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Abstract

Silver-nickel core-shell nanoparticles (NP) weregared by solvothermal hot injection
synthesis by simultaneous thermolysis/reductioAglO; and Ni(acag)precursors in the
hot mixture of octadecene and oleylamine. Oleyl&iacreases decomposition temperature
of AgNGQ; to that of Ni(acag)thus ensuring favorable reaction conditions. Titepared AgNi
NPs with different Ag/Ni ratios were completely cheterized. Dynamic light scattering
(DLS) and small angle X-ray scattering (SAXS) wesed for particle size characterization of
as-prepared AgNi colloids. There is no dependehteeoparticle size (13321 nm by SAXS)
on the Ag/Ni stoichiometric ratio, but the ultraldtvisible spectroscopy (UV-vis) reveals
that the intensity of the surface plasmon (SPRje#ses with increasing Ni content.
Transmission electron microscopy (TEM) verified thsults of DLS and SAXS and showed
spherical nanoparticle shape. Distribution of indiiial elements in the nanoparticles was
mapped by high resolution scanning transmissioctrele microscopy and energy dispersive
X-ray spectroscopy (STEM-EDS) and revealed thaie-ahell structure where an Ag nucleus
is covered by a thin amorphous Ni layer. Upon mggiid 400°C, Ni crystallization is
substantiated by appearance of diffractions irhigb-temperature X-ray powder
diffractograms (HT-XRD) and of a magnetic momentirhate phase separation was proven
by scanning electron microscopy and energy dispesiray analysis (SEM-EDS) in

samples heated to 100Q. The reaction course and nanoparticle formatiodied by DLS,



UV-vis, and Ag and Ni elemental analyses reveahdral Ag seed formation with

subsequent Ni overlayer deposition after 180 s.
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1. Introduction

Synthesis of metal nanoalloys is nowadays a vergaive and progressive topic, which
is intensively studied in academic and industaébratories [1]. The preparation of
nanoalloys is a challenging task due to their clsaimphase, and morphological variability.
High emphasis is especially placed on control @naital composition, crystal structure, size,
and shape and on tunability of their optical, maighéhermal, and catalytic properties [2].

Nanoalloys can be prepared by several methods. grtteam the solvothermal reduction
is highly advantageous, especially if it is carried in long-chain alkylamines, as they can act
as high boiling point solvents, reducing agentsl, surface capping species at the same time.
This technique produces well-dispersed, monodigpaasoparticles of metals and metal
alloys. For example, silver nanoparticles (NPs)enmepared in dodecylamine at 190-200 °C
[3]. Other long-chain alkylamines, such as octylamihexadecylamine, and oleylamine, were
also used for Ag NPs preparation and their infl@eoic the properties was observed.
Different alkylamines, for instance, produced NRthwlifferent diameters [4]. It is evident
that the nature of long-chain alkylamines has & imgpact on the NP formation. The most
commonly used long-chain alkylamine in NP synthes@eylamine [5] which is liquid at
laboratory temperature unlike saturated alkylamindsch are solid. Oleylamine was used
both for single-metal NP preparation, such as Aaftl Ni [7-12], and for nanoalloy NPs,
such as CuNi [13,14], CuAg [15,16], PdNi [17], Auf], AuPd [19], and PtNiFe [20].
Oleylamine acts as a solvent, an electron donarcapping agent. The reaction pathway of
reduction of a Cu(ll) precursor to Cu nanoparticles studied and oleylamine was shown to
be oxidized to imine by beta-H elimination [21].dKferent process was observed in
reduction of CoO to Co where-@ bond cleavage and beta-H elimination resulteldhii
and CO evolution and formation of olefins [22].

The AgNi alloy is a classic example of a systenhwitmiscible components both in
liquid and solid state [23]. This large miscibiliap is caused by a large difference in atomic
radii (14%) and positive heat of mixing (+15 to #2Bmol*) [24—26]. According to
molecular dynamics simulations [27] and densityetional theory (DFT) calculations [28],
small AgNi clusters (3061400 atoms) form almost perfect core-shell striestuwhere Ni
creates the core covered with an Ag shell. The@tasan have either centered or off-center
cores. These structures are the most favorableftmththe energetic and the kinetic point of
view. The Ni@Ag structure of small clusters-&2nm) was demonstrated experimentally by

low frequency Raman scattering [29] and low-eneogyspectroscopy [30,31].



Ni@Ag core-shell nanoparticles were synthesized byo-step reduction. First, a¥i
precursor was reduced by hydrazine to 9.2 nm Noparticles and then these Ni cores were
re-dispersed in an Agrecursor solution. Added hydrazine completelyteddhe surface of
Ni cores with the Ag shell [32]. The same resulswatained by galvanic coating of Ag on
Ni seeds [33]. Nanoparticles with an inverted Ag@bilie-shell structure have also been
synthesized. They were prepared by a facile onesstethesis in water-in-oil
microemulsions [34] or by a one-pot solvothermaitBgsis in oleylamine [35]. Several
routes to solid-solution AgNi nanoparticles hav&odbeen reported. Precursors could be
decomposed b%Coy source [36,37], reduced by NaB[24,38-40], or hydrazine [41]. In
addition, amorphous structures that are nonunifenman extremely small scale were obtained
by vapor quenching of magnetron sputtered allo2s4i8]. Mixing of components and
formation of solid solution is favored as the sifgarticles decreases. Positive enthalpy of
mixing has to be overcome by energy input, sudh &sser ablation [44-46], laser liquid
solid interaction [47,48], magnetron sputtering,p4q, Xe beam mixing [50], or vapor
condensation [51,52]. AgNi nanoparticles have q@epared in a solid solution form by
reduction of a film containing Agand Nf* ions in a fatty acids matrix by hydrazine
vapors [53]. AgNi could be used as a catalysttiergeneration of high-purity hydrogen by
hydrolysis of NaBH [35], hydrogen transfer reaction, hydrogenatiogarbonyl compounds
[54] or for multiple reduction [55]. Giant magnet¢sistance (GMR) was observed in
heterogeneous alloy films [56]. AgNi NPs were atdied for electromagnetic radiation
shielding applications [25].

Herein we describe the synthesis of AgNi core-sR& by the solvothermal hot
injection method from AgN@and Ni(acag)in a mixture of dry oleylamine and 1-octadecene
at 230 °C. Nanoparticles with different Ag/Ni consiins are characterized by a variety of
microscopic, spectroscopic and analytical techrsqegealing their core/shell structure

where Ag nucleus is covered by a thin amorphoulayér.



2. Experimental section

2.1 Preparation of AgNi NPs

Ni(acac) was purchased from Sigma-Aldrich and used asvedeAgNQ was of in-
house stock. Oleylamine (with content&J—-90 %) and 1-octadecene (90 %) were purchased
from Sigma-Aldrich, dried over sodium, distilledder reduced pressure and stored in a
Schlenk flask with molecular sieves.

For a typical synthesis Ni(aca@nd AgNQ (at different Ag/Ni ratios, the total amount
of 0.4 mmol) were placed in a Schlenk flask anccaaged/refilled with dry Bthree times.
Then dry oleylamine (4 cthwas added by a syringe. The mixture was heat&8 i to
dissolve precursors to a clear green solution. [@feine (16 cm) and 1-octadecene (20 &m
were added into a three-neck Schlenk flask ancedeaat120 °C under reduced pressure to
remove residual water and oxygen. After 20 minuuac was exchanged for dry ldnd the
temperature was increased to 230 °C. The Ag/Niyrsee solution was rapidly injected to
the hot mixture of solvents accompanied by a cdh@nge to black. After 10 min, the
reaction mixture was cooled down to room tempeesiua water bath and acetone (20°cm
was added to increase the yield by aggregating NRsprecipitate is then easily separated
by centrifugation and redispersed in hexane. Tbhdymt was washed twice by a mixture of
hexane and acetone (1:3 volume ratio) and finalipetsed in hexane and characterized. A
yield of 82.5 % was determined by ICP-OES. Purami Ag NPs were synthesized for the

sake of comparison by the same method using aesprgtursor.
2.2 Reaction course measurements

The oleylamine solution (4 chnof metal precursors (1:1 molar ratio) was injddteo a
hot mixture (230 °C) of oleylamine and octadecexiguotes (1 cm) of this reaction mixture
were withdrawn every 30 s and added to 16 afitold hexane. These solutions were
characterized by the DLS method. For the subseduiéntis measurements, the solutions
were further diluted by hexane to 1/3 concentrafibont of solution + 2 criof hexane).
Finally, acetone (5 cihwas added to 5 chportions of the original solutions, centrifuged,
decanted, and the dried precipitates were charaetefor Ag and Ni content by ICP-OES.

2.3 Characterization of AgNi NPs

Thermal stability of nanoparticle precursors waslgtd by the TG-DSC technique on a
STA 449C Jupiter (Netzsch) apparatus from 25 to®D0nder flowing nitrogen (70 ¢
min) with a heating rate of 5 K mih The Ni(acag)and AgNQ precursors (~15 mg) were



placed into alumina crucibles and heated first auttand then with a large excess of
oleylamine (0.05 cf)

The hydrodynamic diameter was determined by theayo light scattering (DLS)
technique on a Zetasizer Nano ZS (Malvern) instnirrehexane solution at 25 °C. The
samples were diluted and filtered by a syringefi{pore size 450 nm) to remove aggregates
and impurities. When the results were polydispessdimentation was used for removing of
distorting influences. Each DLS result is an averafithree measurements.

Small angle X-Ray scattering (SAXS) measuremente warried out on a Biosaxs 1000
(Rigaku) system at 25 °C with= 14 nm for 5 min. The samples were sealed inrirb
(O.D.) borosilicate glass capillaries (WIM-Glasat®were analyzed by both Primus and
Gnom software and the results were mutually contpare

The UV-vis spectra were obtained on a Unican UVHAr{@spec) spectrometer. The
samples were prepared by the same procedure B &rbut they were diluted to one fourth.

The AgNi NPs were characterized by transmissions&atning electron microscopy
(TEM, SEM). The TEM measurements were carried oua €M 12 TEM/STEM (Philips)
microscope with EDAX Phoenix EDS and on a JEOL JBEMIF microscope equipped with
an EDS detector and a CCD camera with resolutidk08fx1024 pixels. The samples for the
TEM measurements were dispersed in hexane andropefithe colloidal solution was
placed on a carbon-coated copper grid and alloweliyt by evaporation at ambient
temperature. STEM-EDS spectrum imaging of singleoparticles was performed on an FEI
Talos F200X S/TEM microscope equipped with a Chér&id Super-X EDS system. For the
SEM analysis, the samples were dried at ambierpeeature under inert atmosphere.
Analyses were performed on a LYRA 3 XMU FEG/SEM-3fiRroscope (Tescan) with an
Oxford Instruments X-Max80 analyzer for EDS anaysi

Powder X-ray diffraction (PXRD) measurements wexgied out on a SmartLab
(Rigaku) diffractometer with a linear detector, wa Cu lamp, fine focusc,; = 15.4060 nm,
Ako2 = 15.4443 nm ankikg = 13.9225 nm. The samples were measured in dgldyvabm
order in a transmission mode between two foils h(Hemperature measurements (HT XRD)
were carried out with samples placed in an HTK-¥gion Paar heating chamber with a
platinum strip under He atmosphere. The heatirgwais 5 K miit', delay 40 s and
measurement time 2 min at every temperature. Th&XRD pattern computation enabled the
identification of the coexisting phases and evatunabf their lattice constants and average

coherent domain sizes (crystallinity) using thetf-assisted Debye Scherrer equation.



Vibrating sample magnetometry was measured on a8d&&pplied Research
Corporation Model 4500 instrument. Dry powders waympressed to pellets. The samples
were also heated with a heating rate of 4 Kin

The metal content was analyzed by inductively cediplasma optical emission
spectroscopy (ICP-OES) on an iCAP 6500 Duo (Therspertrometer. The dried AgNi NPs
were completely dissolved in HN(diluted, and characterized. Elemental analyse$i(C
and N) were performed on an EA-1108 Analyzer (Fssimstruments) at UP Olomouc.

3. Results and discussion

AgNO; and Ni(acag)are common precursors for the synthesis of cooredipg metal
and metal oxide nanoparticles [3810-12,24,34,35,3841,54]. We used thermal analysis to
compare their stability and decomposition behauimder N in order to use them for the hot-
injection synthesis of the AgNi alloy NPs. Silvetrate is a relatively stable chemical
compound (mp 212 °C, bp 440 °C dec.). In our TG/R@eriment (Fig. S, it
decomposed at 460 °C under nitrogen. The total hoasf 36.5 % is in accordance with the
expected value for its conversion to metallic A§.E® %). Two endothermic effects at 162
°C and 209 °C were assigned to the modificatiomgka and melting point, respectively
[57]. In the presence of excess oleylamine (bp 834 AgNG; is thermally decomposed
already at 212 °C (Fig. $L The TG/DSC analysis of Ni(acacshowed an endothermic
effect at 225 °C which is close to its melting gd229 °C) (Fig. S®). This temperature is
also the onset of multistep Ni(acadgcomposition [58]. The observed total mass |68®
% is in agreement with the theoretical value fa ¢bnversion to metallic Ni (77.16 %).
Thermal behavior of Ni(acacin excess oleylamine was completely different abruptly
transformed at 225 °C to metallic Ni (Fig.133Both precursors thus decompose in
oleylamine at similar temperatures and could bel Gisethe AgNi NP preparation by the
solvothermal hot injection synthesis at 230 °Ccfadecene was added as a co-solvent based
on related synthetic procedure [13]. The reactisere carried out by a standardized protocol
with the Ag/Ni stoichiometric ratios given in Talde The nominal Ag/Ni ratios of the
precursor mixtures are reflected in the elemergaiposition of the isolated nanoparticles
(ICP-OES) attesting to complete decomposition @hlpwecursors.

The dependence of nanoparticle size on their elesheomposition (ICP-OES) was
studied by the DLS technique which provides thyges$ of data for description of prepared



nanoparticles. The particle sizes expressed asrages are summarized in Table 1 and the
weighted averages of hydrodynamic diameter (basdmjbt intensity) and polydispersity
indices (Pdl) are given in Table §IThe Z-average values can be used for comparigbn w
sizes obtained by other characterization technicgesh as SAXS. This comparison is given
in Table 1. Models of average AgNi nanoparticlegenlaeen calculated based on the SAXS
data by ab initio calculation (Fig. $4 They show an irregular particle for a high Nntent
while a nearly spherical shape resulted for a lawdwtent [59].

The AgNi NPs phase composition and particle size lieeen characterized by the PXRD

technique and by application of the Rietveld-assif2ebye-Scherrer equation. The as-
prepared nanoparticles were dried under flow ofrdinpgen and then measured. The PXRD
measurements of these nanopowders revealed onlgaliAey diffractions. This effect could
be explained in combination with the TEM/STEM/ED®I&HRTEM results (see below).
Nickel creates a thin layer on the silver core beldaves as amorphous or poorly crystalline
material and thus could not be detected by PXRDBk#licrystallization with increasing
temperature is confirmed by appearance of itsatiffons during the HT-XRD measurement
at 400 °C (see below). Average coherent domairs €imd lattice paramete®) (Of the as-
prepared AgNi NPs were calculated. There is no nidgece of diameter on the composition.
Also the lattice constant displays non-Vegard be&rehecause of immiscible nature of the
AgNi system and metal separation in core/shell NPs.

Table 1: DLS, SAXS and PXRD characterization of paticle size for the AgNi NPs with
different compositions

A L%
g(mol%) | \v 20 31 39 41 54 60 59 70 75 80
Nominal
Ag (mol%)

11 18 32 41 49 59 60 63 73 77 83
ICP-OES
DL

S 28 28 25 26 23 28 28 25 25 31 25

(d=nm)
SAXS - - 15.2 149 128 205 - 149 182 - 20.9
(d=nm)
PXRDP

- 111 6.7 - 6.6 7.9 - - 6.9 - 6.7
(d=nm)
a(A) - 4.089 4.093 - 4.094 4.091 - - 4.104 - 4.094

aZ-Average "Average coherent domain size.



As can be gleaned from Table 1, the Ag/Ni ratio ¢xaly an insignificant effect on the
particle size obtained by all three methods. Tmepdes were in fact monodisperse or only
slightly polydisperse according to the DLS and SAX&8asurements. The SAXS method is
sensitive to differences in electron density (¥2@9 nm) while DLS measures larger
hydrodynamic diameter (231 nm) which includes the surface organic layee $AXS data
were analyzed by both Primus and Ghom programswRrcan fit and evaluate the integral
parameters from Gunnier and Porod plots, sucheagatlius of gyration. Gnom can evaluate
the particle distance distribution function (morsgdirsive function) and the size distribution
function (polydispersive function) [60]. Both pregns were used and the results were
mutually compared with the help of special scriptst we wrote for finding the best fit. The
results of Primus and Gnom fitting for the AgNi ogarticles with 73 mol% Ag are
compared in Fig. S5 and §68Curve fitting is of high quality and fitted deaage in full
accordance with experimental data in both cases.nbst frequent size of the prepared AgNi
NPs and radius of gyration are also in excellené@ment. Table 1 summarizes the patrticle
size data obtained from Gnom.

The size, shape, and polydispersity of the AgNi MRk different compositions were
also characterized by TEM (Fig. 1). Pure Ni andM®s were recorded for the sake of
comparison (Fig. S7 and $8 The micrographs of AgNi NPs were analyzed bylthageJ
program and histograms of nanoparticle diameters wietained. Weighted averages of AgNi
NP diameters obtained from TEM are smaller tharoties from DLS and SAXS, because
only the metal core of nanoparticles is observdd. [@/ith increasing silver content the
particle size distribution broadens, probably beeahe nickel layer becomes less compact
and regular and forms islands. The calculated ramicfe models based on the SAXS data
(Fig. S4t) are supported by the HRTEM images showing the iAgRs as nearly regular
cores with several satellites (see below).
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Fig. 1. TEM image of AgNi NPs Ag 59 mol% x= 15 nm (A) and 83 mol% ™= 14 nm (B)

The spatial distribution of Ag and Ni elementsndividual nanoparticles was

characterized by the high-resolution STEM-EDS. Bighows core/shell structures of the

AgNi NPs. The silver nucleus is covered by a thiopuniform layer of nickel. The nickel

shell does not completely cover the silver coreanoparticles with a low Ni content. In both

examined samples, STEM-EDS quantification of theigdla compositions showed a

significantly higher Ag content, suggesting that albthe Ni present in the sample had

deposited on the Ag cores.



Fig. 2. STEM-EDS analysis of AgNi NPs ICP-OES: Ag&3 mol%, EDS: Ag 62.5 mol%
(A) and ICP-OES: Ag 68.8 mol%, EDS: Ag 84.2 mol% (B

HRTEM micrographs of nanopatrticles in Fig. 3 digptlae frequent case when darker
nearly spherical particles have several satelifggesumably lower density (marked by

arrows). In several cases the lattice fringes wéserved in the satellites. Quantitative

evaluation of interatomic distances supports tlemaco observed in high resolution EDS

ok
S AT

Fig. 3. HRTEM analysis of AgNi NPs (ICP-OES: Ag 5& mol%)

The prepared colloidal solutions of AgNi NPs wiiffetent Ag/Ni ratios were examined
by the UV-vis spectroscopy. The spectra of Ag andchisital NPs and of free oleylamine are
shown for comparison in Fig. $9Surface plasmon resonances (SPR) of AgNi NPs with

different Ag/Ni compositions were observed in ran§847-404 nm (Fig. 4), but this shift is



not caused by composition change but rather byctemuof the Ag core size. This is in
contrast to the SPR of the AgAu nanopatrticles, wheavelength depends on the nanoalloy
composition and is red shifted with increasing Aatent [62]. In small clusters of AgNi (2-5
nm) which form core-shell structures, where Ag aevbe Ni nucleus, a blue shift of the
resonance band as well as damping and broadenihgnereasing Ni proportion was
observed [30]. On the contrary, AgNi nanopartiséth a bigger diameter than 6 nm are
reported to feature decreasing SPR absorptionsityesind broadening peak widths with
increasing Ni concentration [41]. In the case of\NiAghe phenomenon of plasmon maximum
shift was observed and it is probably caused byllenm@iameter of silver nuclei. The

dependence of absorbance intensity on the AgNidéRgosition was observed.
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Fig. 4. SPR of AgNi NPs with different compositions

The AgNi nanopowders were also studied by HT-XRErdpand after annealing. A
spontaneous decomposition of coherent AgNi tovesilich phase and a nickel-rich phase
was observed Fig. 5. At the same time an incretdee@verage coherent domain size and
lattice parameters for both phases were also eid@ée AgNi samples were placed onto a
platinum holder and heated from the reference teatpes of 30 °C to 650 °C with a heating
ramp of 5 K min'. The X-ray diffractograms were collected in 10st€ps up to the final
temperature. A phase separation was observed at400C for the 41 mol% Ag

nanoparticles (Fig. S1). In case of a higher concentration of Ag, thesghseparation was



detected in two steps, the first at 370-380 °Cthrdsecond at 400-430 °C for the 60 mol%
Ag NPs (Fig. S11). In these intervals we observed by the Rietvallysis an increasing
amount of the crystalline Ni-rich phase, whose enhtwas practically constant above this
point.

For the 41 mol% Ag NPs, the average coherent dosiaimof the Ag-rich phase was
practically linearly growing from 6.2 nm at 320 f€the maximum of 61.8 nm at 640 °C
(Fig. S1%). The Ni-rich phase was first observed at 4101i@ its size was growing from 7
to 50 nm at the final temperature of 650 °C. FerkiPs with a higher Ag concentration (60
mol% Ag), the growth of the average coherent dorsaea was slightly different (Fig. S}
The trend of growing size from around 300 °C isghme for the Ag-rich phase as in the
previous case. The average coherent domain scomgant from 100 to 300 °C and a rapid
growth begins at 350 °C (10.2 nm) and at 600 °Chesa 100.4 nm (Fig. S} The Ni-rich
phase appeared at 430 °C (7.2 nm) and it was ggosining heating to the final size of 35.1
nm at 600 °C.

The lattice parameter increase was also detectiedtinphases during heating. For the 41
mol% Ag NPs, the Ag-rich phase displayed the latfiarameter of 4.075 A at 100 °C and it
was constantly growing to 4.134 A at 650 °C (Fi$j3B. The Ni-rich phase was at first
rapidly growing from 3.531 A at 410 °C to 3.548 #4&0 °C and then slowly growing to
3.554 A at 650 °C. For the 60 mol% Ag NPs, thadatparameter of the Ag-rich phase was
4.090 A at 100 °C and it grew in two steps. Thstfitep was detected at 269 °C (4.100 A)
and the second at 360 °C (4.109 A) (Fig. §16rom this point the lattice parameter was
constantly growing to the final value of 4.134 A6&0 °C. The Ni-rich phase showed a
constant parameter from 360 °C to 410 °C (3.502r) then rapid growth to 3.553 A at 450
°C. From 450 °C to 650 °C the lattice parameter prastically constant (at 650 °C 3.558 A)
(Fig. S15). The lattice parameters have shown a good agrgenteen compared with
literature data [63].
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Fig. 5. HT-XRD of AgNi NPs with 40 mol% Ag

The phase separation in the AgNi samples heat26(0°C was confirmed by the SEM-
EDS measurements (Fig. 6 and Fig. 7). Darker arethe SEM micrographs with
backscattered electrons were characterized asitheliNohase and lighter ones as the Ag-
rich phase, and their phase separation is evidéetNi-rich phase is embedded in the Ag-
rich matrix. The most significant manifestationtloé phase separation is the formation of
Janus particles which are clearly displayed in Figthere the particles formed after
annealing to 1000 °C were characterized by elerherdpping.

Spectrum Ni Ag
(mol%) (mol%)
1 97.58 2.42
2 97.33 2.67
3 6.93 93.07
4 6.54 93.46




Fig. 6. SEM-EDS analysis of AgNi nanoparticles (580l% Ag) after annealing to 1000
°C

Fig. 7. SEM-EDS spectrum images of AgNi nanopartiek (59 mol% Ag) after annealing
to 1000 °C

The characterization of magnetic properties ofAgdli NPs provides additional
information about the prepared nanomaterials. Baprapared AgNi NPs do not display any
magnetic properties. It confirms the results froBEMISTEM/EDS and HRTEM that nickel is
almost amorphous, there is not enough crystalliaternal for detection of any magnetic
properties. Magnetic moments of the AgNi NPs (wiiffierent amounts of Ni) were measured
before and after annealing to 450 °C when the pkagaration occurred. The AgNi NPs do
not feature any magnetic moment before crystalbmadf nickel. When magnetic moments of
annealed nanoparticles are compared, it is evith@anthe AgNi NPs with a higher
concentration of Ni exert a higher magnetic mon{eig. 8). Onset temperatures of magnetic
moment appearance were also studied. In case @8tHanol% Ni nanoparticles, magnetic
moment was observed at 351 °C and in case of tltenidl% Ni NPs it appeared at 356 °C.



This effect occurred exclusively during cooling dowhe magnetic moments were not

evident during heating (Fig. Stp
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Fig. 8. VSM of AgNi nanopatrticles with different conpositions before (L1) and after

(L2) annealing to 450 °C

The course of the AgNi formation during the therysd reaction was studied by
following the particle size, the SPR maximum, amel ¢themical composition as a function of
time. The reaction was conducted in a manner de=ttin the Experimental section. The
AgNi nanoparticle precipitates were isolated andfiga. The results are summarized in Fig.
9 and in Table S2 and show the presence of NPadsl&fter the first 30 s. The UV-vis
spectra looked very similar with three maxima. Tihst two at 220 nm and 300 nm belong to
oleylamine on the surface of the AgNi NPs and ktieltpeak at 400 nm belongs to the silver
SPR. The intensity values for Ag SPR are shownabld S2 relative to the intensity of
oleylamine peak at 220 nm which is considered taaia constant. The DLS results show
that nanoparticles appeared practically immediaaélyr the injection of the precursor
solution and they were growing from 20 to 30 nmhwiilme. The first step of diameter growth
was determined after 180 s. The intensity of theesiSPR was slightly decreasing for the
first six samples, after 180 s the intensity of$ileer SPR abruptly decreased. The elemental

analysis showed that nanoparticles formed afteptheursor injection contained practically



only silver. Nickel started to be slowly reducedL80 s and rapidly at 210 s. When the results
are mutually compared it is evident that the motresting step of the AgNi NP synthesis is
around 180 s of the reaction time when the comiposdf nanoparticles changed to the final
ratio, the UV-vis spectra show a rapid decrease®fg SPR intensity, and the DLS results
show growth of nanopatrticles.

Monitoring the progress of the reaction confirms tbrmation of core-shell structures.
DLS shows nanopatrticles arising in the first 30oss. Optical properties and elemental
analysis demonstrate that the reaction proceetigirsteps. In the first stage, the Ag
precursor is reduced and forms the nuclei anddlagive absorbance of Ag SPR is the
highest. Subsequently nickel is reduced and degmbas a shell on the silver cores, causing
decreasing of the Ag SPR intensity. This conclussactonsistent with elemental distribution
in the as-prepared AgNi NPs characterized by TENMSIEDS.
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Fig. 9. SPR absorbance at 400 nm and Ag content AgNi NPs as a function of time

4. Conclusions

AgNi nanoparticles were prepared by solvothermalimjection synthesis with different

Ag/Ni stoichiometric compositions. This method exde available synthetic routes to the



nanoalloy systems. Oleylamine served as solventraoré importantly it also equalized
decomposition temperatures of metal precursors.edewfollowing the time evolution of the
thermolysis reaction, the initial formation of Agalei was observed within the first 3 min
with subsequent Ni deposition leading to the cdreisstructure which is inverted with
respect to theoretical predictions. Nanopartickeguring crystalline silver cores and
amorphous nickel shells were characterized by wapleysical/chemical techniques.
Dependence of particle size on chemical composwias not observed. The SPR absorption
was studied as a function of the Ag/Ni ratio anelas found that with increasing
concentration of Ni the SPR intensity was decrepdih crystallization was demonstrated
during heating to 400C and complete phase separation to Janus typelparnticcurred at
1000°C. These effects were proven by several methodb, &1 SEM-EDS, VSM, and HT-
XRD. The prepared AgNi core-shell nanoparticled bl tested as potential catalysts in

hydrogenation reactions.
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Highlights for:

Solvothermal hot injection synthesis of core-shell AgNi nanoparticles

Vit Vykouka®®, Jiri Bursik®, Pavla Roupcova’, David A. Cullen?, Jiri Pinkas 2°

* Ag-Ni core-shell nanoparticles prepared by hot injection synthesisin oleylamine

* No dependence of the particle size (13-21 nm) on the Ag/Ni stoichiometric ratio

* Ag-Ni core-shell structure revealed by STEM-EDS

» SPR absorption intensity decreases with increasing content of Ni

e Crystallization of amorphous Ni layer above 400 °C observed by HT-XRD and
VSM



