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ABSTRACT Alloyed silver-gold nanoparticles (spherical, 8 nm) were wet-chemically prepared 

by reduction with sodium citrate/tannic acid and colloidally stabilized by poly(N-

vinylpyrrolidone), PVP, in steps of 10 at%, including pure silver nanoparticles (35 nm) and pure 

gold nanoparticles (7 nm). The nanoparticles were subjected to in-situ X-ray powder diffraction 

up to 850 °C to induce internal stress relaxation and recrystallization. The stress-induced negative 

deviation from Vegard's rule that was present in the original alloyed nanoparticles vanished 

between 150 and 250 °C, indicating the internal healing of defects. Simultaneously, a 
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discontinuous increase in the crystallite size and a drop in the microstrain were observed. After 

heating to 850 °C, the original gradient structure (silver-rich shell, gold-rich core) had changed to 

a homogeneous elemental distribution as shown by high-angle annular dark-field STEM/EDX. 

Thus, there is a considerable mobility of the metal atoms inside the nanoparticles that starts as low 

as 150 °C. 

Introduction 

Silver and gold nanostructured materials (e.g. particles or coatings) are among the most 

prominent metals in industry and biomedicine due to the antibacterial effect of silver, their easy 

functionalization, e.g. by thiol or phosphane chemistry, and their plasmonic effects which are 

useful for imaging.1-11 Alloying both metals in one nanoparticle allows to fine-tune their element-

specific physicochemical and biological properties.2, 3, 12-14  

Crystallizing in a face-centred cubic lattice (fcc) with almost identical metallic radii and 

chemical similarity, silver and gold represent a classical system for alloys ("electrum") with 

unlimited miscibility.12, 15, 16 Alloyed silver-gold nanoparticles can be prepared by different 

methods like wet-chemical synthesis ("bottom-up"),17-21 often leading to a gradient structure (gold-

rich core and silver-rich shell),22, 23 or laser ablation ("top-down"), leading to a homogeneous 

distribution of the elements inside each particle.24 Theoretical considerations,12 although not 

without controversy,25, 26 predict a segregation of silver to the surface of alloyed silver-gold 

nanoparticles. 

Nanoparticles and nanofilms usually contain smaller domains (crystallites, grains) with 

corresponding grain boundaries.27-31 In nanoalloys, an inhomogeneous atom distribution leads to 

a high concentration of defects and a contraction of the unit cell.23 Annealing can lead to structural 
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healing, i.e. the reduction of the defect concentration and internal stress. Here, we show the effect 

of temperature on lattice parameters, the crystallite size, and microstrain of pure silver, pure gold, 

and alloyed silver-gold nanoparticles with a narrow particle size distribution produced by wet-

chemical co-reduction. We also address the question of the elemental distribution inside the 

nanoparticles after thermal treatment. 

 

Results and discussion 

Monometallic Ag and Au and bimetallic AgAu nanoparticles were synthesized by co-reduction 

with citrate and tannic acid in water and colloidal stabilization with poly(N-vinylpyrrolidone) 

(PVP).22, 23, 32 They were characterized by elemental analysis (AAS), UV-vis spectroscopy, and 

transmission electron microscopy (TEM). In general, the particle size distribution as determined 

by TEM was narrow. The hydrodynamic diameter (solid particle core with the hydrated layer of 

the colloidal stabilizer PVP) of the water-dispersed nanoparticles was determined by differential 

centrifugal sedimentation (DCS). All analytical characterization data are summarized in Table 1. 
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Table 1: Compositional and structural data of PVP-coated AgAu nanoparticles, including 

nanoparticles of pure gold and silver. Standard deviations of the last digits are given in parentheses. 

Nominal composition 
according to synthesis 
parameters 

Ag:Au / mol%:mol% 

Analytical 
composition according 
to AAS 

Ag:Au / mol%:mol% 

d(DCS) / 
nm 

d(TEM) / 
nm 

UV 
absorption 
maximum / 

nm 

Au 0:100 8.2(8) 6.2(9) 523 

10:90 = Ag10Au90 12:88 7.2(6) - 512 

20:80 = Ag20Au80 25:75 7.0(6) - 505 

30:70 = Ag30Au70  34:66 5.6(6) - 505 

40:60 = Ag40Au60  45:55 8.3(7) 7.9(8) 490 

50:50 = Ag50Au50 62:38 6.7(6) - 470 

60:40 = Ag60Au40 64:36 8.3(6) - 454 

70:30 = Ag70Au30 74:26 7.2(5) - 439 

80:20 = Ag80Au20  83:17 8.7(9) - 430 

90:10 = Ag90Au10 90:10 7.8(6) - 418 

Ag 100:0 35(4) 31(4) 421 

 

 

The elemental composition of bimetallic nanoparticles by atomic absorption spectroscopy was 

in good agreement with the nominal composition. The analytically determined compositions from 

AAS were used as input for the XRD analyses (Rietveld refinement). All particles were 

monodisperse with an average diameter of about 7 nm, except for pure silver nanoparticles that 

were significantly larger (35 nm). All nanoparticles were colloidally stable in water and did not 

agglomerate. In good agreement with the DCS results, the UV-vis spectra showed one narrow 

plasmon resonance peak, corroborating the monodisperse particle size distribution. The absorption 
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maxima of bimetallic AgAu nanoparticles were between the absorption maxima of pure Ag and 

Au nanoparticles and changed continuously with the Ag:Au molar ratio as expected.23, 33  

 

 

Figure 1: TEM images of silver nanoparticles (left) and gold nanoparticles (right) with a diameter 

of 35 and 7 to 9 nm, respectively.  

 

Transmission electron microscopy showed spherical and monodisperse nanoparticles with a size 

of about 7 to 9 nm for Au nanoparticles (Figure 1), alloyed Ag40Au60 nanoparticles (Figure 9), 

and 35 nm for Ag nanoparticles (Figure 1), with clearly visible domains in the larger Ag 

nanoparticles. The particle size from TEM agreed well with the DCS results (Table 1). 

The crystallographic properties of the nanoparticles were investigated by X-ray powder 

diffraction, followed by Rietveld refinement.34 The calculated crystallite size of silver and alloyed 

nanoparticles was about one third of the average diameter from DCS and TEM (Tables 1 and 3), 

indicating a polycrystalline (twinned) ultrastructure.28, 35 On the other hand, the crystallite size of 

gold nanoparticles was comparable with the particle size, indicating single-domain particles.  
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Twinned small nanoparticles (3-7 nm) with grain boundaries and an inhomogeneous elemental 

distribution contain an increased number of defects36 and as a consequence, their physicochemical 

properties (i.e. surface energy and melting temperature) will change.37-39 These atomic defects also 

lead to an increased microstrain ε23, 40 due to the interaction between adjacent grains in such 

twinned nanostructures.41 Both crystallite size CS and microstrain ε can be derived from X-ray 

diffraction peak broadening, with a greater pronouncement of the crystallite size at smaller angles 

and of the microstrain at larger angles.42 

For in-situ X-ray diffraction, the samples were heated to 850 °C and then cooled to ambient 

temperature. The thermally-induced stress relaxation in these nanoparticles was elucidated by a 

detailed analysis of the diffraction data as comprised in Tables 2 and 3. Based on comprehensive 

Rietveld refinement, the lattice parameter a, the crystallite size CS, and the microstrain ε were 

computed for each sample at each temperature.  
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Table 2: Lattice parameter a of all nanoparticles at different temperatures determined by in-situ 

X-ray powder diffraction. In a few cases, the lattice parameter could not be safely determined due 

to weak reflection peaks. Standard deviations of the last digits are given in parentheses. 

Ag: 
Au 

a / Å 

(25 °C) 

a / Å 

(150 °C) 

a / Å 

(250 °C) 

a / Å 

(400 °C) 

a / Å 

(550 °C) 

a / Å 

(700 °C) 

a / Å 

(25 °C;  

after 850 
°C) 

Au 4.076(2) 4.083(2) 4.090(2) 4.100(2) 4.110(2) 4.122(1) 4.078(1) 

10:90  - 4.078(6) 4.090(4) 4.099(4) 4.109(3) 4.123(2) 4.078(1) 

20:80 4.062(6) 4.076(4) 4.089(3) 4.101(2) 4.110(2) 4.123(2) 4.078(1) 

30:70  4.047(6) 4.062(6) 4.084(4) 4.097(4) 4.112(4) 4.124(2) 4.079(1) 

40:60 4.050(6) 4.065(6) 4.089(4) 4.101(3) 4.112(2) 4.126(2) 4.079(1) 

50:50  4.049(2) 4.071(2) 4.092(2) 4.103(2) 4.115(2) - 4.078(1) 

60:40 - 4.075(6) 4.095(3) 4.105(3) 4.117(2) 4.131(2) 4.079(1) 

70:30 4.068(6) 4.082(6) 4.095(3) 4.108(2) 4.120(2) 4.135(2) 4.078(1) 

80:20 4.070(4) 4.080(4) 4.098(2) - 4.126(2) 4.141(1) 4.079(1) 

90:10 4.080(4) 4.088(4) 4.101(2) 4.116(2) 4.129(1) 4.143(1) 4.079(1) 

Ag  4.087(2) 4.098(2) 4.106(2) 4.119(2) 4.132(1) 4.148(1) 4.085(1) 
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Table 3: Crystallite size (CS) of all nanoparticles at different temperatures determined by in-situ 

X-ray powder diffraction. In a few cases, the crystallite size could not be determined due to weak 

reflection peaks. Standard deviations of the last digits are given in parentheses. 

Ag: 
Au 

CS / nm 

(25 °C) 

CS / nm 

(150 °C) 

CS / nm 
(250 °C) 

CS / nm 
(400 °C) 

CS / nm 
(550 °C) 

CS / nm 
(700 °C) 

CS / nm 
(25 °C;  

after 850 
°C) 

Au 5.0(15) 5.5(10) 7.4(5) 8.2(5) 9.2(5) 10.3(5) 12(1) 

10:90  - 3(1) 9(1) 11(1) 12(1) 14(1) 33(1) 

20:80 3.0(15) 4(1) 7(1) 9(1) 10(1) 10(1) 14(1) 

30:70  3.4(15) 4(1) 4(1) 4(1) 4(1) 5(1) 14(1) 

40:60 3.0(15) 3(1) 7(1) 9(1) 9(1) 11(1) 17(1) 

50:50  3.1(15) 4(1) 10(1) 13(1) 15(1) - 17(1) 

60:40 - 4(2) 9(1) 12(1) 14(1) 15(1) 25(1) 

70:30 3.0(15) 8(1) 11(1) 15(1) 17(1) 18(1) 40(2) 

80:20 4(1) 3(1) 9(1) - 25(3) 40(4) 50(5) 

90:10 7(1) 9(1) 20(3) 50(5) 77(2) 100(5) 125(10) 

Ag  10(1) 10(1) 12(1) 18(2) 40(6) 115(10) - 

 

 

X-ray powder diffraction showed three diffraction peaks of the AgAu fcc phase, i.e. (111), (200), 

and (220), together with peaks of the reference material LaB6 and of the tantalum sample holder 

(Figure 2). With increasing temperature, two major effects occurred: The expected shift of the 

peaks to smaller 2Θ values due to thermal expansion and peak narrowing due to 

recrystallization/crystallite size increase.  
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Figure 2: In-situ X-ray diffractograms (top) with a representative Rietveld refinement (bottom, 

Rwp=6.2) of alloyed Ag50Au50 nanoparticles mixed with 15 wt% LaB6 (labelled with *; split peaks 

due Cu Kα1,2 radiation) on a tantalum sample holder (labelled with Ta). Miller indices of the AgAu 
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fcc phase are indicated in parentheses. Note that the peaks of AgAu are still broader than those of 

LaB6, even at 700 °C, i.e. the computed crystallite sizes are still reliable, although the experimental 

error increases (see Table 3). 

 

The lattice parameters of alloyed AgAu nanoparticles showed a negative deviation from 

Vegard's law with the largest extent at the 50:50 composition (Figure 3). This deviation 

continuously decreased with increasing temperature to about one third (about 0.2%) that is 

comparable to bulk materials of the same composition.43 This indicates a thermally induced 

structural relaxation of the AgAu nanoparticles as it is characteristic for metals during heat 

treatment.44 This relaxation occurred between 150 and 250 °C (Figure 4). Notably, nanoparticles 

of pure silver and gold did not show a thermal relaxation because only little stress was present 

before. The structural relaxation was irreversible and persisted after cooling to room temperature. 
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Figure 3: Lattice parameters of AgAu nanoparticles by in-situ X-ray powder diffraction. The 

negative deviation from Vegard's law decreased with increasing temperature. After heating to 850 

°C and subsequent cooling to 25 °C, the negative deviation from Vegard's rule had vanished, 

indicating an irreversible structural relaxation in the nanoparticles (grey line and grey data points). 
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Figure 4: The negative deviation from Vegard's law (graphically derived from the data shown in 

Figure 3) in AgAu nanoparticles decreased with increasing temperature, especially in the region 

between 150-250 °C, indicating a structural relaxation.  

 

The lattice parameters of pure silver and gold nanoparticles at room temperature, i.d. 

a(Ag)=4.087 Å and a(Au)=4.076 Å, were in good agreement with the bulk metals and 

corresponded well with the ICDD database, i.e. #4-0783 for silver: 4.0862 Å, and #4-0784 for 

gold: 4.0786 Å.45 At 850 °C, silver had started to sublime at the applied high vacuum (5·10-3 Pa) 

in accordance with earlier reports,46-49 therefore these data could not be interpreted. 

The temperature-induced changes in the lattice parameter a lead us to the linear thermal 

expansion coefficient L. For pure silver and gold nanoparticles, this was in a good agreement 

with the parameters reported for the bulk metals, in agreement with the observation that these 
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nanoparticles did not show a measurable internal stress (Figure 5).50 The lattice parameters of 

alloyed AgAu nanoparticles increased with increasing temperature but showed a clear jump 

between 150 and 250 °C that we associate with the structural relaxation described above. This was 

more pronounced for the silver-rich alloyed nanoparticles, especially with comparable amounts of 

silver and gold.  

 

   

Figure 5: Temperature-dependent lattice parameter a of pure Ag and Au nanoparticles with 

polynomial fit curves (left) and of alloyed AgAu nanoparticles (right) with a jump at 200 °C as 

obtained by in-situ X-ray powder diffraction. The temperature-dependent lattice parameter a for 

bulk Ag and Au was taken from Suh et al.50 

 

From the lattice parameters, the differential linear thermal expansion coefficient L was derived 

(Figure 6). This gives another illustration of the remarkable jump in a between 150 and 250 °C, 

leading to a maximum in L. This effect was observed for all alloyed nanoparticles but not for pure 

silver and gold nanoparticles. A similar non-linear behavior with a maximum in L was found by 

molecular dynamics (MD) simulations by Chu and Steeves for amorphous aluminum and titanium 
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during thermal recrystallization.51 Negative thermal expansion coefficients were observed for Au 

nanospheres (4 nm) by Li et al.52 and computed for metallic nanowires at low temperatures by Ho 

et al.53 

Again, the thermal expansion coefficients for pure silver and gold nanoparticles were in good 

agreement with the reported data of the bulk materials (L(Au)=14·10-6 K-1 and L(Ag)= 19·10-6 

K-1).54 Note that the thermal expansion coefficients of bulk gold and silver are temperature-

dependent and increase to L(Au)=19.7·10-6 K-1 and L(Au)=27.1·10-6 K-1 at 827 °C, 

respectively.55  

 

  

Figure 6: Linear thermal expansion coefficient L of alloyed Ag50Au50 nanoparticles (left) and 

of all investigated nanoparticles (right).  

 

To investigate the temperature effect on the microstrain ε and on the crystallite size of the alloyed 

silver-gold nanoparticles, the diffraction data were analyzed in more detail (Table 3). Figure 7 

shows the results for pure silver and gold nanoparticles and for alloyed Ag50Au50 nanoparticles, 

based on Williamson-Hall plots. The microstrain significantly decreased in all cases in the 
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temperature range of 150 to 250 °C, confirming the structural relaxation that was accompanied by 

the lattice expansion. The crystallite size showed a different trend. There was a strong jump 

between 150 and 250 °C for Ag50Au50 nanoparticles and a much less pronounced jump for pure 

gold nanoparticles. For silver nanoparticles, no jump but just an exponential increase in the 

crystallite size was observed, starting around 250 °C. 

The jump-like discontinuity for Ag50Au50 nanoparticles was expected, but it is surprising that 

a similar behavior was observed for pure gold nanoparticles that did not show such a discontinuity 

in the thermal lattice expansion. The relaxation effect was least pronounced in silver, probably 

also due to the initially larger particles in the case of silver (Table 1). Similar results were found 

for all other alloyed nanoparticles (Figure 8). The added reference material LaB6 did not show any 

thermal change except for the thermal expansion which was determined to 5.39∙10-6 K-1 in good 

agreement with the data reported by Chantler et al. (5.42∙10-6 K-1).56 This also indicates a 

reasonable temperature calibration of the heating device used here.  
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Figure 7: Temperature-dependent crystallite size of alloyed Ag50Au50 nanoparticles (top left) 

and pure Ag and Au nanoparticles (bottom), and microstrain of Ag50Au50 and pure Ag and Au 

nanoparticles (top right) with a drop between 150 and 250 °C as determined by in-situ X-ray 

powder diffraction.  
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Figure 8: Crystallite size in alloyed AgAu nanoparticles as obtained by in-situ X-ray powder 

diffraction as function of composition and temperature.  

 

The metal atoms are clearly mobile inside the nanoparticles above 150 °C. This is supported by 

reports by Rahman et al.57 and Tomizuka et al.58 who described the exponential increase in the 

self-diffusion coefficient of silver. Sadovnikov found a similar increase of the crystallite size with 

an exponential dependence with a simultaneous decrease of microstrain during vacuum annealing 

of Ag2S nanopowders.59 Song et al. reported an abrupt particle size increase in silver, gold, and 

AgAu nanoparticles (4 to 10 nm diameter) at 150 °C by in-situ X-ray diffraction in a limited 

angular region.60 It is an important question to ask whether there is organic material inside the 

metallic nanoparticle that induces strain and thermal effects as observed for biominerals and 

mesocrystals.61-63 This would apply to the polymer PVP. From earlier studies of gold nanoparticles 
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obtained by very similar syntheses, we know that the citrate content is about 3 wt% and the PVP 

content after ligand exchange is about 4-6 wt%.64 Because PVP was added after the primary 

formation of the nanoparticles by reduction with citrate/tannic acid, it is reasonable to assume that 

the PVP was located on the nanoparticle surface and not inside. From the TEM images, there is no 

indication that organic material is occluded inside the nanoparticles, but unfortunately, there is no 

available method to exclude its presence with high reliability. 

The nanoalloy Ag40Au60 was examined by HAADF-STEM and EDX after heating to 850 °C 

in the diffractometer and compared to the untreated nanoparticles (Figure 9). The original 

Ag40Au60 nanoparticles consisted of a gold-rich core and a silver-rich shell as observed earlier.22, 

23 In good agreement with the crystallite size by X-ray diffraction, domains with a size of about 4 

nm were observed. After heating to 850 °C, the crystallite size had significantly increased and 

again agreed well with the X-ray diffraction results (13 nm). The particles were still spherical after 

heating with a slight increase in diameter. The particles had not melted, in good agreement with 

predictions by Guisbiers et al. on AgAu nanoalloys of different shape with a diameter of 10 nm.12 

EDX analysis in the TEM showed that before heating, the average molar ratio Au:Ag was 0.6(1) : 

1. After heating the average molar ratio Au:Ag was 1.9(3) : 1. Thus, silver had clearly vanished. 

Although the chemical composition of the particles had changed to some extent, it is clear that the 

heat treatment caused a redistribution of Ag and Au atoms inside the nanoparticle towards a 

homogeneous alloy which obviously is thermodynamically favorable at 850 °C. Notably, this 

contrasts computations by Guisbiers et al. where a segregation of silver to the AgAu nanoparticle 

surface was predicted but not experimentally demonstrated.12 It is important to point out that the 

organic shell (PVP) had already vanished at this temperature and that the annealing was performed 

in vacuum, therefore metal-ligand effects and solvent effects at the surface12, 65-68 can be excluded. 
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It is unlikely that the elemental distribution present at 850 °C changed during the rapid cooling at 

the end of the annealing phase, therefore we are confident that we see a "frozen" snapshot of the 

equilibrium state at 850 °C. 

 

 

Figure 9: HAADF-STEM images with corresponding EDX map of Ag40Au60 nanoparticles 

before (top) and after in-situ X-ray diffraction at 850 °C (bottom).  

 

Conclusions 

Alloyed nanoparticles of silver and gold with a typical diameter of 6-8 nm have a gold-rich core 

and a silver-rich shell after wet-chemical synthesis. They also contain numerous defects and 

several crystalline domains. The thermal relaxation starts already at 150 °C in a discontinuous 

process that is mostly finished at 250 °C. By thermal relaxation, the microstrain inside the particles 



 20

considerably decreases due to merging of the individual crystalline domains, thus reducing the 

internal defect concentration. The internal stress was also visible as a remarkable negative 

deviation from Vegard's law. After heating to 250 °C, this deviation had also vanished. We 

conclude that the metal atoms have a considerable mobility inside the nanoparticles as no primary 

particle growth was observed up to 850 °C. After heating to 850 °C, the internal elemental 

distribution was homogeneous within now mostly single-crystalline nanoparticles, showing that a 

homogeneous elemental distribution is thermodynamically favorable at 850 °C. 

 

Materials and Methods 

Chemicals 

For the nanoparticle syntheses, we used poly(N-vinyl pyrrolidone) (PVP K 30, Povidon 30; 

Sigma Aldrich, p.a., M = 40,000 g mol-1), trisodium citrate dihydrate (AppliChem, p.a.), and tannic 

acid (Acros, 95%). Aqueous solutions of tetrachloridoauric acid (gold powder, Alfa Aesar 

99.96+%, dissolved in aqua regia) and silver nitrate (Carl Roth, > 99.9%) were applied as ionic 

precursor compounds. Ultrapure water (Purelab ultra instrument from ELGA) was used in all 

experiments. Before using, all glassware was cleaned with boiling aqua regia.  

 

Synthesis of nanoparticles 

The synthesis was performed as described earlier.23, 32, 69 In the following, the synthesis is 

described for the silver-gold 50:50 mol% composition and a reaction volume of 300 mL. By 

variation of the relative precursor amounts, the other nanoparticle compositions can be obtained. 

To obtain a sufficient mass of nanoparticles for characterization and in-situ X-ray powder 

diffraction, three to seven upscaled syntheses (300 mL reaction volume) were performed for each 
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composition. The batches were pooled after DCS and UV-vis characterization had shown the 

sample homogeneity and purity of each synthetic batch. 

1.5 mL silver nitrate (10 mM, 15 µmol) and 1.5 mL tetrachloridoauric acid (10 mM, 15 µmol) 

were added to 300 mL of degassed water which was heated to 100 °C. For reduction, 3 mL 

trisodium citrate dihydrate (132 mM, 400 µmol) were mixed with 1 mL tannic acid (5 mM, 30 

µmol) and added rapidly under vigorous stirring to the reaction mixture. After five minutes, the 

oil bath was removed and quickly replaced by an ice bath. The particles were functionalized with 

6 mL poly(N-vinylpyrrolidone) (90 mM, 540 µmol) by stirring overnight at ambient temperature. 

The purification was performed by twice ultracentrifugation at 20,000 rpm/29,400 g (silver 

nanoparticles) or 30,000 rpm/66,000 g (all gold-containing nanoparticles) for 30 min, followed by 

redispersion in ultrapure water. 

The syntheses of the pure Ag and Au nanoparticles were performed accordingly.70 The amounts 

of the precursors were 3 mL silver nitrate (10 mM, 30 μmol) and 3 mL tetrachloridoauric acid (10 

mM, 30 μmol), respectively. 

After purification, the nanoparticles were freeze-dried (31 Pa and -10 °C; Alpha 2-4 LSC 

instrument; Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) and 

gently ground to a homogeneous powder. 

 

Characterization 

The silver and gold contents were determined by atomic absorption spectroscopy (AAS) with a 

Thermo Electron M-Series spectrometer (graphite tube furnace; analysis performed according to 

DIN EN ISO/IEC 17025:2005) after dissolving the particles in nitric acid or aqua regia, 

respectively. The measurement uncertainty in AAS was 7% for both metals (relative uncertainty, 
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e.g. for a composition of Ag10Au90 it was a silver content of 100.7% and a gold content of 

906.3%. 

Analytical disc centrifugation (differential centrifugal sedimentation; DCS) was performed with 

a CPS Instruments DC 24000 disc centrifuge (24,000 rpm). Two sucrose solutions (8 wt% and 24 

wt%) formed a density gradient which was capped with 0.5 mL dodecane as stabilizing agent to 

increase the gradient lifetime. The calibration standard was a poly(vinyl chloride) (PVC) latex in 

water with a particle size of 483 nm provided by CPS Instruments. The calibration was carried out 

prior to each run. A sample volume of 100 μL was used. 

Ultraviolet–visible spectroscopy (UV-vis) was performed with a Varian Cary 300 instrument 

from 200 to 800 nm with solvent background correction. Suprasil® cuvettes with a sample volume 

of 3 mL were used. 

In-situ X-ray powder diffraction (XRD) was carried out on a Panalytical Empyrean instrument 

in Bragg-Brentano mode with Cu K radiation (1.54 Å; 40 kV, 40 mA) equipped with a high-

temperature chamber HTK 16 (Anton Paar). The freeze-dried nanoparticles were mixed with about 

15 wt% microcrystalline LaB6 (standard reference material SRM 660b of NIST, a=4.15689 Å). 

The reference material LaB6 was necessary for the instrumental correction at different 

temperatures in the Rietveld refinement performed with the program package TOPAS 4.2 

(Bruker). The sample was placed on the tantalum strip heater. All samples were investigated in 

high vacuum (10-3 Pa) at different temperatures (24 up to 850 °C) from 25 to 80° 2Θ with a step 

size of 0.01° so that each individual diffractogram took 40 min. The heating rate between the 

individual isothermal steps was 10 K min-1. After reaching each temperature, the temperature was 

kept constant for 10 min for thermal equilibration before the XRD measurement started. 
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The XRD measurements were carried out from 25 to 80° 2Θ where the main four reflection 

peaks of Ag/Au with intensities I(111)=100% at 38.1°2Θ, I(200)=41%  at 44.3 °2Θ, I(220)=25%  

at 64.4 °2Θ and I(311)=26%  at 77.5° 2Θ appear. This also included the 100% (110) peak of LaB6 

at 30.4°. The Rietveld refinement was done for the whole 2Θ range of 25 to 80°.  

By Rietveld refinement, crystallite size, lattice parameters, and linear thermal expansion 

coefficients were determined. The patterns of elemental silver (#4-0783), gold (#4-0784), LaB6 

(#34-0427), and Ta (#4-0788) from the ICDD database were used as standards. The data were not 

K2-corrected. Crystallite size CS and microstrain ε were calculated by the Scherrer71 and the 

Stokes and Wilson equations,72 respectively: 

 

𝐶𝑆 =
𝐾 ∙ 𝜆

𝐹𝑊𝐻𝑀 ∙ 𝑐𝑜𝑠𝜃
                        ε =

𝐹𝑊𝐻𝑀

4 ∙ 𝑡𝑎𝑛𝜃
 

 

with K a constant set to 0.89, λ the wavelength of the X-ray radiation, FWHM the full width at 

half maximum of the diffraction peaks in radians, and Θ the diffraction angle. The differential 

linear thermal expansion coefficient αL was calculated as follows:73  

  

𝛼௅ =
(𝑎்ଶ − 𝑎்ଵ)

𝑎்ଵ ∙ (𝑇2 − 𝑇1)
  

 

with aT the lattice parameter a at temperature T.  

Transmission electron microscopy (TEM) was performed with a Philips CM20 microscope, 

operated at 200 kV. Scanning transmission electron microscopy (STEM) was performed with a 

Titan 80–200 "ChemiSTEM" microscope, equipped with a Cs-probe corrector (CEOS), a high-
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angle annular dark field (HAADF) detector, and four symmetrical SDD detectors for the elemental 

mapping acquisition by energy-dispersive X-ray spectroscopy (EDX). The operating voltage was 

200 kV. Z-Contrast conditions were achieved with a probe semi-angle of 25 mrad and an inner 

collection angle of the detector of 70 mrad.74, 75 The particle size distribution was determined by 

counting at least 20 nanoparticles (all spherical) and computing the average diameter and the 

standard deviation. 
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