


 

UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
  

Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 
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ABSTRACT: The bulk AgBi alloy system comprises a wide forbidden range of Ag solubility
limited to a negligible molar fraction. In this contribution it is unambiguously demonstrated
that Ag and Bi, elements with various in-common potential applications, can be alloyed on
nanoscale, which is hugely different from the bulk form. These nanostructured Ag−Bi alloys
are prepared by a mechano-chemistry pathway under normal conditions and without large
amounts of solvents. The characterization of the nanoparticles by combination of UV−visible
absorption and Raman spectroscopies as well as SEM, HAADF-STEM, XRD, and DSC lead
to the finding of these sui generis nanoalloys and the unprecedented proposal of a
predominantly atomic mixed alloyed structure for the AgxBi1−x (0.1 ≤ x ≤ 0.5) clusters. This
arrangement allows the coexistence of bulk-like lattices of zerovalent Bi and Ag. These
resulting nanoparticles can effectively degrade NO; however, they are rapidly oxidized.

■ INTRODUCTION

Nanoalloys are materials formed by clusters of atoms, of two or
more metals, whose linear dimensions (or one of them, at least)
are typically from a few angstroms to hundreds of nanometers.1

Distinctly, nanostructured alloys can exhibit size-dependent
properties (or related phenomena), different from those of
their bulk counterpart, even with the same composition.1,2

Additionally, nanoalloys can show structures and properties
that cannot be found in the pure forming metals of the same
size.2 So, physical and chemical properties of nanoalloys would
be defined by their size, the nature of the alloying elements,
their composition, and their structural ordering. Structural
arrangement of the forming atoms is an important way of
bimetallic nanoalloys classification;2 see Figure 1.
In practice, the structural analysis of such nanomaterials is

rather complex. In most cases, information obtained from
different techniques is required and combined to determine the
type of atomic arrangement in the nanoalloys. Typically, a
variety of experimental techniques are used in nanoalloys
structural characterization: electron microscopy (TEM, HR-
TEM, HAADF-STEM, Z-contrast), electron diffraction, X-ray
diffraction (XRD), X-ray spectroscopies (XAS, EXAFS,
NEXAFS, XANES, XPS, AES), atomic force microscopy
(AFM), scanning tunneling microscopy (STM), and so on.2

The electronic absorption spectroscopy (UV−vis) is a simple,
cost-effective, time-saving, noninvasive, and powerful technique
that can offer valuable and accurate information on the atomic
arrangement of bimetallic nanoalloys.3 For more details of the

importance of this technique in nanoalloys characterization, see
section S1 of the Supporting Information as well as ref 3.
Differential scanning calorimetry (DSC) is also a useful but

slightly exploited technique in the study of nanoalloys.
Segregated phases and mixed alloys have clearly different
behaviors in melting processes: the first shows well-defined and
separated melting points corresponding to the constituent
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Revised: December 15, 2016
Published: December 16, 2016

Figure 1. Schematic representation of the possible mixing patterns or
chemical ordering in binary metallic nanoclusters: (a) core−shell type
array, (b) subcluster phase-segregated or “Janus” particle, and (c)
mixed nanoalloys or alloy at the atomic scale: ordered mixed (left) and
random mixed (right).2
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metals,4 while the second shows different melting points with
respect to those of the forming metals.4,5 So, the thermal
behavior of nanoalloys will depend on parameters such as the
particle size, structural arrangement, and its composition.
In this study, we emphasize the usefulness of the electronic

absorption UV−vis, Raman scattering spectroscopies, and DSC
in nanoalloys analysis. In particular, the Raman spectroscopy
technique has not been previously explored to obtain valuable
information about the probable ordering of noble metal and
semimetal atoms forming nanoalloys. It is important to remark
that the combination of different techniques is mandatory for
rigorous characterization of nanoalloys. More details of
fundamentals, characterization, and application of nanostruc-
tured alloys can be found elsewhere.2,3

Mixing Ag and Bi: Why Not? The sui generis physical and
chemical properties of nanostructured zerovalent bismuth (ZV-
Bi) and silver (ZV-Ag) have made them very attractive
materials, not only for fundamental purposes6,7 but also for
various in-common potential applications in solar energy
conversion,8,9 catalytic environmental remediation,10,11 electro-
chemical sensing,12,13 X-ray tomography,14,15 medicine,16,17

thermoelectric devices,18,19 long-term batteries,20,21 and so on.
Despite the attractiveness of Bi-rich nanoalloys,22−27 the use

of Ag as an enhancing agent of different properties28−30 and the
many in-common applications of nanostructured Bi and
Ag,8−21 Ag−Bi nanoalloys have only been modestly studied
(see the Supporting Information, section S2, for more details).
This fact is probably due to that in bulk form, the system is a
eutectic type with very little solubility of Bi in Ag and no
detectable solubility of Ag in Bi.31−33 According to Hume-
Rothery’s rules,34 the formation of Ag−Bi alloys would be
favored by (i) a narrow difference in atomic radii between the
corresponding atoms (<7%),35 (ii) the relatively close electro-
negativity values of Ag and Bi (1.93 and 1.90, respectively, on
the Pauling scale),35 and (iii) the relative strength of the
involved bonds (i.e., Bi−Bi = 200 kJ mol−1 is close to that of
Bi−Ag = 193 kJ mol−1, which is larger than that of Ag−Ag =
160 kJ mol−1).36 However, Hume-Rothery’s rules also predict a
major drawback for Ag−Bi alloy formation: the different
crystalline structures of Ag (fcc) and Bi (rhombohedral). That

is probably the main reason for the low solubility of Ag in Bi
(and vice versa) in crystalline bulk form. It has to be stressed
that the size of a material could be an important parameter
determining the atoms miscibility in metallic alloys;37 thus in
other cases where the solubility is limited the evidence suggests
the formation of nanoalloys. Examples of the latter are Cu−Pd
and Ni−Pd.38 There are also examples of pairs of elements that
are immiscible in the bulk phase but readily mix in finite
clusters.39,40 Nevertheless, this significant question remains
open for the case of Ag−Bi.
Until now, no conclusive experimental evidence has been

reported to date on whether the atomic mixing of Ag and Bi is
possible or not on nanoscale. This particular point is most
probably related to the intrinsic difficulty of such a challenging
analysis.
Considering the scarcity of literature addressing the synthesis

of nanostructured Ag−Bi alloys, the uncertainty about the
possibility of the formation of this nanoalloy and, in a positive
case, their probable structural arrangement; the principal
motivation of the present work was to synthesize AgxBi1−x
clusters (0 ≤ x ≤ 1) by mechanochemical activation as well as
their thorough structural characterization by SEM, TEM,
HAADF-STEM, and XRD. Furthermore, unprecedentedly,
the optical absorption, Raman scattering, and calorimetric
properties of AgxBi1−x nanoalloys were systematically analyzed.
The synthesized nanopowders were also tested for the
degradation of aqueous NO.

■ EXPERIMENTAL SECTION

Materials. Silver nitrate (AgNO3, Strem Chemicals 99.9%),
bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, Baker 98.0%),
and sodium borohydride (NaBH4, Mallinckrodt, 96%) were
used as received. Methanol (J.T. Baker, 99.95%) was dried,
prior to use, with activated 4 Å molecular sieves.

Synthesis Method. In a typical preparation of a Ag0.5Bi0.5
sample, 0.01298 g of AgNO3 and 0.03707 g of Bi(NO3)3·5H2O
were milled and homogeneously mixed in an agate mortar.
Afterward, 0.01805 g of NaBH4 was added under continuous
grinding. In this stage, the initial white powder turns into dark
gray. Then, a few drops of dry methanol were incorporated to

Figure 2. Absorption spectra obtained from diffuse reflectance (F(R) mode) for (a) Several samples of different Ag−Bi compositions and (b)
Ag0.5Bi0.5, ZV-Ag, and ZV-Bi samples compared with that made of a physical mixture or blend of ZV-Ag and ZV-Bi nanopowders, 50% mole fraction.
The spectra have been vertically translated for better clarity.
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the milling process and the reaction product got a gray−black
appearance. Then, the resulting methanol/powder mixture was
transferred to a glass vial and centrifuged. Then, the solid
precipitate was separated and washed twice with dry methanol.
Finally, a few drops of dry methanol were added to the
resulting powder, which was allowed to dry at room
temperature. For the rest of the samples, the atomic fraction
of silver (x) with respect to bismuth was varied as 0 (i.e., pure
bismuth), 0.1, 0.3, 0.5, and 1 (pure silver). To ensure the
complete reduction of metals, a molar excess of the reducing
agent of 1.5 times the stoichiometric amount was used in each
case.
Characterization Techniques. Electronic absorption spec-

troscopy in the UV−visible region, in diffuse reflectance mode,
was performed in an Ocean Optics DT 1000 CE UV−vis
spectrophotometer. XRD patterns were obtained in a Bruker
D2 PHASER diffractometer, using Cu Kα1 radiation (λ =
1.5406 Å), operating at 30 kV and 10 mA, and with a θ−θ
configuration. Scanning electron microscopy (SEM) was
performed with a JEOL JSM-5900-LV microscope operating
at 20 kV coupled to energy-dispersive X-ray spectroscopy
analysis detector (EDS). Conventional transmission electron
microscopy (TEM) was performed in a JEOL JEM 2010
microscope operating at 120 kV. The high-angle annular dark
field (HAADF) scanning transmission electron microscopy
(STEM) images were recorded in with a Cs-corrected JEOL
JEM-ARM 200F microscope operating at 200 kV; in addition,
EDS spectra were obtained. For TEM and STEM experiments,
the powdered samples were dispersed in ethylene glycol (J.T.
Baker, 99.6%), then allowed to precipitate; the sample was
taken from supernatant. The micrographs processing was
achieved with DigitalMicrograph v.3.7.0 software. Crystal
structures were modeled using Diamond Crystal Impact v.
3.2 (demo version) software. Differential scanning calorimetry
(DSC) was recorded in a QA Instruments Q2000 V24.10. The
Raman scattering spectroscopy study was performed in a
Thermo Scientific Micro-Raman spectrometer by focusing the
532 nm laser beam through a 50× microscope objective lens at
0.1 mW.

■ RESULTS AND DISCUSSION

The absorption spectra, recorded in the range of 265−500 nm
of the as-synthesized of ZV-Bi and ZV-Ag, as well as those of
Ag−Bi nanoalloys, are shown in Figure 2a. The spectrum of the
ZV-Bi is almost flat in the UV−visible range and shows an
abrupt drop in the near-infrared region because of above band
gap electronic transitions (see the Supporting Information,
Section S2); those features are in accordance with a previous
work.6

The spectrum corresponding to the ZV-Ag sample shows a
relatively broad band, between 335 and 450 nm, centered at
∼360 nm. This optical response is due to the localized surface

plasmon resonance (LSPR) effect, and it is a signature of the
presence of nanostructured ZV-Ag. The broadness of this band
is indicative of a relatively broad size distribution in the sample,
which is an inherent characteristic of powders obtained by
mechanochemical synthesis. TEM micrographs revealed that
this sample is composed of NPs whose sizes range from 3 to 40
nm, with a maximum around 3−5 nm (see the Supporting
Information, section S5). Another remarkable feature in the
spectrum of the ZV-Ag sample is the prominent band around
315 nm, located between 285 and 335 nm. This band has a
slightly overlapping with the LSPR band previously men-
tioned,41,42 and it results from the combined contributions of
the conduction electrons and interband transitions (IBTs) from
the 4d to the 5sp band, which are ultimately determined by the
chemical nature and the structural arrangement of the bulk-like
ordered Ag atoms.41

In contrast, the spectra of the Ag0.1Bi0.9, Ag0.3Bi0.7, and
Ag0.5Bi0.5 nanoalloys do not present a well-defined band
between 335 and 450 nm, like that corresponding to the
LSPR in the ZV-Ag sample (Figure 2a). We emphasize that,
according to ref 3, the presence of segregated Ag nanostruc-
tures in the nanoalloy samples would imply the development of
a LSPR band in the corresponding spectrum. Therefore, the
absorption profiles of the obtained nanoalloys suggest that no
significant amount of segregated Ag NPs is present in these
samples, and thus a preferably mixed Ag−Bi structure should be
expected, instead of a phase-segregated arrangement. Addition-
ally, sufficiently small Ag clusters (which cannot support
intense LSPR band), embedded and stabilized in the Bi matrix,
could also coexist in this structure. Moreover, the spectra of the
synthesized nanoalloys show a band between 290 and 350 nm,
even for low Ag concentrations. This band is located in a very
similar spectral range to that corresponding for ZV-Ag sample,
where interbands transitions have a significant weight. Also, this
band is better defined and intensified as the Ag atomic fraction
is increased.
These two features suggest that, despite the expected Ag−Bi

mixed structure of the nanoalloys: (i) the Ag atoms or its small
clusters appear to be arranged in a preferred Ag bulk-like order
within the Bi matrix and (ii) these Ag units grow with an
increase in the Ag atomic fraction. It is important to mention
that in strongly quantum confined Ag clusters (<2 nm),
electron transitions between occupied and unoccupied discrete
energy levels can also develop absorption bands in this spectral
range (∼280−350 nm).42,43 Also, no significant differences
were detected between the absorption spectra of the
synthesized nanoalloys and that of the ZV-Bi sample in the
near-infrared region (see the Supporting Information material,
section S2). This means that the Bi lattice does not suffer any
significant change (at least for this optical property) by Ag
atoms incorporation.

Figure 3. (a) SEM images of the Ag0.3Bi0.7 nanoalloy sample. The corresponding EDS elemental maps: (b) Ag (Lα1) and (c) Bi (Mα1). (d)
Overlapping of the previous elemental maps. The overlapping of red color of Ag in the elemental maps and yellow color of Bi gives the orange tones
in panel d.
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The absorption spectrum of a segregated alloy sample,
prepared through physical blending of ZV-Ag and ZV-Bi
nanopowders in 50% mole fraction (Ag + Bi), and those of
Ag0.5Bi0.5, ZV-Ag and ZV-Bi are presented in Figure 2b. As can
be seen, the spectrum of the Ag + Bi sample presents two
bands, centered at around 360 and 315 nm. These two band
positions match very well with those of the original ZV-Ag
powder. So the spectrum of the Ag + Bi sample roughly
resembles an average of those of ZV-Ag and ZV-Bi.
Furthermore, the spectrum of the Ag + Bi segregated sample
and that of the Ag0.5Bi0.5 alloy are clearly different; this fact
reinforces the suggestion of a predominantly ordered-mixed
structure in the AgxBi1−x alloys. This relatively simple technique
has offered valuable information to suggest a probable atomic
arrangement of the AgxBi1−x nanoalloys. However, other
complementary techniques are required for further verification
and a complete rigorous analysis.
Electron Microscopy. An SEM microgragh of the Ag0.3Bi0.7

sample and the corresponding elemental distribution mapping
for Bi and Ag, achieved by EDS, are presented in Figure 3a−c,
respectively. By overlapping these elemental maps (Figure 3d),
it can be noted that there exists microscale homogeneity of Bi
and Ag distributions, depicted by orange regions in the image.

Nevertheless, different zones of the sample are slightly richer
either in Bi (yellowish regions) or in Ag (reddish ones). Thus
no clear phase segregation is detectable on this scale in the
Ag0.3Bi0.7 sample. The overlapping of the elemental maps in
Figure 3d also clearly reveals the mixed structural arrangement
character of the sample. This result corroborates the absence of
segregated elements, as suggested by the UV−vis measure-
ments, and it confirms the sensitivity of this optical technique
to the distribution of the elements in the material.
Moreover, TEM micrographs of the sample Ag0.3Bi0.7 at

different magnifications are shown in Figure 4a−c; in this case,
the ethylene glycol seems to avoid the excessive agglomeration
of the particles, and it allows their discernment, despite the lack
of capping agents. No evidence of amorphous material in
neither oxide shell was detected. Furthermore, a relatively
uniform size distribution centered at ∼4 nm can be observed
for this sample (Figure 4d).
Similar results in SEM and TEM were obtained for the

Ag0.5Bi0.5 sample and are shown in Section S6 of the Supporting
Information; in this case, a uniform distribution of the elements
on microscale level with a narrow particle size distribution
centered at 14 nm was observed.

Figure 4. (a−c) Sequence of TEM images of the Ag0.3Bi0.7 sample dispersed in ethylene glycol and (d) size distribution histogram from image a.

Figure 5. (a) Bright-field and (b) HAADF-STEM mode images of the Ag0.3Bi0.7 sample; at right a magnification of the images is displayed. (c) Ag
(L) and Bi (L) elemental profiles along the yellow line across the particle in the inset. (d) Elemental maps of the observed particle, Ag (L), Bi (L,M),
and overlay (upper left corner).
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The high-resolution HAADF-STEM images and EDS
techniques were applied to investigate both cross-sectional
chemical compositional line profiles and elemental mapping on
the observed nanoparticles.
Figure 5a shows a representative HR-TEM image of a single

particle of the sample Ag0.3Bi0.7; the observed particle exhibits
high crystallinity and no evidence of amorphous material, like
oxide or contamination. Despite the Z difference between the
constituent elements, the contrast difference is not clear in
bright-field mode. Nevertheless, in the HAADF-STEM mode
image, displayed in Figure 5b (brighter dots and features), this
could correspond to Bi-rich zones (higher atomic number, Z),
while Ag-rich areas contrast in darker tones. This suggests a
uniform distribution of the elements in the nanoalloy particle
on this scale. This sort of contrast is typically observed in
micrographs of ordered nanoalloys, composed of well-differ-
entiated Z number of metal atoms, such as PtCo, PtNi, PtFe,44

or CuAu.45

The distribution of Ag and Bi on this scale was further
studied by EDS. In the Figure 5c, the EDS line profile of Ag
and Bi is shown; it was measured along the individual particle
shown in Figure 5a,b. Both Ag and Bi signals are clearly traced
across the entire particle, and this result reveals no evidence of
core−shell or any other phase-segregated distribution. How-
ever, the distribution of both elements is not homogeneous in
the particle because the profile indicates the coexistence of
bismuth-rich, silver-rich, as well as “mixed” regions in the
particle. Additionally, elemental mapping of the particle was
also achieved and is shown in Figure 5d, and the result confirms
the presence of both elements in the particle, without phase
segregation and the absence of oxide or other amorphous
material on this scale, hence corroborating the mixed nanoalloy
structure (Figure 1c) suggested by the UV−vis measurements.
Moreover, the profile of line scan and elemental mapping

seem to suggest that both elements exist in almost same
quantities in the particle; nevertheless, it is worth mentioning
that the stoichiometrical composition (Ag0.3Bi0.7) is not
necessarily the actual composition in each particle; this means

that the sample can be composed of particles with higher or
lower content of silver than the initial precursors proportion.
Because of this diversity in the composition, the response
observed in the material by “less punctual” techniques actually
corresponds to an “average” response, that is, the response of
an average composition.
Unfortunately, the exposure time for EDS line scan analysis

and mapping had to be reduced due to the frailty of the
nanoparticles to the high-energy electron beam of the
microscope conditions. In fact, structural fluctuations and
even melting processes have been observed in bismuth
nanoparticles when they are studied in TEM and STM.6,46

On the contrary, representative Z-contrast micrographs of
three different nanoparticles, of the Ag0.3Bi0.7 sample, are
presented in Figure 6a−c. Again, bright features in the
nanoparticles correspond to Bi-rich zones (higher atomic
number, Z), while dark tones correspond to Ag-rich areas. As
can be seen, patterns of intercalated bright and dark parallel
lines are present in the particles, resembling stacking fault
features. A zoom of the NP of Figure 6a is presented in Figure
6d. The graph inserted in Figure 6d depicts the dark/bright
contrast along the cyan line-mark, probably due to the
difference in the atomic numbers.47 Note that the dark lines
are thinner than 0.5 nm. This means that almost atomic-thick
Ag-rich layers are intercalated in between or inside the
crystalline planes of the bismuth majority phase, giving rise to
ordered mixed arrays. So, the inclusion of Ag foreign atoms in
the Bi matrix is presumably the origin of the observed stacking
fault features. See the Supporting Information material (Figure
S11, section S5) for more representative Z-contrast micro-
graphs. This is the first time that such structures are disclosed in
AgxBi1−x nanoalloys.

Raman Spectroscopy. Because the Raman scattering effect
is very sensitive to the crystalline structure of solids as well as
the presence of impurity defects in the corresponding lattice,48

the Raman technique was used to analyze the nanoalloy
samples obtained in the present work; results are presented in
Figure 7a. As can be seen, the characteristic signals of

Figure 6. (a−c) Representative HR-TEM images at low magnification, in Z-contrast mode, of Ag0.3Bi0.7 nanoparticles. (d) Zoom of panel a and a
graphical contrast along the cyan line over the particle.
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rhombohedral bismuth, at 74 and 98 cm−1,49,50 are present in
the spectrum of the ZV-Bi NPs. The presence of these two
well-resolved signals is indicative of the bulk-like crystalline
character and purity of the ZV-Bi NPs sample. The Raman
band around 74 cm−1 has been attributed to the Eg transverse
optical (TO) mode. This mode is ascribed to displacement of
the two Bi(0) atoms in opposite directions, traversed to the
body diagonal of the unit cell and parallel to the x−y plane (a ×
b),51 see Figure 7c. On the contrary, the signal at 98 cm−1

corresponds to the fully symmetric A1g mode. This is a
longitudinal optical (LO) mode, which consists of displace-
ments of the two Bi(0) atoms, in opposite directions along the
body diagonal of the unit cell;52 see Figure 7d.
The Eg mode in the spectra corresponding to the nanoalloy

samples (Ag0.1Bi0.9, Ag0.3Bi0.7, and Ag0.5Bi0.5) has a noticeable
asymmetrically broadening if compared with that of the pure
ZV-Bi NPs counterpart (Figure 7a). In fact, it can be observed
that the higher the content of silver in the nanoalloy the greater
the broadening of the band. Moreover, a broadening beyond
the 100 cm−1 is also a noticeable feature of the spectra of
nanoalloys.

On the contrary, the A1g mode in the spectrum of the lower
silver content samples (Ag0.1Bi0.9 and Ag0.3Bi0.7) is not greatly
altered if compared with that of the Eg mode. Furthermore, the
A1g band of the nanoalloy samples is located, in all cases, at 97
cm−1, as in the case of pure ZV-Bi NPs.
Considering now that (i) electron microscopy (HAADF-

STEM, particularly) analysis revealed the prevalence of the
crystalline lattice with Ag-rich zones in the nanoalloys and (ii)
the fact that the Eg (TO) mode consists of Bi(0) atoms
oscillating within the (211) crystalline plane (see Figure 7e,c),
the observed band broadening suggest that Ag(0) atoms are
preferentially accommodated along the (211) plane, interfering
with the transverse mode of Bi(0) matrix. Also, the relatively
small perturbation of Bi(0) atoms oscillations out of the (211)
plane (i.e., the A1g mode) supports the hypothesis of
preferential Ag(0) atoms accommodation within the (211)
plane.
However, it is also appreciable that at higher silver

concentrations the A1g mode in the spectra of the nanoalloy
samples is less defined than the Bi spectrum; this fact is due to
the A1g band overlapping with the high-energy branch of the

Figure 7. (a) Raman spectra of ZV-Bi NPs, Ag0.1Bi0.9, Ag0.3Bi0.7, and Ag0.5Bi0.5. (b) Rhombohedral unit cell of Bi(0). (c) Representation of the Bi
atoms displacement in the unit cell corresponding with Eg (TO) and (d) A1g (LO) phonon modes. The atomic displacements have been exaggerated
for major clarity. (e) Projection of the rhombohedral unit cell of ZV-Bi including the (211) plane shown in pink.

Figure 8. (a) X-ray diffraction patterns of Ag−Bi nanoalloys with different compositions. Y1, Y2 and Y3 denote those diffraction peaks of Ag(0) and
Bi(0) with very similar interplanar distances in both lattices; 14 more planes (which cannot be seen by XRD) are under analogous condition and are
listed in the Supporting Information, section S4. Representation of (b) fcc cell of Ag(0) and the corresponding compact hexagonal primitive cell, (c)
the compact hexagonal primitive cell of Ag(0) extracted from panel b, (d) a displacement through the diagonal line (translation operation) helping
visualization, and (e) the similarity between the compact hexagonal primitive cell of silver and the rhombohedral cell of bismuth.
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much broadened Eg mode. This situation is more strongly
manifested in the spectrum of the Ag0.5Bi0.5 sample (Figure 7a).
So, the quantity of heterogeneities induced by the Ag(0) atoms
insertion on the Bi(0) lattice has a direct effect on the bonds
length, bond energies, or their polarizabilty with a clear impact
in the Raman spectra of the resulting alloys. That is, phonons of
the Bi(0) matrix are being scattered by the alteration in the
lattice caused by the Ag(0) atoms insertion in the nanoalloys.
It is important to emphasize that the band broadening of the

Eg TO mode in the nanoalloys is clearly asymmetrical, and this
character is increased with the silver content. This asymmetrical
band broadening occurred more markedly toward the low-
energy branch than to the high-energy side of the band, where a
long tail was developed. The aforementioned asymmetrical
band broadening is typically observed in the Raman spectra of
solids with a considerable concentration of impurity defects,
and it has been described based on the phonon confinement
model,48,51−53 also known as correlation model. This is a
phenomenological model that correlates the so-called correla-
tion length (L), that is, the average size of the material
homogeneity region (the average distance between two lattice
defects, impurities, grain boundaries, interfaces, surfaces, etc.),
with the Raman line shape.52−54

The physical sense of the Raman band shift and broadening
is based on the uncertainty of phonon wavevector (k), in solids
with small L values (due to the spatial confinement), which
relaxes the bulk momentum conservation selection rule of k ≈
0, allowing wavenumbers Δk ≈ 2/L.52−54 So, the asymmetrical
broadening of a Raman band in solids with small L values is a
consequence of the phonon dispersion relation of the material:
Downward curvatures of the phonon dispersion relation would
mainly induce band broadening (and/or shift) to the lower
energy side, and upward curvatures would induce band
broadening to the higher energy branch in spatially confined
materials.54,55 It is important to mention that the phonon
dispersion relation of the alloy material could differ from that of
bulk Bi and the corresponding curvatures do not necessarily
have to be very similar.
The Raman spectra of the reference ZV-Ag NPs and the Ag

+ Bi powder blend samples were also obtained and are
presented in Figure S2 of the Supporting Information, section
S4. These results confirm that segregated silver is not
representative in our nanoalloys samples.
X-ray Diffraction. The XRD patterns of the different

nanoalloys, as well as the ZV-Bi and ZV-Ag NPs samples, are
show in Figure 8a. The diffraction peak positions correspond-
ing to ZV-Bi and ZV-Ag NPs samples match well with those of
the PDF 44-1246 and PDF 04-0783 for rhombohedral Bi(0)
and fcc Ag(0), respectively. The diffraction patters of the
nanoalloys are very similar to that of Bi(0), which is in
accordance with the prevalence of a bulk-like bismuth
crystalline structure in the nanoalloys observed by electron
microscopy. It is important to note that the relative intensity of
the diffraction peak at ∼38° is increased while increasing the
silver content in the nanoalloys.
Taking into account the fact that the electronic UV−visible

absorption and Raman spectroscopies results as well as Z-
contrast and HAADF-STEM characterization, it has been
confirmed that no segregated Ag(0) NPs or hierarchical growth
(texturized structures) occurred in the obtained nanoalloys; we
suggest that the marked increment in the intensity of the
diffraction peak at ∼38° can be ascribed to Ag(0) atoms
incorporation into the Bi(0) lattice following an ordering very

close to that existing in the (111) plane of bulk Ag, which
strongly diffracts the X-ray radiation at 38.15°. This suggestion
is also in accordance with the observed Raman band
broadening of the TO vibrational mode. The diffraction peak
at 37.98° (i.e., (211) plane) of bismuth and that at 38.15° (i.e.,
(111) plane) of silver have very similar interplanar distances of
2.369 and 2.359 Å, respectively. Moreover, rhombohedral Bi(0)
and fcc Ag(0) have at least 20 crystalline planes, not observable
by XRD, with very similar interplanar distances (differences
smaller than 2.3%, see the Supporting Information section S4).
Visualizing the fcc cell of Ag(0) in its corresponding compact

hexagonal primitive cell (Figure 8b), we can understand that
the rhombohedral lattice of bismuth (α = 57.23°, a = 4.75 Å) is
very similar to that of the compact hexagonal of silver (α = 60°,
a = 4.08 Å). So, accommodation of silver atoms within
crystalline planes of Bi(0) would presume Ag atomic
arrangement in the Bi matrix with an spatial distribution very
similar to that in the pure Ag crystal; see Figure 8b.
To explore the possible lattice deformation of the bismuth

matrix, because of the incorporation of silver atoms in the
nanoalloys, diffraction peaks around 39, 49, 62, 71, and 72°
were analyzed (see the Figure S4 in the Supporting
Information, section S5). It is important to remark that only
crystalline planes of Bi(0), and not any of Ag(0), contribute to
the intensity of these peaks (see PDF 44-1246 and PDF 04-
0783). The bismuth contribution, obtained by deconvoluting
the peak around 44.5°, was also included in this study (see
Figure S3). The analysis of all of the mentioned diffraction
peaks revealed that the lattice of the bismuth matrix gets
strained (contracted), when compared with that of pure Bi(0),
for Ag molar fractions smaller than 0.2 to 0.3. This fact points
out the substitutional insertion of the smaller silver atoms in the
bismuth matrix for nanoalloys with low concentration of silver.
For nanoalloys with molar fraction of Ag larger than 0.2 to 0.3,
the lattice of the bismuth matrix suffers tensile strained
(expanded) if compared with that of pure Bi(0). We assume
that with the increase in silver content in the nanoalloys the
substitutional Ag insertion capability gets saturated and the Ag
insertion takes place at interstitial positions, expanding the
lattice of the matrix. Those features are also signature of silver
atoms incorporation into the Bi(0) matrix.

Differential Scanning Calorimetry. The melting point
depression due to decreasing size in pure materials56 or for
impurity additives57−59 is a well known phenomenon. So,
changes in the melting point with respect to those of the
forming counterparts could give information on the atomic
ordering of nanoalloys. Results of the DSC analysis of a sample
made of a physical mixture of ZV-Ag and ZV-Bi nanopowders
in 50% mole fraction and those of Ag0.5 Bi0.5 and Ag0.3Bi0.7
nanoalloys are presented in Figure 9. The Ag + Bi NPs mixture
sample shows two endothermic peaks, one at 270 °C and the
other at 373 °C. The peak at 270 °C is ascribed to the melting
of the Bi(0) component. Bulk Bi(0) melts at 273 °C, and
nanoparticles of this material can melt at lower temperatures
(∼265−270 °C) for particle sizes ranging from 15 to 40 nm.60

The peak at 373 °C can be attributed to the melting point of
the ZV-Ag NPs. The melting point of bulk silver (962 °C) can
drop hundreds of degrees for particles with size smaller than 50
nm.61

The melting processes observed at 158, 214, and 259 °C in
the Ag0.3Bi0.7 nanoalloy sample, lower than those detected for
Ag(0) and Bi(0) NPs, indicate the Ag atoms insertion as
impurity within the Bi matrix. These three different melting
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temperature values might obey to heterogeneous distribution of
Ag atoms and or multimodal size distribution in the nanoalloy.
Analogously, three melting points at 170, 250, and 260 °C are
observed in the Ag0.5Bi0.5 sample. In both nanoalloys, a
shoulder is observed around 269 °C that fairly matches the
270 °C value found for the Bi(0) NPs sample. It is important to
mention that no endothermic peaks were observed around 370
°C in none of the nanoalloy samples, indicating that no
segregated Ag(0) NPs are present in the nanoalloys; this is in
accordance to all of the previous results presented in this work.
Our results clearly contrast with those obtained in bulk Ag−

Bi alloys, where the solubility of Bi in Ag is <0.03 molar fraction
of Ag and with negligible solubility of Ag in Bi.31−33 So, size
effects are the main reason for our finding. As it was mentioned,
the difference in lattice parameters and angles between the
compact hexagonal primitive cell of Ag(0) (α = 60°, a = 4.08 Å,
Z = 1) and those of rhombohedral Bi(0) (α = 57.23°, a = 4.75
Å, Z = 2) constitutes a weak driving force for the atomic mixing
in bulk and nanostructured forms, according to Hume−
Rothery’s rules.34 As revealed by Raman and XRD analysis,
the Ag−Bi nanoalloys formation implies a clear lattice
deformation, with respect to those of the constituent materials
(see Figure 7, Figure 8, and Figures S3 and S4 and related
comments). The stability of a material with such lattice stress
requires high surface tensions that can only be reached in
systems with high surface to volume ratios.37,62−64 So, we
consider that this argument is reasonable to explain the
formation of AgBi on nanoscale, with a wide range of Ag molar
fractions, in contrast with what is reported for bulk. Analogous
surface energy contribution, to overcome bulk limited
solubilization, has been argued for the stabilization of different
nanoalloys.42,65−67

Finally, the interaction of Ag NPs, Bi NPs, and Ag0.3Bi0.7
nanoalloy with aqueous nitric oxide (NO) was achieved for
qualitatively testing of the reactive activity of the obtained NPs.
It was observed that when the Ag−Bi alloy and Ag powders get
in contact with the NO-rich water, the concentration of NO
quickly decreases until 30% with respect to the control
experiment within a minute (see Figures S12 and S13).
Then, a broad band around 300 nm is developed in all cases.
This band is characteristic of NO3

− ion absorption (Figure
S14), suggesting the NO transformation into NO3

−. After the
abrupt initial diminution of the NO concentration, the rate of
NO degradation is quite similar in all cases, including that

occurring in absence of NPs; see Figure S13. The formation of
AgNO3 and an uncommon bismuth subnitrate (Bi6O6(OH)3]-
(NO3)3·1.5H2O) was detected after the reaction; see Figures
S15−S18. Thus no significant reactive activity after the first
minute of contact indicates that the reaction products are not
active for NO degradation; similar situation has been described
by Gong and coworkers,68 where efficient phenol degradation
assisted by an Ag−Bi composite is achieved; nevertheless, the
consequent transformation of ZV-Ag and ZV-Bi into
corresponding oxides is evident. In our case, a higher NP
loading could lead to a larger reaction advance; research is in
progress. For more details, see section S6 of Supporting
Information.

■ CONCLUSIONS

Silver−bismuth binary nanoalloys can be successfully prepared
by the mechanochemical reduction method, a straightforward,
inexpensive, and solvent-free pathway, carried out under room
conditions. A predominant ordered-mixing structure is
obtained in these Agx−Bi1−x nanoalloys in a wide range of Ag
molar fraction (x = 0.1 to 0.5); this conclusion was drawn from
the analysis of combined results from UV−vis, Raman, HAAD-
STEM, Z-contrast, XRD, and DSC. No segregated Ag NPs
were detected in the nanoalloy samples. It is remarkable that
although the silver−bismuth system has a reduced mutual
solubility in bulk,31,32,34 a good silver solubility in bismuth on
the nanoscale has been observed, even in high concentrations
of silver. This is probably due to their fairly well-matched
crystal structures in addition to energetic and size factors that
seem to allow the nanoalloying of the elements. The obtained
nanoparticles effectively degraded NO, but a fast oxidation
process of Ag and Bi was observed, too. AgNO3 and
[Bi6O6(OH)3](NO3)3·1.5H2O were detected as reaction
products.
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a b s t r a c t 

The nanostructured alloys of the Pd–Ag system have shown outstanding properties due to the synergistic effects 
of the alloying; additionally, it is a system that meets very well the Hume–Rothery rules for alloys formation and 
hence, shows complete miscibility at all compositions, especially at the nanoscale. Consequently, several synthetic 
routes have been already explored. In this work a novel and relatively low cost mechanochemical synthetic 
route to obtain nanoparticles of this bimetallic system is presented. The entire characterization suggests the 
formation of a nanostructured alloy in all samples, as well as, the lack of segregated pure metals. Suzuki–Miyaura 
cross-coupling reaction was used as model reaction in order to evaluate the catalytic activity of the synthesized 
Pd 100- x Ag x alloys, which have behaved as an excellent heterogeneous ligand-free catalyst. The reaction can be 
achieved under mild conditions, with low catalyst loadings; these catalysts also maintained most of their activity 
after successive catalytic cycles with high yields. Furthermore, the observed activity seems to be due not only 
to Pd content, but to the nanoalloy is having a role in the catalytic process. Therefore, the cost of the catalytic 
reaction could be reduced by using PdAg nanoalloys. 

1. Introduction 

The Pd-based nanostructured alloys (NAs) have attracted much in- 
terest and have become a hot topic because in many cases the alloying 
not only combines the properties of the individual constituents but also 
shows an enhancement in specific properties because of the synergistic 
effects, displaying consequently outstanding properties, different from 

their bulk counterpart, for example: distinctive magnetic features [1] , 
electrocatalytic behavior [2–4] , as well as excellent catalytic activity 
[5–7] . 

Furthermore, for catalysis applications the diminution in the content 
of palladium is one of the most recently challenges due to the cost and 
limited reserves of noble metals like Pd. In consequence, the use of Pd 
nanoalloyed with metals like Fe, Co, Ni or Ag [8–11] has become a good 
approach for this purpose. 
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In this way, alloying Pd and Ag could not only modify the properties 
of Pd, improving its performance and resistance, but also largely reduc- 
ing its cost (atom-economy) [12 , 13] as catalyst in some reaction typ- 
ically catalysed by Pd-based species; for example, the Suzuki–Miyaura 
cross coupling reaction [14–21] . 

The Pd–Ag alloy system shows complete miscibility at all composi- 
tions in bulk because it is a very favoured system: both metals have fcc 
lattice, they have no important disparity in electronegativity ( Δ𝜒 = 0.27 
on Pauling’s scale) and with respect to palladium their radii and vapor- 
ization heats have only 5% and 28% of difference, respectively. Further- 
more, this bimetallic system follows Vegard’s law in bulk, with only a 
slight deviation [22 , 23] . 

Through to above, this is a system that has already begun to be 
studied; and several synthetic routes for obtaining Pd–Ag bimetal- 
lic nanoparticles (NPs) have been explored, including the irradiation 
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method, solvothermal, electrodeposition and galvanic displacement, as 
well as, by chemical reduction in colloidal dispersions [2 , 24–26] . Nev- 
ertheless, it is possible to obtain these nanoalloys by mechanochemical 
synthesis; it is an innovative route that implies a chemical reduction 
achieved in solid state, carried out under room conditions using small 
amounts of solvents and with the possibility to obtain high yields (in 
comparison with other chemical methods) [27–34] . Such method has 
been already used in the synthesis of metal NPs; however, it has begun 
to be successfully used for nanoalloys synthesis, even in less favoured 
systems [28] . In this contribution Pd 100- x Ag x nanoalloys have been syn- 
thesized by this novel and relatively less expensive synthetic route; the 
nanostructured alloys were properly characterized in order to elucidate 
the predominant arrangement of the elements in the alloy, and their 
catalytic activity toward Suzuki–Miyaura reaction was studied. 

2. Materials and methods 

2.1. Materials 

For the synthesis of Pd–Ag NPs, the following chemical reagents 
where used: silver nitrate (AgNO 3 , Stream Chemicals, 99.9%), pal- 
ladium chloride (PdCl 2 , Sigma Aldrich, 99%), sodium borohydride 
(NaBH 4 , J. T. Baker 98%), methanol (Merck, 99.95%), acetone (J.T. 
Baker, 99.95%). Prior to its use, methanol was purged with argon (Ar, 
Praxair Inc., 99.998%) and dried for 24 h over 4 Å molecular sieves 
(Linde). 

2.2. Synthesis pathway 

In a typical preparation for example of a Pd 90 Ag 10 sample, 63.60 mg 
of PdCl 2 and 7.23 mg of AgNO 3 were milled in an agate mortar until 
the mixture was homogeneous. Then, 85 mg of NaBH 4 was incorporated 
and the reaction mixture was ground again, until the initial red pow- 
der turned dark grey. Afterwards a few drops of methanol were added. 
The obtained slurries were centrifuged for 10 min and separated from 

solvent. The collected powders were washed several times suspending 
them in a 1:1 mixture of acetone – deionized water. Then, the solid is 
separated by centrifugation, which is finally allowed to dry at room tem- 
perature. The synthesis of the other Pd 100- x Ag x nanoalloys (with x = 0, 
10, 50, 90 and 100) powders was carried out in the same way and each 
type of these nanoalloys samples was prepared at least three times. 

2.3. Characterization techniques 

Electronic absorption spectroscopy in the UV − visible region, in dif- 
fuse reflectance mode, was performed in an Ocean Optics DT-1000 

CE UV/vis fiber optic spectrometer. Powder X-ray diffraction (XRD) 
patterns were obtained on a Bruker D2 PHASER diffractometer, using 
Cu K 𝛼 radiation ( 𝜆= 1.5417 Å), operating at 10 mA and 30 kV, with a 
𝜃–𝜃 configuration and equipped with a Ni-filter for Cu K 𝛽 radiation. 
The X-ray photoelectron spectroscopy (XPS) measurements were per- 
formed in a Physical Electronics VersaProbe II spectrometer, using Al K 𝛼

monochromatic radiation. Scanning electron microscopy (SEM) was per- 
formed with a JEOL JSM-5900-LV microscope operating at 20 kV cou- 
pled energy-dispersive X-ray spectroscopy analysis detector (EDS). The 
High Angle Annular Dark Field (HAADF) Scanning Transmission Elec- 
tron Microscopy (STEM) experiments were achieved in a C S -corrected 
JEOL JEM-ARM 200F microscope operating at 200 kV coupled with EDS 
detector. For STEM experiments, the powdered samples were dispersed 
in ethylene glycol (J.T. Baker, 99.6%) then allowed to precipitate; the 
sample was taken from supernatant. The micrographs processing was 
achieved with DigitalMicrograph v.3.7.0 software. 

2.4. Catalysis tests 

For the Suzuki–Miyaura cross-coupling reaction, phenylboronic acid 
(Aldrich, 95%), 1-iodo-4-nitrobenzene (Aldrich, 98%) and K 2 CO 3 (J.T. 

Baker, Anhydrous granular, 99%) were used as reagents; also ethanol 
(Absolute, J.T. Baker), hexane (hexanes, J.T. Baker) and ethyl acetate 
(J.T. Baker) as solvents. 

For the reaction, 2.2 mmol of phenylboronic acid, 2 mmol of 1-iodo- 
4-nitrobenzene and 4 mmol of K 2 CO 3 were added to 12 mL of a mix- 
ture ethanol: H 2 O (3:1 v/v ); the reaction was initiated by addition of 
0.02 mmol (1 mol%) of the Pd 100- x Ag x nanoalloy. This resulting mixture 
was heated under reflux and monitored by thin layer chromatography 
(hexane, three runs). The reaction suspensions were allowed to warm up 
to room temperature and the product was dissolved with ethyl acetate 
(15 mL) and then, 10 mL of water were added. The resulting suspension 
was centrifuged and the combined organic phase was then separated 
and concentrated under vacuum. The isolated yellow solid was washed 
with water (15 mL), filtered and dried under vacuum. The product was 
analyzed by 1 H and 13 C NMR as well as IR spectroscopy. The NMR spec- 
tra were obtained using a Bruker Ascend-400 (400 MHz) spectrometer; 
chemical shifts ( 𝛿) are given in ppm and coupling constants J are given 
in Hz whereas the IR spectra were collected in a Thermo Scientific Nico- 

let iS5 with the iD5 ATR accessory (see Supporting Information). 
In addition, other common catalytic model reaction was tried, 4- 

nitrophenol reduction in aqueous solution with formic acid in presence 
of Pd 100- x Ag x nanoalloys (a full discussion and details are included in 
the Supporting Information about the inconveniences of this model re- 
action). 

3. Results and discussion 

3.1. C haracterization 

3.1.1. Electronic absorption spectroscopy 

As it had been described in a previous work [28] , electronic absorp- 
tion spectroscopy (UV − vis) is a powerful technique (also simple, cost- 
effective, time-saving and noninvasive) that offers valuable and accu- 
rate information on the atomic arrangement of bimetallic nanoalloys. In 
this context, Fig. 1 (a) shows the absorption spectra of the as-synthesized 
Pd 100- x Ag x samples, as well as those for pure palladium ( x = 0) and pure 
silver ( x = 100). 

In the case of pure silver the spectrum displays two characteris- 
tic bands: the first, a broad band between 335 and 450 nm, centered 
at ∼360 nm due to the localized surface plasmon resonance (LSPR) ef- 
fect; its broadness is indicative of a relatively broad size distribution in 
the sample, which is an inherent characteristic of powders obtained by 
mechanochemical synthesis and it is the characteristic signature of the 
presence of nanostructured Ag. The second is a prominent band located 
between 280 and 335 nm centered at ∼315 nm, this band is slightly over- 
lapping with the LSPR band and it results from the combined contribu- 
tions of the conduction electrons and interband transitions (IBTs) from 

the 4d to the 5sp band. All these optical features have been described in 
a previous work [28] . Instead, the spectrum of pure palladium is totally 
flat and does not show a plasmon in the UV − visible studied region, as 
has been already reported [35 , 36] . 

On the other hand, in the case of the bimetallic samples, the spectra 
of all compositions do not present the well-defined LSPR band between 
335 and 450 nm (even those with higher silver content), this implies 
the absence of segregated Ag nanostructures in the samples i.e. , the ab- 
sence of sufficiently large Ag clusters that could support an intense LSPR 

band. Furthermore, the spectra of the samples with higher silver content 
( x = 50 and 90) show a band between 290 and 350 nm, this band is lo- 
cated in a very similar spectral range to that corresponding for pure Ag 
sample. Whereas in the spectra of a simple physical mixture of 50% at. 
Pd + 50% at.Ag ( Fig. 1 (b)) it is possible to observe the LSPR band. 

These two features suggest: (1) the lack of segregated silver and 
the consequent formation of the Pd–Ag nanoalloy and (2) the ordered- 
mixing pattern is probably the predominant arrangement in these alloys 
( Fig. 1 (c)–(e)). In this context, theoretical studies predict a core-shell 
array as more stable mixing pattern for Pd–Ag clusters; nevertheless, 
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Fig. 1. Absorption spectra obtained by diffuse reflectance mode for: (a) The Pd 100-x -Ag x samples and (b) comparison with a physical mixture of Pd + Ag. The spectra 
have been vertically shifted for clarity. On the right, schematic representation of the possible mixing patterns or chemical ordering in binary metallic nanoclusters: 
(c) core–shell type array, (d) subcluster phase-segregated or “Janus ” particle and (e) mixed nanoalloys or alloy at the atomic scale: ordered mixed (up) and random 

mixed (down). [38] . 

factors such as temperature, composition of the cluster, as well as pres- 
sure of the some catalytic reactant can modify the distribution of the el- 
ements in the cluster as Kim and collaborators have pointed [37] . They 
also mention that internal structure of bimetallic clusters may differ 
from the structure that occurs at their thermodynamically most stable 
state. 

3.1.2. X-ray photoelectron spectroscopy 

Sengar and collaborators have reported that observed shifts of the 
binding energy ( E B ) values in core-level, as well as in valence band in 
the case of bimetallic nanoparticles can be provoked mainly by the fol- 
lowing effects: (1) size reduction effects; and (2) alloying effects, such 
can include lattice deformation induced by the incorporation of the out- 
sider metal in the host structure, charge transfer due to the electroneg- 
ativity difference and hybridization processes; furthermore, it was also 
reported that hybridization effects are stronger in alloy nanoparticles in 
comparison to monometallic nanoparticles at lower sizes [39] . 

In this context, core-level and valence-band regions were studied by 
XPS for all Pd 100-x Ag x samples, in order to study the electronic struc- 
ture of the samples and verify the effect of the silver incorporation and 
therefore, the nanoalloy formation. The results are displayed in Fig. 2 . 

In the first place, the of core-level Ag 3d region is displayed in 
Fig. 2 (a), it can be noted that in the case of pure-Ag sample, although 
the difference between both signals remains in ∼6 eV, the E B values for 
3 d 5/2 and 3 d 3/2 of Ag are shifted towards higher values with respect to 
the reported bulk position (dashed lines). These increases in binding en- 
ergy on decreasing the crystallite size have been reported for Ag and Au 
nanoparticles [39–41] , and thus, can be entirely attributed to the effect 
of size diminution. Additionally, in the case of the alloyed samples, a 
shift towards lower values of the core-level Ag 3d E B with respect to the 
pure-Ag sample can be observed; such is quite more notable as the Pd 
concentration increases. 

On the other hand, in the core-level Pd 3d region displayed in 
Fig. 2 (b), it is possible to observe that the E B values of 3 d 5/2 and 3 d 3/2 
of pure-Pd sample are also shifted towards higher energy values with 
respect to the bulk (dashed lines), probably due to the size diminution 

effect. It is important to note that this observed shift is less significant 
for Pd than Ag, since the size effect is less considerable for Pd [39] . In 
the case of Pd 100- x Ag x samples is important to notice that the core-level 
Pd 3d E B values stay almost constant as the Ag concentration increases. 

Both of them, the Pd concentration-dependant shift of Ag core-level 
values and the almost “static ” Pd core-level have been experimentally 
observed in bulk alloys of this system [42] ; in fact, in this case the core- 
level of Pd remains approximately constant until 70% of Pd and then, 
begins to shift towards higher E B values as silver content increases. In the 
context of a simple electronegativity depiction, charge transfer would be 
expected from less electronegative Ag to more electronegative Pd upon 
alloying. Nevertheless, Abrikosov and coworkers have explained this be- 
havior in terms of intra-atomic charge transfer, and a redistribution of 
charge due to bonding and hybridization [43] . 

Thus, the size effect shifts the E B values towards higher values with 
respect to the bulk reported ones, the alloying effect moves the core- 
level 3d energy to lower values in the case of Ag, and the observed 
response in the X-ray photoelectron spectra is subsequently the combi- 
nation of both, the effect of the size reduction and the alloying; i.e. , the 
shifts confirm the formation of the nanostructured alloy between Pd and 
Ag. 

Finally, in the case of the valence band region ( Fig. 2 (c)) the spec- 
trum of Pd shows a sharp cut-off of the 4d band at the Fermi energy ( E F ), 
[44 , 45] whereas in the Ag spectrum can be noted the well-known char- 
acteristic peaks, corresponding to the filled 4 d band and the sp band. 
[46] In the case of nanoalloys, these bands also suffer the shifts due to 
size effect and alloying effect, thus the centroid of Ag 4d band seems to 
shift towards lower E B values with respect to the pure Ag and this shift 
becomes more marked as the palladium content increases. Conversely, 
the centroid of the Pd 4d band slightly shifts towards higher E B values 
as the silver content increases. 

The resulting profile in the spectra can be attributed to the tendency 
of the Ag to fill the 4 d Pd band following the incorporation of silver in 
the Pd structure, i.e. the alloy formation. A similar effect has been ob- 
served for the Pd–Al system [44] . In fact, Coulthard and Sham state that 
the observed composition-dependent variations in the spectra suggest 
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Fig. 2. High resolution X-ray photoelectron spectra of 3d core-level of (a) Ag and (b) Pd; (c) Valence-band of the synthesized Pd 100- x Ag x nanoalloys; the valence-band 
spectrum of Ag was vertically shifted for clarity. 

that both Pd and Ag gain d charge in the alloys, necessitating a loss of 
non- d ( sp ) conduction electron counts at one or both sites to conserve 
charge. The less electronegative Ag would lose net charge; therefore, it 
must lose non- d ( s and p ) charge which is partially compensated by the 
d -charge gain. In the case of Pd, its slight d band shifts ( 4d as well as its 
3d core-level) suggest some non-d charge depletion at the Pd site. The 
overall charge redistribution agrees with electronegativity arguments. 
[47] 

Therefore, these results disclose the interaction between Ag and Pd 
in the samples, as well as evidence of relatively small particle sizes, 
consequently confirming the formation of a nanostructured alloy and 
not a mere mixture of the pure metals. 

3.1.3. X-ray diffraction 

The diffractograms for all synthesized Pd 100- x Ag x samples are shown 
in Fig. 3 . In the case of pure metals, the positions of the observed diffrac- 
tion peaks match well with those reported for Pd and Ag, respectively. 

In the case of the Pd 90 Ag 10 bimetallic sample no reflections due to 
pure silver or pure palladium were detected, implying the absence of 
the segregated monometallic phases, this is in agreement with the elec- 
tronic absorption observations. The observed peaks are in positions near 
to those reported for Pd but slightly shifted towards lower 2 𝜃 values 
( Fig. 3 (a)); this can be attributed to a lattice deformation due to the 
incorporation of silver atoms to form a substitutional PdAg nanoalloy. 
Taking into account that Ag has a larger atomic radius than Pd (144 
pm and 137 pm, respectively), an enlarged lattice for the nanoalloyed 
phase is expected and subsequently a shift to lower angles of its diffrac- 
tion peaks. This shifting of the diffraction peaks due to the development 
of an alloyed phase has been reported in similar bimetallic systems like 
Pd–Ni. [6] 

Another remarkable feature in the pattern is the broadening of the 
peaks, attributable to a smaller crystallite size with respect to the pure- 
Pd sample. This broadening is quite asymmetric, making the peaks more 
extended towards low angle values; this could be due to the contribution 
of particles with several lattice enlargement degrees. This can be then 
linked to a non-identical Ag distribution in every particle, giving place 
to the possibility of the coexistence of populations with concentration 
of Ag slightly different to the “stoichiometric ” or “average ” 10% at. 

By the refinement process applied on the experimental diffraction 
data of the Pd 90 Ag 10 sample (Fig. S2, Supporting Information) it was 

found that two sets of peaks could be present: one set whose peaks are 
below but close to the positions reported for Pd, suggesting the pres- 
ence of a Pd-rich alloyed phase i.e. , an alloy with a composition close 
to the stoichiometric Pd 90 Ag 10 ; and the other set whose positions are in 
slightly lower angle values, probably due to another alloyed phase with 
a higher silver-content. Assuming Vegards’s law for this system [22] , the 
secondary phase would have a silver concentration around of 17% at. It 
seems that this described broadening and shift of the diffraction peaks 
due to the formation of the PdAg alloy are characteristic of this system 

[48] . 
A similar scenario is present in the case of Pd 50 Ag 50 sample; how- 

ever, there broadening and shift of the peaks is more severe, covering 
a wide range of 2 𝜃; the refinement process indicates the coexistence of 
three alloyed phases (Fig. S2, Supporting Information). Additionally, a 
set of well resolved peaks appear above and close to the Ag positions 
that could be confused with silver peaks. Nevertheless, it is worth to 
mention that according to the electronic absorption spectra, the lack of 
LSPR band in the samples suggests the lack of segregated silver, and with 
XPS observations, the shift of core-level signals suggests an interaction 
between Ag and Pd. Furthermore, for comparison the diffraction pattern 
of a physical mixture of pre-synthesized Pd and Ag was also recorded 
( Fig. 3 (b)); in contrast with the Pd–Ag nanoalloy, in the mixture both 
Pd and Ag phases are identified separately. 

On the other hand, the Pd 10 Ag 90 seems to have the most homoge- 
neous silver distribution since it has the lesser broadening; its peaks 
appear at 2 𝜃 values slightly above of those for silver as would be ex- 
pected for this Ag-rich alloy. Nevertheless, as detailed in Fig. S2 a 
small contribution of a secondary phase seems to appear at higher 
2 𝜃 values. In fact, Ferrando and collaborators have demonstrated by 
means global optimization studies of this system that in Ag-rich bimetal- 
lic Pd–Ag nanoparticles it is possible to reach more ordered phase 
in comparison with the almost Pd 50 Ag 50 compositions [49] . This 
could imply a more homogeneous distribution of Ag atoms in Ag-rich 
nanoalloys. 

In conclusion, the obtained nanoalloys seem to have a non- 
identical distribution of the elements, giving place to populations 
with slight variations in their composition with respect to the stoi- 
chiometric or average; these variations can be an effect attributable 
to the synthetic method, affecting the distribution of silver in each 
particle. 
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Fig. 3. X-ray diffraction patterns of (a) the Pd 100- x Ag x nanoalloys and (b) comparison between Pd 50 Ag 50 sample and a mixture of Pd + Ag. 

Fig. 4. (a) SEM image of the Pd 50 Ag 50 nanoalloy sample and the corresponding EDS elemental maps: (b) Pd (L 𝛼1 ) and (c) Ag (L 𝛼1 ). 

3.1.4. Electron microscopy 

The results of the characterization by SEM as well as EDS of the 
Pd 50 Ag 50 sample are shown in the Fig. 4 . As can be seen in the ele- 
mental mapping results, despite seemingly Ag-rich zones in the sample 
(brighter zones in Fig. 4 (c)), the distribution of both elements is quite 
homogeneous, at least at this scale. Furthermore, no evidence of the seg- 
regation of the elements is presented, corroborating the results obtained 
by the optical response and XRD pattern of this sample. 

On the other hand, in Fig. 5 the HAADF-STEM characterization re- 
sults of the Pd 50 Ag 50 sample are displayed. As can be seen in the images 
of the Fig. 5 (a), (c) and (e), several particle sizes were obtained; Fig. 5 (b) 
shows the histogram of the particle size distribution, such seems to have 
a bimodal tendency but with a mean particle size of approximately 
6.5 nm. 

Fig. 5 (c) shows in more detail a particle of this sample, where it 
can be noted that despite the exhibited crystalline order, it is not sin- 
gle crystalline and instead is mostly multiple-twinned. These abundant 
multiple twinned structures corroborate the observed shift and broad- 
ening of the diffraction peaks due to the lattice parameter deformation. 
Furthermore, the EDS profile achieved along this particle ( Fig. 5 (d)) in- 
dicates that although the particle is formed by Pd and Ag, it seems to 
have a Ag-rich composition; it likely belongs to the population with sil- 
ver content above the stoichiometric, such as was indicated by the XRD 

observations. 
The Fig. 5 (e) shows a detail of another particle where twinning-type 

defects can be better appreciated, in fact, it seems to show the five small 
single-crystalline domains associated with (111) facets, forming a typi- 
cal 5-fold symmetry of an icosahedral-like structure observed in noble 
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Fig. 5. (a) Low magnification HAADF-STEM image of the Pd 50 Ag 50 sample and (b) particle size distribution histogram; (c) high magnification detail of a selected 
particle as well as its (d) elemental profile, Pd (L) and Ag (L) along the yellow line across the particle in the inset; (e) another selected particle and (f) reconstructed 
image from the inverse FFT; (g) a representative FFT of one of the single-crystalline domains in the particle and (h) simulated reciprocal lattice. 

mono- and multimetallic nanoparticles [50,51] . This is clearer in the 
reconstructed image by means of the inverse Fast Fourier Transform 

(inverse FFT) displayed in Fig. 5 (f). 
Additionally, the values of plane spacing measured in the FFT shown 

in Fig. 5 (g) seem to be intermediates with respect to the expected values 
for Pd and Ag. For example, 2.29 Å is higher than 2.24 Å, the spac- 
ing of the (111) Pd plane, but lower than 2.38 Å, the distance of the 
same plane in Ag. This trend can be also observed in the other mea- 
sured plane distances; these seem to match with an fcc structure with a 
lattice parameter value between Pd and Ag, i.e. 3.99 Å, approximately. 
Furthermore, the calculated 2 𝜃 positions (with Cu K 𝛼 radiation) for the 
reflections of these distances are 39.2°, 45.98° and 64.93°; such agree 
with the XRD observations ( Figs. 3 and S2). Similar observations have 
also been pointed out by Yin and co-workers for nanoparticles of this 
system [52] . 

Therefore, this sample seems to be composed of an fcc substitutional 
Pd–Ag nanostructured alloy with an Ag-rich composition. However, no 
zones with segregated Ag or Pd were detected nor segregated mixing 
patterns ( Fig. 1 (c) and (d)), all in concordance with the above charac- 
terization. 

3.2. Catalytic activity 

The C 

–C cross-coupling reaction between phenylboronic acid and an 
aryl halide, known as Suzuki–Miyaura is a reaction that has been ex- 
tensively studied and is considered a model reaction. Furthermore, this 
coupling reaction is one of the most efficient methodologies between the 
coupling reactions for the synthesis of biaryls using aryl halides and aryl- 
boronic acids, also is extensively used for the synthesis of natural prod- 
ucts, agrochemicals, unnatural amino acids, nucleosides and nucleotides 
derivatives, fine chemicals and pharmaceuticals intermediates [14–18] . 
In this section, the catalytic activity of the synthesized Pd 100- x –Ag x 
nanoalloys over the Suzuki–Miyaura reaction between phenylboronic 
acid and 1-iodo-4-nitrobenzene as model reaction was evaluated. 

In the case of the reaction conducted in the presence of suspended 
pure Pd NPs; the reaction was completed after 5 minutes and the desired 
product, 4-nitrobiphenyl, was obtained in 92% of yield ( Table 1 , entry 
1); the characterization of the obtained product is shown in Section S4 
of the Supporting Information. It is worth to mention that this result 
demonstrates that the as-synthesized Pd NPs have remarkable catalytic 
activity in the studied conditions instead of behaving as inactive species 
like the so-called “Pd black ” [53] ; moreover, the addition of any ligand 
or stabilizer was not needed. 

Although the good performance of the above mentioned, the diminu- 
tion in the content of palladium in this kind of catalysts, holding good 
activities, is one of the most recent challenges; in this context, the per- 
formance of the PdAg nanoalloys with a considerable silver-content was 
studied, i.e. the Pd 100- x Ag x samples with x ≥ 10. The results, summarized 
in Table 1 show that despite that a sensible increase in the reaction times 
is observed with Pd 50 Ag 50 and Pd 10 Ag 90 (entries 3 and 4, respectively), 
excellent yields are obtained. Additionally, in all cases, no by-products 
were detected and no evidence of the poisoning in the catalysts was 
observed. 

Besides, the catalytic activity of Ag NPs under same reaction condi- 
tions was practically absent, since the 4-nitrobiphenyl was not observed 
in the reaction even after 24 h ( Table 1 , entry 5). 

These results clearly indicate that the activity of the nanoalloys di- 
minishes as the content of silver increase; nevertheless, this effect does 
not seem to have a linear relationship with respect to the composition 
(the silver or palladium content). For example: the Pd 50 Ag 50 sample 
( Table 1 , entry 3) has only the half of the palladium of the pure-Pd 
sample ( Table 1 , entry 1); however, the observed reaction time for the 
Pd 50 Ag 50 sample is not the double of the reaction time observed in the 
Pd sample, neither the half of the reaction time of the Ag sample. 

It suggests that the activity observed is due not only to the quantity 
of Pd, instead the alloy is having a role in the catalytic process and 
thus, the observed response can be an effect of the alloying. Due to this, 
alloying Pd and Ag could achieve in the reducing cost of catalysts (atom- 
economy) and improving their resistance to poisoning [12 , 13] . 
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Table 1 

Suzuki–Miyaura reaction catalyzed by Pd 100- x Ag x nanoalloys. 

Entry Catalyst Reaction time Yield (%) a 

1 Pd 5 min 92 
2 Pd 90 Ag 10 25 min 93 
3 Pd 50 Ag 50 6 h 94 
4 Pd 10 Ag 90 19 h 97 
5 Ag 24 h 0 
6 Pd(PPh 3 ) 4 24 h 48 

Reagents: phenylboronic acid (2.2 mmol), 1-iodo-4-nitrobenzene (2 mmol), K 2 CO 3 (4 mmol), and catalyst 
(0.02 mmol) in 12 mL EtOH 

–H 2 O (3:1 v/v ); the reaction was monitored by thin layer chromatography (hexane, 
three runs). 

a Yield of isolated product, which was analyzed by 1 H and 13 C NMR as well as IR spectroscopy (Figs. S7–S13). 

Scheme 1. Suzuki–Miyaura cross coupling pathway representation [57 , 58] . 

The application of bimetallic systems such Pd–Ag as catalysts has 
been modestly studied, Chen and co-workers have applied Pd and 
bimetallic Pd–Ag nanoparticles supported in reduced graphene oxide 
(RGO) as catalysts in Suzuki–Miyaura and Sonogashira reactions and 
good yields have been observed with both: Pd and the bimetallic [8] . 
Whereas Jie and co-workers have used silver compounds as additives 
in Pd-catalyzed Sonogashira coupling, observing good yields too; they 
have proposed an important function of the Ag + species in the trans- 
metalation step in this catalytic cycle [54] . Nevertheless, the role of 
zero-valent silver in these cross-coupling reactions is not clear yet. Li 
and co-workers have studied the bimetallic PdAg catalyst for reductive 
amination of nitroarenes [48] . 

According to the obtained results and taking into account that: (1) 
the oxidative addition of the Ar 1 -X fragment over superficial palladium 

to yield the organopalladium Ar 1 -Pd 
2 + -X complex (which is indispens- 

able for the transmetalation process to give place to the cross-coupling 
product Ar 1 -Ar 2 , see Scheme 1 ) is the determining step in the catalytic 
cycle [54 , 55] ; and (2) the catalytic reactions on metal surfaces can be 
thought as soft–soft chemical reactions (especially with iodine as in this 
case) [56] . The observed alloying effect on the performance of the cata- 
lyst is probably due to a combination of this scenarios: (1) the presence 
of silver modifies the electronic structure (and thus, the chemical hard- 
ness) of palladium in such a way that the palladium is less susceptible for 
the reaction with iodine i.e. , less susceptible for oxidation; consequently 
the oxidative addition became slower than with pure Pd. (2) The in- 
teraction of iodine with the superficial Ag atom: Ag-I (both chemically 
softer and thus, more favoured) establishes a competitive process for the 

Pd-I interaction, also making the oxidative addition slower as the silver 
content increases. 

On the other hand, when the cross-coupling reaction was carried out 
employing Pd(PPh 3 ) 4 (a common catalyst for Suzuki–Miyaura reaction) 
under the same reaction conditions, the desired product was obtained 
only in 48% yield ( Table 1 , entry 6). Therefore, the outstanding advan- 
tages offered by the tested nanoalloys over Pd(PPh 3 ) 4 are: better per- 
formance in the reaction conditions (reflux in ethanol-aqueous media); 
as well as stability to air and moisture and easy recovery. 

Other important issue is the reuse capability of the catalyst; in 
this regard, the recyclability of Pd 90 Ag 10 nanoalloy in the model re- 
action was also tested, for this purpose 10 mol% instead of 1 mol% 

of the catalyst was used ( Table 2 , entries 1–6). After the first run 
(entry 1), the used Pd 90 Ag 10 sample was separated by centrifugation, 
and washed with water and ethanol, and reused in other five runs 
(entries 2–6); the desired 4-nitrobiphenyl was obtained in excellent 
yields in all cases and no significant loss of catalytic activity was 
observed. 

Furthermore, the recovered powder after each run was analyzed by 
XRD and compared with fresh Pd 90 Ag 10 nanoalloy. The results are dis- 
played in Fig. 6 where only reflections attributed to the nanoalloy are 
present in all diffractograms; the absence of additional peaks means that 
no additional phases are emerging in the catalyst ( i.e. there no evidence 
of phase segregation neither chemical decomposition of the catalyst) 
and the width of the peaks does not seem to be altered, consequently the 
NPs are not evolving into larger particles and suggest that the nanoal- 
loy could be used even for further runs. All above results demonstrate 
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Table 2 

Recycling catalyst in Suzuki–Miyaura reaction, all reactions were 
achieved during 5 min. 

Entry Catalyst a Yield (%) b 

1 Pd 90 Ag 10 (1st run) 97 
2 Pd 90 Ag 10 (2nd run) 97 c 

3 Pd 90 Ag 10 (3rd run) 98 c 

4 Pd 90 Ag 10 (4th run) 96 c 

5 Pd 90 Ag 10 (5th run) 97 c 

6 Pd 90 Ag 10 (6th run) 98 c 

Reagents: phenylboronic acid (2.2 mmol), 1-iodo-4-nitrobenzene 
(2 mmol), K 2 CO 3 (4 mmol). 

a 0.2 mmol (10 mol%) of catalyst in 12 mL EtOH 

–H 2 O (3:1 v/v ); 
the reaction was monitored by thin layer chromatography (hexane, 
three runs). 

b Yield of isolated product, which was analyzed by 1 H and 13 C 
NMR as well as IR spectroscopy. 

c Isolated yield of successive reused cycles. 

Fig. 6. XRD patterns of Pd 90 Ag 10 NPs before reaction and after each run. 

the high catalytic performance, the stability and the reuse capability of 
Pd 90 Ag 10 nanoparticles for this coupling reaction. 

In addition, other common catalytic model was tested, the 4- 
nitrophenol reduction with formic acid in presence of Pd 100- x Ag x 
nanoalloys. Despite that the as-synthesized nanoalloys have demon- 
strated to have activity for the aqueous 4-nitrophenol reduction to 4- 
aminophenol, under mild conditions and with moderated reaction times; 
the results also suggest the formation of by-products, such are undesired 
for a model reaction (see Section S3 of Supporting Information for fur- 
ther information about it). 

4. Conclusions 

The mechanochemical reduction method was a successful solvent- 
free procedure to synthesize Pd–Ag nanoalloys at room conditions in a 
wide gamut of Ag concentrations. This method is reproducible and it is 
possible to obtain a sufficient quantity (a few grams) for characterization 
and applications. 

According with the characterization, the obtained Pd 100- x Ag x sam- 
ples are composed by an fcc substitutional Pd–Ag nanostructured 
alloy; such electronic structure reveals an interaction between consti- 
tute elements. Furthermore, these disclose multiple-twined crystalline 
structure, with an ordered-mixed pattern as the predominant arrange- 
ment. Nevertheless, it was also found that the samples are composed by 
phases with concentration of Ag slightly different to the “stoichiomet- 
ric ” or “average ”, probably due to the non-identical Ag distribution in 
every host particle. This feature can be linked to the synthesis method 
and the energy involved in this process, as well as kinetic factors present 
in the bimetallic clusters. 

Finally, these Pd 100- x Ag x nanostructured alloys showed excellent 
catalytic activity in the evaluated model reaction, the 4-nitrobiphenyl 
was obtained in excellent yields and with moderated reaction times. 
However, the results also show that the reaction times using the nanoal- 
loys are considerably enlarged as the content of silver increases, al- 
though not with a linear correlation. Consequently, the catalytic activity 
does not depend only on the quantity of Pd but to the nanoalloy compo- 
sition, which seems to play a significant role in the catalytic process and 
thus, the observed activity can be an effect of the alloying and therefore, 
this study can help to design and identify the optimal catalysts compo- 
sition. 

Moreover, it is worth noting that the reaction could be achieved with 
low catalytic loads and under mild conditions with mild solvents. These 
heterogeneous alloyed catalysts are not sensitive to air and moisture, 
did not show evidence of poisoning and do not require the addition 
of any stabilizing agent; can also be easily separated by centrifugation 
and it can be reused up to for six cycles without any significant loss of 
activity. These results disclose that a reduction in the cost of the catalyst 
could be achieved effectively (atom-economy of Pd); therefore, it has the 
potential for large scale applications. 
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