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P Radiolysis to Form Novel Alloys Meta-Stable Phase Spaces

Radiolysis by y-radiation is used to access new alloys

By varying the dose rate, we vary the structure of nanoparticle growth in solution over
a wide composition range in alloys

Reactions occur at room temperature aIIowing for growth on various substrates
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Oh, S. D., et al. Materials Letters 2005 deposition on SWCNT

Sintered materials for: H, membranes, gas turbine microengines, lightweight aircraft,

etc.
« State of the Art: Pd and Pd-alloys for durable H, dissociative membranes
operate at high temperatures and are CO and sulfur tolerant
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; Room Temp Radiolysis at Sandia (SNL) GIF Facility
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Sandia Gamma Irradiation Facility (GIF) is a
60Co source : 1.345 x 10° Ci, = 300K rad/hr.
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Radiolysis for Nanoparticle Formation

Metal ion reduction by ionizing radiation:
Dose rate dictates [e7] in reaction solution thereby affecting the chemistry of the NP formation
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= /" Methodology to Access Ni-based Alloy Phase Spaces
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7 > Nanoparticle (NP) Synthesis & Analysis

Experimental NP Synthesis:

Into 25ml solutions in 100ml vials add dilute metal salt solutions, alcohol (MeOH), organic
polymer (PVA) and DI H,0.

Purged solution with N,, sealed and stored in dark.
Exposed solutions to y-irradiation.

NP Analysis:
(1) UV-vis: Varian Cary 300 Scan UV-visible Spectrophotometer

(2) Transmission Electron Microscopy (TEM): JEOL 1200EX (120 kV) bright-field

(3) High Resolution TEM and scanning TEM: FEI Tecnai G(2) F30 S-Twin (300 kV) TEM
at Sandia’s Center for Integrated Nanotechnologies (SNL CINT)
- 0.14 nm resolution in high-angle annular dark-field (HAADF) mode
- equipped with energy-dispersive X-ray (EDX) & electron energy-loss spectrometer
(EELS)
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T\ ' Ag-Ni Alloy Particle Formation — Kinetically
el Driven Access to New Phases

Weight Percen t Silver
0 7

ThermOdynamlc Ag'NI 1700 ‘-:’ T N, . . % w 100
H H + 6iSte "'La »
Phase Diagram B L+ L S
1455‘«:?‘;',; 1435% \ b
O | | \
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T. B. Massalski, ASM International, 2" Ed., 1990
High Dose Particle Formation via radiolysis (y-irradiation)
Radiolysis: RT : :
Kinetic Phase OH(H) + e,; + CH,OH — e,/ CH,OH + H,0
H
Growth (Hz)

eaq-/ CHzOH + Ag+(N|2+) — AgO(N|O) + CHZOH
Dose Rate =
300 rad/sec Particle Growth
X CH,OH + (AgNi), — (AgNi),* + XCH,0 + xH* @ Sandi
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f:/_} Ag-Ni Alloy NPs — Characterization

Different stoichiometries of Ag* and Ni?* used to

prepare Ag-Ni alloy NPs

Ag Ag,o-Niy, | Agy,-Nig; | Agys-Nigs [ Aggs-Nig; | Ni
[Ag'L x104M | 2 1.8 1.4 1 0.6 0
IN#], x104M | 0 0.2 0.6 1 1.4 2
[Ag*] + [Ni2*], x 2 2 2 2 2 2
104 M
[Ag*]:[Ni?*] . . . . Ni
g'l:INi pure | 9:1 7:3 5:5 3:7 pure Ni
NPs
UV-Vis
3
—90% Ag, 10% Ni
25 4 —70% Ag, 30% Ni
—50% Ag, 50% Ni . .
2 — 30% Ag, T0% Ni AgClO, and NiSO, are used to synthesize

250 350 450 550 650
Wavelengh, nm

Ag plasmon band dampens from Ag, g-Nij 4 to Ag, 5-Nij 7
srferre@sandia.gov

Ag-Ni particles by radiolysis. UV-vis
spectroscopy supports varied
stoichiometries in NPs.
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Ag-Ni Alloy NPs — TEM Images

The size of Ag-Ni NPs is
decreased with higher Ni ratio
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Particle size in diameter and size
distribution of Ag, Ag-Ni, and Ni NPs

Ag AgogNigs | AdorNigs | AdgsNigs | Ados-Nigs | Ni
size in 8.5 7.4 5.7 5.4 4.0 3.4
diameter,
nm
size 24% | 24% 20% 15% 18% 19%
distribution
~Hifledtalangle: 698 *.
= — e EPS I:."‘ -‘:’5 .‘.\ " x' » - ; L.
Ni: 0.203 nm, Ag: 0.236 nm Ag-Ni
Lattice spacing of 50% Ag and 50% Ni may ﬁg%gir?al
be present. Theory: 0.220 nm Laboratories
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Ag-Ni Alloy NPs — HAADF Images

HAADF-STEM and single particle EDX images

20
Energy (keV)

Ago5-Nigs NPs

The size of Ag and Ni peaks from single particle EDX are comparable in intensity

JPCC, 2009, 113, 1155; US Patent Tech Advance, 2008: SD10767
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Ag-Ni Alloy NPs — HAADF Images

Ago7-Nig; NPs

Ago3-Nig; NPs

Counts

20
Energy (keV)

pure Ni NPs

EnergQ\/D(keV) u
Sandia
0 0 0 0 0 onn 0 0 National
srferre@sandia.gov The size of Ag and Ni peaks qualitatively correspond to initial ion ratios @ | aboratiios
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- ' Ag-Ni Alloy NPs — EFTEM Mapping
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EFTEM maps
Ag, 7-Nig 3 NPs
Agy 5-Nig s NPs
Ag, 5-Nip 7 NPs
Ag map | Ni map
Elemental mapping shows Ag and Ni concentrated uniformly in NPs @ Sandia
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Pd-Ni Alloy Nanoparticles

Pd-Ni NPs: 50% Ni, 50% Pd

Weight Percent Palladium

Pd

Pd-Ni 1600 100
1400 I
[8) ° O 13Hei
o 1200 .8 4 X 27Fra 5
b 45.4%, 1237°C © 37Mar
2 A& 76Bei
8 (Ni,Pd) vV  81Mes
8 1000
7~
§ “{354.3°%
‘ T Magne;
\o\~\ tic trang;
200+ A ‘tion -
\Q\\m\
.,
\
~200 . e S —— S _—
0 10 20 30 40 50 60 70 80 90 100
Ni Atomic Percent Palladium
T. B. Massalski, ASM International, 2™ Ed., 1990
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HRTEM (CINT): (twinned crystal)
Ni (111) = 0.203 nm, Pd (111) = 0.225 nm
0.214 nm

Pd-Ni alloy based on 50% Ni =
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=3 ‘ Characterization of Pd-Ni Alloy NPs

Pd(NH,),Cl, and NiSO, are used to synthesize Pd, --Ni, 5 particles by
radiolysis (high dose rate, 300 rad/s)

— 36 min irradiation

— 6 days

190 340 490 640 790
Wavelength, nm

« STEM & EDX: Single particle data

indicates homogenous composition of zero loss Ni map Pd map

image

Pd & Ni EFTEM maps @ Sandia

National
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—= W Atomic resolution compositional analysis by EELS

Pd EELS peak line profile across the particle

HAADF Z-contrast image .
=2
<.

< —>

8 nm
Intensity line-profile in the Z-contrast image
(across the particle)

3:000-
<3500-
The Z contrast profile and the Pd EELS peak
profile have a very similar shape, indicating the

uniform distribution of Pd atoms in the particle s S

8 nm Sandia
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' Kinetically Driven Alloy Phase Formations —
= Confirmed with 18t Principles Modeling

DFT Modeling using the VASP Code; FCC simulation using 240 atoms/NP

Optimized Nigyo-AQgpels alloy, Ag ore-Ni

shell

Potential Energy = 0eV, 43.7eV 57.2eV

Optimized Nig,o-Pdghers alloy,

Potential Energy = 0OeV, 16.6eV 16.7eV
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50/50 AgNi, small scale ripening from RT - 450°C in first 25 min

Rapid large scale sintering, possibly via Oswald Ripening
processes, occurs in = 15 min. between 450 — 800°C

Melting Points: Ag 962 °C Sonti
srferre@sandia.gov Ni 1453 °C @ National

Laboratories



Characterization of U containing NPs

Diffraction Pattern

1.64 (1.65{3 1 1})
1.94 (1.93 {22 0})

2.75 (2.73 {2 0 0})
3.20 (3.16 {1 1 1))

100x10” fF—1 | | . | . —
= pH 3 Before Irradiation
80 = pH 3 Irradiated 7 Days
5
8 60
2
] _ < 40
UO, NP formation confirmed 2
by UV-vis, bright-field TEM
()= ] ] ] ] ] ] ] H
and diffraction 340 360 380 400 420 440 460 480 500
Wavelength (nm) india
ivational
Laboratories

9:30 am Lanthanide and Actinide Chemistry
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UO, NP Sintering at 500 °C

122 (1.22{422})

1.64 (1.65 {3 1 1}) . .
1.93 (1.93{220}) smterlng

2.72(2.73{200}) :
3.11(3.16 {111} achieved at

1.64 (1.65{3 1 1})
1.94 (1.93 {2 2 0})
2.75 (2.73 {2 0 0})
3.20 (3.16 {1 1 1})

500 °C; ~1000
°C lower than
reported

9:30 am Lanthanide and ﬁg{‘,ﬂ',‘,’a.

Actinide Chemistry Laboratories
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‘ Conclusions

Ag and Ni are immiscible. Ag-Ni NPs are considered a
core-shell structure from both experiments and
simulations.

Low dose rate intermetallic electron transfer causes core-
shell formation

High dose rate, alloyed Ag-Ni & Pd-Ni NPs are formed.
Rate overrides electrochemical or thermodynamic process,
and competes with possible intermetallic electron transfer.

High dose rate reduces ions very fast, so high dose
rates favor alloy formation

DFT modeling supports alloy formation at high dose rate

Sintering of alloy NPs from = 5nm NPs to large /
mesoscale bulk formation
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