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▪ JEOL JEM-2100F @ 200 kV

▪ BF-STEM, 5 µs, 100 kx

▪ Dose rate varied via spot size

▪ Protochips Poseidon Select

▪ 0.1 mM AgNO3 + 0.1 M t-BuOH 

(OH radical scavenger)

[4]In situ electron 

beam driven

Ag NP formation 

Mechanisms and

Intermediates?

Ag NP growth modeling
Lifshitz-Slyozov-Wagner (LSW) model

Radiolysis modeling

𝑐𝑖
𝑠𝑠:     steady-state concentration
ሶ𝑑:       electron dose rate

𝛼𝑖, 𝛽𝑖: fitting parameter   

49 species 

200 reactions

𝛽′ = 0.025 ± 0.075

K𝛼′ = 0.62 ± 0.06
nm3

s

𝑟: particle radius

𝑡: time

𝜎: surface energy

𝑉𝑚: molar volume

𝑐: precursor concentration

Diffusion limited growth

𝑟𝑏: critical radius

𝑅: universal gas constant

𝑇: temperature

𝐷: diffusion coefficient

𝑘𝑑: surface attachment rate

For diffusion limited growth (𝑘𝑑 ≫ 𝐷)

Growth described by 

Ag
–
 and Ag4

Ag NP nucleation modeling
Classical Nucleation Theory (CNT) model

Inconsistent with experimental data

▪ Fitted Ag solubility too large
 𝑐0: 10-5 – 10-6 M → 10-12 M expected

▪ Estimated critical radius too small 𝑟𝑏: 1 Å

→ main assumption (crystalline nuclei) invalid

X

Reaction-limited nucleation rate model [6]

2Ag𝑖 → Ag𝑖 2

Inconsistent under steady-state conditions

𝐽: nucleation rate

𝑅 𝐴𝑔𝑖 2
: generation rate

𝑘: reaction rate constant
መ𝛽, 𝜉: fitting parameters

X

Transient radiolysis modeling

Sanity check: a concentration c𝑨𝒈𝟒
𝟐+ ≈ 10 µM and diffusivity 

𝐷 ≈ 10−12 m2s−1 yields a characteristic collision time of 𝟏 𝐦𝐬

Reaction throughput

Ag+ + eh
− → Ag

Ag+ + H• → Ag + H+ Ag + O2 → Ag+ + O2
−

OH• + HO2
• → H2O + O2
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]?

d𝑟

d𝑡
≈ 𝐾𝑐𝑟−2

𝐾 =
2𝜎𝐷𝑉𝑚

2

𝑅𝑇

𝑟

𝑟𝑏
− 1

𝐷 ≈ 10−12 m2

s

 𝜎 ≈ 1
J

m2

≈ 1

𝐽 ∝ 𝑅 𝐴𝑔𝑖 2
= 𝑘𝑐𝐴𝑔

2

𝑖
= 𝜉 ሶ𝑑2෡𝛽 

Reaction-limited growth

→ Transient dose-rate dependent analysis

Reaction-limited 

cluster-cluster aggregation
consistent within 1 – 10 ms

Nucleation described 

by 𝐀𝐠𝟒
𝟐+

Ag etchingAg growth[1]

How much traffic through each 

individual reaction? 

→ reaction specific generation rate

ℛ𝑢(t) = 𝑘𝑢 ෑ

𝑣

𝑐𝑣(𝑡)
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