 5 right). Interestingly, this alloying process 

was accompanied with the partial hollowing of the original nickel 

core, due to volume differences between the oxidized and 

reduced state, and to the diffusion of nickel from the core to the 

shell. 

 

 

Figure 5. Ni-Co core-shell nanoparticles exposed to two cycles of oxidation (ox) and reduction (red). (Top) Ex situ STEM in high-angle annular dark field mode. 

(Left) NAP-XPS of Ni 3p and Co 3p regions. (Top right) Relative amount of Co and Ni at the surface (in %). (Bottom right) STEM-EDS of the nanoparticles after 

the two cycles.  

Bimetallic CuCo nanoparticles were also studied with the same 

strategy (Figure 6).61 In this case, high-pressure analysis at 

1 bar was conducted in the cell described in Figure 4 (right), in 

combination with XPS. XAS allowed following the successive 

formation of CoO then Co3O4 upon oxidation (Figure 6 left). Full 

reduction of the cobalt was possible under 1 bar at 250 °C. NAP-

XPS showed that both cobalt and copper underwent oxidation 

then reduction upon cycling. Under reducing conditions, the 

surface was slightly more cobalt-rich than under oxidizing 

conditions (Figure 6, top right). 

 



 

 

 

 

 

 

Figure 6. CuCo bimetallic nanoparticles exposed to three cycles of oxidation (ox) and reduction (red). (Left) XAS at Co L-edge under 1 bar of gas. (Top right) 

Surface atomic fractions of Cu and Co obtained from XPS of Cu 2p and Co 2p regions. (Bottom right) TEM of the initial CuCo nanoparticles. 

The two examples described above illustrate the variety of 

behaviors that are encountered in bimetallic nanoparticles. 

State-of-the-art spectroscopy and microscopy were the 

cornerstone of these studies as they allowed to analyze both the 

core and the surface of the nanoparticles, step by step. Reaction 

mechanisms could be proposed thanks to the use of well-

defined starting nanoparticles, as model systems.  

Further efforts should be pursued in order to monitor the 

adsorbates that are bound to the nanoparticles surface during a 

catalytic reaction. On the CuCo nanoparticles exposed to 

syngas (CO and H2), CO adsorption, CO dissociation and 

formation of surface hydroxyls was observed.61 Unfortunately, 

the nanoparticles segregated upon this treatment and the initial 

structure was lost. On the opposite, the NiCo nanoparticles did 

not further evolve when exposed to CO2 and H2. Under catalytic 

conditions, formaldehyde (at 200 °C) and methanol (at 350 °C) 

were formed along the main product, CO. This was a direct 

consequence of the surface composition of the nanoparticles.29  

In addition to monitoring the adsorbates, it seems critical to 

follow the evolution of surface ligands, when these are not burnt 

by the oxidation-reduction cycles performed before the catalytic 

reaction. Instead, organic ligands could modulate the properties 

of the nanoparticle’s surface. XPS showed that bare ruthenium 

nanoparticles prepared by reduction of RuO2
62 presented more 

reduced Ru surface atoms than diphosphine-covered ruthenium 

nanoparticles.63 The P 2p region analyzed by NAP-XPS allowed 

monitoring the partial degradation of the phosphine during the 

CO methanation reaction. These results show the feasibility of 

monitoring organic ligands at the surface of nanoparticles. 

In addition to the experimental approaches described above, 

computational methods may also provide structural prediction of 

segregation within nanoparticles. This was exemplified on the 

case of PtNi nanoparticles, active in oxygen reduction 

reaction.64,65,66 

4. Summary and Outlook 

The design of metal nanoparticles and nanoalloys was 

discussed. Choices of reaction precursors, temperature and 

surface ligands were detailed in few examples of quantitative 

reactions, such as the formation of nickel, nickel-cobalt and 

nickel phosphide nanoparticles. A special care was taken to 

illustrate how and why the surface state should be adequately 

described when dealing with nanoscale objects. In this purpose, 

operating principles of environmental characterization tools such 

as TEM, XPS and XAS were discussed and illustrated with 

cobalt, ruthenium, nickel-cobalt, and copper-cobalt nanoparticles. 

Consequences of the core and surface compositions on the 

magnetic and catalytic properties were shown. In all the cases 

discussed here, the combination of low size-dispersity, well-

defined surface state and tunable composition was critical to the 

straightforward use of the nanoparticles in relation with their 

specific properties (magnetic, catalytic, etc.). 

Future of the field probably lays in increasing the complexity of 

these objects, eg. by pursuing ternary compounds and the 

insertion of lighter elements in alloys, such as carbon14  or 

boron,57,67 through innovative routes. In the development of 

catalysts and devices, coupling of environmental techniques 

described here with others, more sensitive to organic surface 

species, such as infra-red spectroscopies (eg. diffuse 

reflectance infrared Fourier transform spectroscopy and 

polarization modulation infrared reflection adsorption 

spectroscopy), should also help make surface ligands an asset 



 

 

 

 

 

rather than a barrier. Finally, further development of modeling 

approaches that include ligands and organic surface molecules 

on top of the inorganic core would be a great help.  
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