Jieli Lyu 
  
Valérie Geertsen 
  
Cyrille Hamon 
email: cyrille.hamon@universite-paris-saclay.fr
  
Doru Constantin 
email: doru.constantin@universite-paris-saclay.fr
  
Determining the morphology and concentration of core-shell Au/Ag nanoparticles *

Accurately measuring the shape, structure and concentration of nanoparticles (NPs) is a crucial step towards understanding their formation and a prerequisite for any applications. While determining these parameters for single-metal NPs is by now rather routine, reliably characterizing bimetallic NPs is still a challenge. Using four complementary techniques: transmission electron microscopy (TEM), light absorbance spectroscopy (AS), small-angle x-ray scattering (SAXS) and inductively coupled plasma mass spectrometry (ICP-MS) we study bimetallic nanoparticles obtained by growing a silver shell on top of a gold seed. The initial quasi-spherical objects become faceted and grow into a rounded cube as the molar silver-to-gold ratio K increases. The shape evolution is well described by SAXS and TEM. The shell thickness, overall size polydispersity and number particle concentration obtained by the various methods are in good agreement, validating the use of non-invasive in situ techniques such as AS and SAXS for the study of bimetallic NPs. * Electronic Supplementary Information (ESI) available: TEM images and associated histograms of particle sizes, calculations of the SAXS form factor, calculations of the UV-Vis extinction spectra of core-shell objects in the LWA approximation and BEM simulations of the UV-Vis extinction spectra.

Introduction

Synthesizing nanoparticles with carefully chosen properties (optical, magnetic, catalytical etc.) is one of the main goals of materials science. These properties depend on the shape and composition of the particles, and measuring these parameters accurately is an essential prerequisite to developing a reliable formulation process.

Noble metal nanoparticles are particularly interesting due to their optical properties, related to the presence of plasmon resonance (very sensitive to the particle shape) and due to the richness of synthesis methods that can yield a large variety of shapes and sizes, with very good yield and relatively low polydispersity. Bimetallic particles consisting of a gold core covered with a silver shell offer further control over the optical properties and exhibit lower dissipation in the visible range. [1][2][3][4][5] Before any application, it is indispensable to determine the particle concentration, as well as their average morphology (size, shape, rounding) and their distribution. Ideally, these parameters should be determined by non-invasive techniques, directly applicable in the reaction medium and time-resolved. The typical example is UV-Vis-IR absorbance spectroscopy (AS) c , but several groups have shown that small-angle X-ray scattering (SAXS) can also provide valuable information [6][7][8][9][10] . Although the presence of two constituents complicates the application of these methods to bimetallic objects, recent studies point the way towards a deeper understanding of their structure and evolution 5,11 . An important source of progress over the last decade has been the improvement in synthesis protocols, yielding particle populations with better size and shape monodispersity, and allowing the extraction of more information using the various characterization techniques. In turn, this information can be used to further improve the synthesis protocols.

1 Our goal in this paper is to apply AS and SAXS to a series of samples where the particle morphology is modified systematically by changing a reaction parameter and to validate the information by cross-checking the results and by comparing them with two other methods: transmission electron microscopy (TEM) and inductively coupled plasma mass spectrometry (ICP-MS) that require extracting the particles from their environment. More specifically, we synthesize core-shell Au/Ag nanoparticles by growing a silver shell on top of a spherical gold seed, for various values of the molar ratio K between silver precursor and gold. At low K, the shell is quasi-spherical (probably rhombicuboctahedral 11 ), while at higher K it becomes cubic. We measure the size and shape of the objects by SAXS and TEM and their concentration by SAXS, AS and ICP-MS and compare the results of the various techniques.

Materials and Methods

Particle synthesis

Materials:

All the reactants were purchased from Sigma-Aldrich and used without further purification: hexadecyltrimethylammonium bromide (CTAB, ≥ 99%), hexadecyltrimethylammonium chloride (CTAC, 25 wt% in H2O), hydrogen tetrachloroaurate trihydrate (HAuCl 4 • 3H 2 O, ≥ 99.9%), silver nitrate (AgNO 3 , ≥ 99%), L-ascorbic acid (AA, ≥ 99%), sodium borohydride (NaBH 4 , 99%). Water purified by reverse osmosis with a resistivity (> 15 MΩ.cm) was used in all experiments.

Gold sphere synthesis:

Gold spheres (AuSph) were prepared by seed-mediated growth involving two overgrowth steps:

• Seeds were prepared by mixing 50 µL of a 0.025 M HAuCl 4 solution with 4.7 mL of a 0.1 M CTAB solution in a 20 mL scintillation vial at 30 • C; 300 µL of a freshly prepared 0.01 M NaBH 4 solution was then injected under vigorous stirring. The mixture was left undisturbed at 30 • C for at least 1h.

• S1 spheres: In a 20 mL scintillation vial, a growth solution was prepared by mixing 120 µL of a 0.025 M HAuCl 4 solution with 10.5 mL of a 0.094 M CTAC solution. Then, 4.5 mL of AA at 0.1 M and 300 µL of the seed solution were added in sequence under vigorous stirring. The mixture was left undisturbed at room temperature for at least 1h.

• S2 spheres: In a 200 mL Erlenmeyer flask, a growth solution was prepared by mixing 1200 µL of a 0.025 M HAuCl 4 solution with 100.5 mL of a 0.094 M CTAC solution. Then, 40.5 mL of AA at 0.1 M and 300 µL of S1 solution was added in sequence under vigorous stirring. The mixture was left undisturbed at room temperature for at least 1h. The AuSph were centrifuged and redispersed in 10 mM CTAC before further use.

Silver shell growth:

Overgrowth was performed according to recently published protocols 4,5 . The purified S2 described above were centrifuged at 8500 g for 30 min and redispersed in a 10 mM CTAC solution at a final gold concentration of 0.25 mM in all samples. Silver and ascorbic acid were added in sequence to avoid silver particle formation. The molar ratio between the AA and the Ag precursor was fixed to 4 in all experiments. The silver-to-gold molar ratio K (Ag ions per Au atoms in the AuSph, at the beginning of the process) was varied between 0.1 and 8. For instance, in the case of K = 2, 50 µL of a 0.1 M AgNO 3 solution was injected in 10 mL S2 suspension. After brief shaking, the solution was supplemented with 50 µL of a 0.4 M AA solution, shaken again and kept at 60 • C for 3h.

Particle geometry

The particles are described as gold spheres with radius R centered within silver shells of thickness t, and hence with outer radius R + t (sphere-in-sphere model), or within cubes of size a (sphere-in-cube model). In the latter situation we define the thickness t = a/2 -R. We denote by K = ν Ag ν Au the molar Ag/Au ratio for the individual particles. The corresponding volume ratio is given by f K, with f =

M Ag M Au ρ Au ρ Ag = 1.008. If K is known, t is given by: t = R (1 + f K) 1/3 -1 (1a)
for a sphere in sphere and by:

t = R (1 + f K) 1/3 (π/6) 1/3 -1 , for f K > (6/π -1) (1b) 
for a sphere in cube. Note that, in Eq. ( 1b), the sphere-in-cube model is only defined above a minimal Ag/Au ratio K min = f -1 (6/π -1) 0.903 below which the Ag amount is not enough to form a complete cubic shell around the core sphere.

Transmission electron microscopy

The solutions were concentrated by slow centrifugation to a final Au 0 concentration of 0.75 mM in 0.55 mM CTAB. 10 µL of this solution was then dropped on a carbon-coated grid and dried at 70 • C. Transmission electron microscopy (TEM) images were obtained with a JEOL 1400 microscope, operating at an acceleration voltage of 120 kV. To extract the particle size, we analyzed the images using the ImageAnalyzeParticles operation in Igor Pro 7.0. The individual particles were modeled as ellipses with half-axes a and b and their equivalent radius was computed as R = √ ab. Due to the low relative contrast between gold and silver only the outer boundary of the particles was detected, so R corresponds to the radius of the complete object. The quadraticity parameter Q (area ratio of circumscribed square to particle) was extracted using the minboundrect function 12 implemented in MATLAB.

Small-angle x-ray scattering

The SAXS measurements were performed on the SWING beamline of the SOLEIL synchrotron (Saint-Aubin, France.) The sample-to-detector distance was 6.5 m and the beam energy E = 12 keV, covering a scattering vector range 0.0015 < q < 0.2 Å -1

. The beam size was approximately 500 × 200 µm 2 (H ×V ). The solutions were filled into round glass capillaries, with an outer diameter of 1.4 mm and 10 micron-thick walls, purchased from WJM-Glas (Berlin, Germany), placed vertically in a motorized holder. The capillaries were filled with the sample solution and sealed at the top using a glue gun to prevent evaporation. All measurements were performed at room temperature (22 • C).

The scattered signal was recorded by an Eiger 4M detector (Dectris Ltd., Switzerland) with pixel size 75 µm. Preliminary data treatment (angular averaging and normalization) was done using the software Foxtrot developed at the beamline and yielded the intensity as a function of the scattering vector I(q) in absolute units. Subsequent data modeling was done in Igor Pro 7.0 using functions available in the NCNR SANS package [START_REF] Kline | [END_REF] (SchulzSpheres used to model the initial Au particles, before Ag addition and PolyCoreShellRatio used for the sphere-in-sphere model) and a model developed in-house for the sphere in cube (see the ESI † for the details.) The latter is a simplified version of the algorithm presented in Ref 14.

UV-Vis absorbance spectroscopy

The solutions were shaken and pipetted into polystyrene cuvettes with 1 cm optical path. We used a Cary 5000 spectrometer (Agilent) to measure the extinction spectrum between 200 and 1200 nm, in a dual-beam configuration with a water-filled cuvette in the reference path.

BEM simulations

Simulated extinction spectra were calculated by the boundary element method (BEM), using the MNPBEM toolbox developed in the MATLAB environment. 15 . This numerical technique allows a very detailed description of the particle shape and the use of the full Maxwell equations, including retardation effects. It is however very demanding in computation time (tens of minutes for a given particle) and thus cannot be included in a fitting routine. 

Analytical model for the extinction

Rigorous analytical solutions exist for homogeneous and core-shell spherical particles in the framework of Mie theory 16,17 . While computationally tractable, the full Mie theory is not always necessary for objects much smaller than the wavelength. Furthermore, using the complete formalism can sometimes obscure the role of the various parameters in the evolution of the spectra.

We therefore start from the Rayleigh (or quasistatic) approximation, corresponding to the first term of Mie theory. This model yields very simple formulas for the extinction spectrum of homogeneous and core-shell spherical particles [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF] . For larger particle sizes, the deviation from the Rayleigh regime is accounted for in the long-wavelength approximation (LWA) [START_REF] Meier | [END_REF] , as applied to a core-shell object by Chung et al. [START_REF] Chung | [END_REF][START_REF] Chung | [END_REF] . We validate the model by comparing it to BEM simulations. The full calculation details and the comparison to the BEM spectra are presented in the ESI †.

Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) yields the elemental concentration in solution, with very few assumptions. It is therefore a very robust technique, but it provides no information as to the size and shape of the objects. The gold and silver concentrations were determined using an iCAP Q Thermo Electron instrument after external calibration by dilution of multi-element standard solutions (SPEX, MS3 for gold and MS2 for silver). Measurements were repeated six times before averaging. All dilutions (samples and standards) were prepared by weight. Gold determination was performed at mass 198 in hydrochloric media. Silver was measured at mass 107 and 109 and before averaging. The silver determination is performed in nitric media. Sample dilutions were performed as follows: samples were heated in a bath at a temperature of 30 • C to avoid CTAB solidification. A 10 µL aliquot of sample was added to a polypropylene vial. On the aliquot was poured 10 µL of aqua regia saturated with NH 4 Cl to dissolve both gold and silver [START_REF] Pollard | [END_REF] . Sample dilution was then realized by addition of diluted hydrochloric or nitric acid. Both hydrochloric acid and nitric acid were purified previously by distillation. The same protocol was repeated for standards except that stock standard solutions were not heated. 3 Particle size and shape
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Transmission electron microscopy

We performed TEM measurements on nine samples, with K = 0, 0.4, 0.7, 0.9, 1.2, 1.4, 2, 4, and 8. Some representative image selections are shown in Figure 1. More images are shown in the ESI †.

The size of the gold core was extracted from the initial population, before the addition of silver (molar ratio K = 0), yielding a radius R 0 = 13.0 nm. The shell thickness for each K > 0 was obtained by subtracting R 0 from the mean equivalent particle radius R K at that given K. The polydispersity is computed as the standard deviation of the radius distribution divided by its mean: p K = σ K / R K . These parameters are compared to the SAXS data (see below.)

The shape of the particles can be assessed using the quadraticity Q, defined as the ratio between the area of the smallest circumscribed square and that of the particle projection. This parameter is 1 for a perfect square, 4/π for a perfect circle and can be even larger for anisotropic or irregular shapes.

The mean quadraticity Q is shown in Figure 2 (left panel): at first glance, it seems to decrease linearly with K, as shown by the fit. However, the large standard deviations call for a more refined analysis. To this end, we plot in the same Figure (right panel) the histograms of Q for each K value. We can separate three regimes, identified by line color: At low K ≤ 0.7 (black line), the distributions are monomodal, relatively narrow and centered around the 4/π value corresponding to a perfect circle. Almost all particles are spherical. At intermediate K (blue line) the distributions are wide and possibly bimodal, with one spherical subpopulation and one with Q 1.15. At high K ≥ 2.0 (red line) the distributions are once again monomodal, with a decreasing mode but with a substantial contribution at higher Q. This contribution is almost absent for K = 8.0, as shown by the reduced std. dev. The cubes become predominant at K = 2.0, so we can locate the shape transition between 1.4 and 2.0.

Small-angle x-ray scattering

We recorded the azimuthally averaged scattered intensity I(q) as a function of the scattering vector q for all samples in dilute solutions. The data is shown in Figure 3, along with fits using both sphere-in-sphere and sphere-in-cube models (Eqs. (1a) and (1b), respectively.) For coherence, the latter model was only used for molar Ag/Au ratios above K min 0.903; attempts to fit curves at lower ratios yield unphysical results (cube sizes a < 2R.) We fixed throughout the core radius R = 12.4 nm, value obtained by fitting the data for K = 0.

The goodness-of-fit function χ 2 divided by the number of experimental points N pts is shown in Figure 4 for Figure 3 Scattered intensity I as a function of the scattering vector q for all solutions (dots, various colors). The spectra were shifted vertically for clarity. The molar Ag/Au ratio K is indicated above each curve. Fits with the sphere-in-sphere model (solid lines) and with the sphere-in-cube model (dashed lines) are displayed for each curve. all the fits displayed in Figure 3. The fit quality is better for the sphere-in-sphere model below K = 1.4 and for the sphere-in-cube model above K = 2, in agreement with the visual inspection of Figure 3. The oscillations between 0.03 and 0.1
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are very revealing: they are deep for spheres and shallow for cubes and are very well described by the corresponding model at low and high K, respectively. In the intermediate range (0.9 ≤ K ≤ 1.6) both models are unsatisfactory due to the shape polydispersity illustrated in Figure 2.

In Figure 5 we plot the thickness t extracted from the fits in Figure 3 (solid squares for sphere-in-sphere and open dots for sphere-in-cube) and the TEM values (diamonds). We also plot the thickness values predicted by Eqs. (1a) and (1b) (solid and dashed line, respectively) assuming that the Ag/Au ratio for each particle is the experimental one K in the reaction medium (i.e. that all the Ag ions are used to form shells and that all particles have the same morphology.)

Both SAXS models include a homothetical polydispersity, plotted in Figure 6, alongside the TEM values. The latter are in good agreement with the sphere-in-sphere model up to K = 2 and with the sphere-in-cube model above this value.

Silver-to-gold ratio

Using ICP-MS we can determine the Ag/Au ratio within the particles; we plot it against their ratio in solution, K, in Figure 7. The diagonal line is the expected value if the reaction proceeded to completion and the two parameters are equal. The same line corresponds to the solid/dashed curve in Figure 5 for the spherical/cubical shell model. The experimental values follow K with considerable variability: their ratio fluctuates between 0.74 and 1.74.

Particle concentration

The concentration of particles in solution is of course a very important parameter; it can be obtained from full-curve fitting of the AS 23 or SAXS 24 curves or, for homogeneous gold nanoparticles, in an easier manner from the near-UV extinction 25,26 or from the integrated invariant, respectively 27 . ICP-MS gives access to the molar concentration of Au and Ag separately (in different measurements.) Each of these techniques uses a completely different principle. A full analysis of the SAXS data gives access to both the size and the number density of the particles, while the other techniques only yield their product, i.e. the volume concentration. For bimetallic objects, no simple method exists, either in SAXS or AS; it is therefore necessary to model the entire experimental curve. Since the scattered intensity I(q) is measured in absolute units, it is directly proportional to the number density n. In Figure 8 we plot (as solid squares) this parameter as a function of the molar ratio K for the sphere-in-sphere model (the results of the sphere-in-cube model are within 9% of these values.)

The number density also appears in the model for the extinction spectra. We fit the experimental data with the sphere-in-sphere model, where only n and a constant background are adjustable parameters: the core radius R and the shell thickness t are fixed at the values obtained from the SAXS data using the same model. The SAXS values for n are more scattered than the AS ones and some points (circled in Figure 8) are very low. The ICP-MS results are close to the SAXS ones at low K ≤ 1 and above the AS at K ≥ 2.

Conclusions

The particle populations have excellent monodispersity p (between 5 and 10 %) as measured by SAXS and TEM (see Figure 6) and confirmed by the agreement between the calculated and predicted shell thickness (see Figure 5). Analysis of the TEM images (see Figure 2) shows a transition between quasi-spherical and cubic shapes between K = 1.4 and 2, while the quality of the SAXS fits finds the transition at about K = 2: the two techniques are in very good agreement! The values for the particle concentration n obtained by three techniques are in good agreement (within 40% of their average), except for some low-value SAXS points. The systematic difference between the techniques is lower than the spread of values for each technique, highlighting the importance of careful sampling protocols: sample agitation to ensure homogeneity and avoid the appearance of concentration gradients, temperature control to prevent surfactant crystallization, weighing the aliquots rather than relying on pipetting volumes (which are not always accurate for surfactant solutions.)

Among the four methods used, SAXS yields the most information about the particles: the size, polydispersity, shape and concentration are accurately determined, as shown by very good agreement with the other techniques. This result validates the use of SAXS for studying complex (bimetallic and aspherical) nano-objects, statically or during their growth. However, the particles must be reasonably monodisperse in order to take full advantage of this technique. Of course, scattering methods only yield indirect information and imaging techniques remain essential for identifying the particle shapes and choosing the appropriate model, so TEM should always be used as a complement. 

Figure 1

 1 Figure 1 TEM images for different values of the molar ratio K.

Figure 2

 2 Figure 2 Quadraticity parameter Q. Left: average value Q as a function of K (mean and standard deviation, solid dots and error bars) with linear fit (solid line). The limiting values for a perfect circle and square are shown as dashed lines. Right: Histograms of Q for each K value (shifted vertically for clarity.) The mean and std. dev. from the left panel are shown under each curve. Colors (black, blue and red) distinguish three types of curves (see text.)

Figure 4

 4 Figure4 Goodness-of-fit function for the SAXS models in Figure3, shown as solid squares (for the sphere-in-sphere model) and as open circles (for the sphere-in-cube model) as a function of the Ag/Au ratio K.

Figure 5 Figure 6 Figure 7

 567 Figure 5 Shell thickness extracted from the fits in Figure 3 for the two models and corresponding geometrical predictions (see the text for more details.) The TEM values are shown as red diamonds.

  The results are plotted in Figure 8 as open dots. From the mass gold concentration c Au measured via ICP-MS we determine n = c Au ρ Au 3 4πR 3 (where R = 12.4 nm is the radius determined by SAXS) and plot it in Figure 8 as diamonds.

Figure 8

 8 Figure 8 Number particle density n as a function of the Ag/Au ratio K, extracted from fitting the SAXS data in Figure 3 (solid black squares), from the UV-Vis absorbance data (open red dots) and from ICP-MS (blue diamonds). Anomalously low SAXS values are circled.
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