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Section S1 Estimation of the vapor cloud supersaturation

Quantitative prediction for the critical nucleus size is often not possible as the data for
supersaturation and surface tension are not well known. The surface tension of these NPs are
directly used from the literatures,' > whereas the supersaturation is approximated by equation

(S1) further below.
The supersaturation S can be approximated as:

_Pa
Ps

S (S1)

where p, and ps are the actual pressure and saturated pressure, respectively.

The saturated pressure can be determined from Clausius—Clapeyron equation assuming that

the enthalpy of vaporisation H, is independent of temperature given by:

_ Hv(l 1) 2
Ps =DPoexp( & T, (82)

where py is the atmospheric pressure, T;, the boiling temperature, R is universal gas constant,

and T is the room temperature.
Assuming the ideal gas law for the vapor cloud, p, can be estimated as:
Pa = NokT.  (S3)

Where £ is the Boltzmann constant and N, is the initial number concentration, which is in the

order of 10%° m™.

The critical nucleus size d* can be derived from Kelvin equation:
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kT In(S)

where Q2 is the atomic volume and v, is the surface tension.

Taking the examples Au and Ag, the supersaturation and critical nucleus sizes are shown in

Table S1. Values of their physical properties are provided in Table S2 and S3 further below.

Table S1 The supersaturation and critical nucleus size for Au and Ag

Au Ag
S 1.24x10°° 2.86x10**
d* (nm) 0.86 0.85~1.03

Section S2 Material properties and constants

Based on the energy balance, the mass of the produced vapor can be expressed as a function

of the energy per spark E as follows:*

Am = aE — 2nr?ot(Ty — T,*) — 2nrtke(Ty, — T,.) — 2mrtk, (T, — T,) (s5)
Cps(Tm - Tc) + Cpl(Tb - Tm) + Hm + He

Here a is the fraction of spark energy consumed for NP production, c¢ps and cpi (J K" kg') the
heat capacities of the solid and liquid material, 7 (s) the spark duration, » (m) the radius of the
spark channel, k. and k, (W m’! K'l) the thermal conductivity of the electrode material and
carrier gas, respectively, T, Ty, and Ti, (K) the temperatures of the carrier gas, the boiling and
melting points of the electrode materials, respectively, Hyand H, (J kg™') are the enthalpies of
melting and vaporization of electrode materials, and o (5.67x10° W m? K™*) is the Stefan—

Boltzmann constant.
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The constant portion of spark energy a = 0.18% has been empirically determined by

gravimetric measurement for all gap distances (see Section S6).

Table S2 Constants used in the calculations

Stefan—Boltzmann constant 6=567x10°"W m~” K"

Avogadro constant Na=6.02x10* mol™

Boltzmann constant k=138 x 10 JK"

Universal gas constant R=831JK" mol’

Material-dependent constant C in a

equation (1) Cps(Tm - T) + Cpl(Tb - Tm) + Hpn + He

The threshold energy £ to 2nrot(Ty — T*) + 2nrtke (Ty, — T) + 2mrtk, (T, — T)
produce NPs in equation (1) a

Table S3 Material properties at atmospheric conditions

Material properties symbol Au Ag
Surface tension vs (N m™) 8.78! 5.9~7.20
Heat capacities of the solid cps (J K' kg™) 129 235
and liquid materials e (TK' kgh 129 235
Thermal conductivity ke (Wm™' K™ 318 429
Boiling point Ty (K) 3243 2435
Melting point Tm (K) 1337 1235
Enthalpies of melting Hy (T kg™h 6.37x10* 1.04x10°
Enthalpies of vaporizing H.(J kg™ 1.74x10° 2.35x10°
H, (J mol™) 3.42x10° 2.54x10°
Molar weight M (Kg mol™) 0.197 0.108
Atom diameter d, (nm) 0.288 0.288
N2
Thermal conductivity k(W m™ K™ 25.83 x 107
Temperature T. (K) 293
Dynamic viscosity u(Kgm™s™ 1.75%107
Mean free path A (nm) 58.80

Table S4 Characteristics of the sparks

Energy per spark E=0.15~180mlJ
Spark duration T=12us
Radius of the spark channel r=1.5 um
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Section S3 Independence of the portion of the spark energy on gap distances

Based on the energy balance, the mass of the vapor can be expressed as a function of energy

per spark given by equation (S5).*

Using the constants provided in Tables S2, S3 and S4 and equation (S5), the value of the
individual terms, namely radiation, metallic thermal condition as well as convection and

conduction in the gas, for Au and Ag are summarized in Table S5.

Table SS Energy consumed to a hot-spot consumed by radiation, metallic thermal conduction,

and convection and conduction in the gas

Terms Au (J) Ag (J)
Radiation: 2720t (Tg — Tc*) 1.06x10™ 3.38x10™"
Electrode thermal conduction: 2mrtk.(Ty, — Tc.) 1.06x10°  1.04x107

Convection and conduction in the gas: 2nrtk, (T, — Tc) 8.62x10" 6.26x10™"°

Table S5 shows that the metallic conduction contrasting to radiation and convection in the gas,
is largely dominate in equation (S5). This finding suggests that the electrode gap distance is
independent of the portion of spark energy (i.e., a in equation. (S5)) consumed for NP
production. In the case of larger distance, the spark energy distributes over a larger volume
where the radiation is emitted.® However, radiation is only 0.001 % of metallic conduction.
On the contrary, changes of the gap distance do influence the passing gas flow conditions and
lead to different efficiency of material transportation. The thermal conduction of Au and Ag is
similar as shown in Table S3. Therefore, constant a probably validates for all the gap
distances. The other processes, for instance, the energy absorbed as heat by evaporation of

electrons (cathode) and positive ions (anode) can also affect a.
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Section S4 Fuchs form of the coagulation kernel

Table S6 Fuchs form of the Coagulation Kernel 3

Coagulation Kernel’

Diffusion coefficient®

Cunningham correction

factor®
Particle velocity ’

slip

Transition parameter ’
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Section S5 Comparison between the predicted and measured mean diameter of Ag NPs

A Ag Measurments
[ —— Model

Mean Mobility Diameter (nm)
N

0 — T - 1 - T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Quenching Flow Rate (slm)

Fig. S1 Measured and predicted geometric mean diameter of Ag singlet particles as a function

of quenching gas flow rate.

Fig. S1 shows a comparison between measured and predicted Ag particles as a function of
quenching gas flow rate and provides the evidence to generalize our model to other materials,
e.g., Ag, while main manuscript uses Au particles (cf. Fig. 4). For the predictions in Fig. S1,
we used the same system parameters as for Au, with the only exception of the # in equation.
(15) in the main manuscript, which was 0.715 instead of 0.75.

Section S6 Proximity collection of the early stage clusters

To verify our assumption 1) in the main manuscript and compare the volume of initial vapor
cloud to the model, we collected NPs close to the spark by a Mini-Particle Sampler (MPS),"
which carries a TEM grid with holes, through which the aerosol flow passes. Particle

collection can thus be described as a filtration process.
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Fig. S2 TEM images Au NPs collected at a distance of ca. 8 mm downstream of the spark

with different scale bar, (a) 20 nm and (b) 2 nm.

Fig. S2 shows TEM image of MPS sampled NPs close to the spark (cf. a distance of ca. 8 mm
from spark, which is in range of our model prediction for the initial vapor cloud volume) and
the grey areas seems to be a deposited film, which indicates the TEM grid is positioned in the
vapor domain. Because thin films or very small particles are liquid-like at room temperature,
surface tension leads to the formation of patches, within which small droplets form, similar to
what happens with a water film on glass. In the area indicated of Fig. S2a by the solid circle,
enough material has accumulated for these droplets to grow to a size between 1 and 2 nm, and
become visible in TEM. The micrograph thus indicates that the depositing species are smaller
than 1 nm (vapor atoms or small clusters). Thus at the distance of ca. 8 mm from the spark
(i.e., the vapor from a 1 mm gap having flow rate of 10 slm needs ca. 0.4 ms to reach TEM
grid), the plume is still in a vapor-like state. The estimated quenching rate from boiling point
to room temperature during 0.4 ms is 7.5 x 10° K s, which agrees to the literatures (10°~ 10
K s)."* The micrograph thus justifies the assumption 1) that the cooling time from the

boiling point to the carrier gas temperature 7. (usually room temperature) is so short that the
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starting condition in Stages B and C (i.e., the entire spark chamber) is a vapor at 7., and
collisional growth occurs under this constant temperature 7, throughout the system. The large
particles (i.e., a few nm in size) shown in Fig. S2a are due to the recirculation of the aerosol in

the particle generator.

1.2 1

1.0+

0.8

0.6

Critical necleus size (nm)

0.4+

300 350 400 450 500 550 600
Intial vapor temperature (K)

Fig. S3. Dependence of the vapor temperature on the critical nucleus size.

Due to very short spark duration (<10 ps), the temperature downstream of the discharge,
where the TEM grid is located (ca. 8 mm away from the spark) hardly exceeds room
temperature. Multiple crystalline domains within the sampled NPs are observed by HRTEM
images (cf. Fig. S2b). This observation confirms that the temperature downstream of the spark
stays low. Otherwise, in-flight collisions of hot, newly-formed clusters would lead to full
epitaxial crystallization, assisted by the high temperature. Grammatikopoulos et al. also
reported that multiple domains will be formed if the NPs coalesce at room temperature.'®
Sparks or laser ablation configurations with a higher energy per pulse or a higher repetition
frequency than the one we used would still fulfill this condition of “rapid quenching” when
the gas flow rate is increased accordingly. In addition, our earlier work showed that assuming
single atoms in the initial state does not have to be fulfilled in a strict sense, as the final

particle size is insensitive to the initial one at a given mass 1oading.17 This means that even if
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quenching is not drastic enough to disable classical nucleation, our simple assumption of a
vapor condensing at room temperature leads to correct results (cf. Figures 4 and 7 in the main

manuscript).

Section S7 Laminar deposition rate Ky,

A T g )
dr
1

Fig. S4 Schematic diagram of a circular tube. The aerosol NPs pass through this tube and a
differential variable in it is used to estimate the diffusional loss rate under laminar flow

conditions.

Diffusion of aerosol particles on the walls leads to a concentration gradient from left to right
through a circular tube with a length of d/. The number of particles dn deposited per unit area

of surface during a time d¢ is given by:8
dn=N (2)1/2dt (S6)
— 0 e

For a tube with the diameter dyy. and the length of d/ during time dz, the total number of

deposited particles X onto the walls can be expressed as:
Y = Mdyype dl dn (87

Under laminar flow conditions, the concentration decay by diffusional losses can be described

by:*

dN = —deszt (88)
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In this case, X can be calculated by:
T 2
X = —Zdtube dl dN (59)
Combining equations (S6)-(S9), we arrive at:
D 1/ T 2
2 = dupe I No (=) /2dt = — 7 drube” d (=Kar2N df) (510)

Equation (S10) can be simplified to:

i (%)1/2 =K, N S11
Ao Kar - (511)
Integrating equation (S8), the penetration is given by:
N
P = A exp(—Kgg,t) (512)

0

Combining equation (S11) and (S12), the laminar deposition rate can be implicitly expressed

as:
42"
Kap, = exp(Kagzt) deme (513)
tube
2
Equation (S13) can also be rewritten by replacing t = nd;“—(;eL as:

D 1
rdune?L. 2 1222
4‘Qa dtubez

Kar, = exp(Kgr (S14)

Section S8 Size evolution of particles

The procedures of size evolution for other stages based on the mass conservation are

analogous to Stage B where turbulent dilution and coagulation occur, because the reduction of
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NP mass in per unit volume is only driven by dilution or diffusion. Here we only use Stage B
as an example to describe the procedures to get the geometric mean size evolution of the

particles. The concentration decay rate in Stage B can be described as:

aN 1
E: —E,BN — KqN (t<tg) (S15)

In order to use the mass conservation, the diameter of the particle with average mass dg,
however, must be converted from the geometric mean diameter d, by Hatch-Choate

conversion equation given by:
dm = d, exp(1.5 Ina,) (S16)

where oy is the geometric standard deviation and can be regarded as a self-preserving value of
1.35. Therefore, the conversion factor is a constant and it is generally valid for any log-normal

size distribution.

In Stage B, the NP mass in per unit volume is reduced only by dilution so the reduction rate

can be expressed as:

d(p% (exp(15In25,)d,)*N)
dt

I
= —Ky pg(exp(l.S In,)d,)*N (t <tg) (S17)
Cancelling out the constants on both sides of equation (S17), it is thus simplified to:

3diNd(d,) + didN
dt

= _Kdl dp3N (t S tB) (818)

Substituting equation (S15) in equation (S18), we finally obtain the mean size evolution:

dd, _1 Nd 519
E—gﬁ p (519)
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Section S9 Relation between volume and mass of initial vapor cloud

After the vapor produced by the point source, it has adiabatically expanded to ambient
pressure po, and reached a temperature 7. Its thermal energy Ey, a fixed fraction of the spark
energy E, is proportional to nTs (Ey, < nT,), where n is the number of moles. Applying the
ideal gas law to this vapor cloud leads to Ey, < poV, , which means that V4 is proportional to
the spark energy £ and thus approximately to the mass per spark, Am, considering equation
(S5) and Fig. 4. The vapor cloud is subsequently cooled and diluted by mixing with the
quenching gas (room temperature 7;). Cooling to a given temperature 7s means expansion of
V'a by a given factor to V,, which we call initial volume, as it marks the starting point of our
coagulation model. These considerations are in line with a value of n = 0.75 close to 1. Note
that in practise Ts is close to 7¢, and we have assumed coagulation at the quenching gas

temperature.
Section S10 Estimation of the penetration

In contrast to Gormley-Kennedy theory,' the elegance of our method to estimate the
penetration through a circular tube lies in the simplicity of calculating Kyp (cf. equation
(S14)). Since the residence time is always easy to calculate, one can easily use equations (S12)
and (S14) to estimate the penetration for any geometry. The penetration predicted by
Gormley-Kennedy theory, is comparable to that predicted using equations (S12) and (S14) (cf.

Fig. S5).

Fig. S5 compares the penetration predicted by equation (S8) and Gormley-Kennedy model as

. . DL . . o
a function of deposition parameter ( £ = % ) for circular tubes with a length L. The points in
a

Fig. S5 are chosen in a laminar circular tube with an inside diameter of 4 mm and length of 40

mm. The residence time is 0.181 s based on an aerosol flow rate O, = 1.67 slm and the
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dimensions of this circular tube. For easy calculations, we do not consider particle growth in

this short time. Briefly, we calculate penetration by equation (S12), where Ky, is estimated by

equation (S14) for one particle size.

Gormley-Kennedy thoery
1.0+
o exp (-Kgso 1)
0.8+
C
9
5 0.6
©
C
e 0.4
0.2 1
00 T A | T A | T A | T |
10 10° 107 10 10°

Deposition parameter (&), dimensionless

Fig. S5 Penetration versus deposition parameter for circular tubes and the comparison

between Gormley-Kennedy theory and our method (cf. using equations (S12) and (S14)).
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