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ontrolled stabilizer-free synthesis
of gold nanoparticles in liquid aerosol containing
plasma†

Jae Hyun Nam, a Gaurav Nayak,a Stephen Exarhos,a Chelsea M. Mueller,b

Dongxuan Xu,a George C. Schatz b and Peter J. Bruggeman *a

The interaction between low-temperature plasma and liquid enables highly reactive solution phase

chemistry and fast reaction kinetics. In this work, we demonstrate the rapid synthesis of stabilizer-free,

spherical and crystalline gold nanoparticles (AuNP). More than 70% of gold ion complex

(AuCl−4 ) conversion is achieved within a droplet residence time in the plasma of ∼10 ms. The average

size of the AuNPs increases with an increase in the droplet residence time and the particle synthesis

showed a power threshold effect suggesting the applicability of the classical nucleation theory.

Leveraging UV-vis absorption and emission spectroscopy, and nanoparticle size distributions obtained

from TEM measurements, we showed that the AuCl−4 conversion exceeded by 250 times the maximum

faradaic efficiency. We identified important roles of both short-lived reducing species including solvated

electrons and possibly vacuum ultraviolet (VUV) photons, and long-lived species, H2O2, in the reduction

of AuCl−4 . A quantitative investigation was performed by a 1-D reaction-diffusion model which includes

transport, plasma-enabled interfacial reduction of AuCl−4 , classical nucleation, monomer absorption and

autocatalytic surface growth enabled by H2O2. The model shows good agreement with the experimental

results. The timescale analysis of the simulation revealed that nucleation is enabled by fast reduction of

gold ions, and autocatalytic growth mainly determines the particle size and is responsible for the

majority of the ion precursor conversion while also explaining the excessively large faradaic efficiency

found experimentally.
Introduction

Gold nanoparticles (AuNPs) exhibit unique optical, electrical,
and thermal properties, which are benecial for a wide range of
applications, including efficient drug delivery,1,2 disinfection,3

photovoltaics,4 catalysis,5 biological and chemical sensing,6 and
cell imaging and detection.7 The performance of AuNPs in these
applications can be enhanced by the precise control of size,
shape, and the surface properties of NPs.

The rst synthesis of AuNP was reported by Michael
Faraday,8 where colloidal gold was synthesized by reducing
chloroauric acid using phosphorus. Since then, many synthesis
approaches were developed. One of the most popular synthesis
approaches was developed by Turkevich et al.,9 in the 1950s.
This approach uses chloroauric acid as a precursor and triso-
dium citrate as a reducing agent. This method is referred to as
University of Minnesota, Minneapolis,
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the Royal Society of Chemistry
the “Turkevich method” and has been further developed and
improved in many studies.10,11 Such chemical synthetic studies
have evolved until today using different reducing agents such as
sodium borohydride (NaBH4)12 or tetraoctylammonium
bromide (TOAB).13 The synthesis procedures typically involve
the mixing of a reducing agent with a metal salt precursor to
which a stabilizer or surfactant is added, preventing
aggregation/coalescence of the formed NPs. The reducing agent
can in some cases also act as a stabilizer such as in the case of
the Turkevich method where AuNPs are stabilized by the citrate
layers formed on AuNP surfaces.14 While these chemical
synthesis approaches can provide excellent control on particle
size, they have signicant limitations. Firstly, NPs synthesis is
very slow, typically on timescales from hours to days. Secondly,
impurities caused by used chemicals (reducing agents or
surfactants) could remain at the NPs surface and cause modi-
cations of optical and chemical properties and have poten-
tially even harmful effects on the human body when used for
biological and medical applications. Thirdly, many reducing
agents are highly toxic and lead to signicant waste.

To overcome these limitations, several alternative tech-
niques to chemical synthesis have been investigated including
photolysis and electron beam based approaches15,16 which
Chem. Sci., 2024, 15, 11643–11656 | 11643
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enable electron-induced reduction of metal ions17–19 and do not
require the use of the addition of potentially harmful reducing
agents. Especially, liquid cell transmission electron microscopy
(TEM), has enabled in situ studies of NPs growth facilitated by
electron beams.

Plasma synthesis of NPs in the liquid phase is such an
alternative approach to wet chemistry and has been extensively
studied in particular for Au and Ag NPs.20–29 Plasmas can reduce
the metal ions in a solution to produce metal NPs on timescale
of milliseconds to minutes without the use of chemical
reducing agents or stabilizers, and without producing harmful
byproducts.27,30,31 Most of the plasma-enabled NP synthesis in
solution has been achieved using DC glow discharges in contact
with a solution, where the metal ion precursor is reduced at the
plasma–liquid interface.21,30,32 Since the interfacial reduction of
metallic ions by plasma is exceedingly fast, the ions at the
interface are depleted within a short timescale.33 The resulting
gradients in reduced metal precursor constantly leads to a wide
range of nucleation and particle growth conditions causing an
increased dispersion in NP properties, and thus, provides less
control of the critical parameters, such as size, shape, or crys-
tallinity of the NPs.

A recent approach to mitigate these challenges involves NP
synthesis on timescales ranging from micro- to milliseconds
using the surface–bound interactions between plasma and
liquid precursor droplets with picoliter volumes.34,35 The liquid
droplets are completely immersed in the plasma, hence the
inux of the plasma-generated chemical species including
electrons into the droplet can be very effective, and the large
surface to volume ratio enables faster diffusion of the metal
precursor towards the droplet surface. This provides opportu-
nities for controlled synthesis in a small solution volume with
a well-dened plasma treatment time equal to the droplet
residence time in the plasma and a continuous delivery of high
purity, uncoated, as-synthesized and surfactant-free NPs to the
target, circumventing the challenge of particle agglomeration
and growth mediation.

Maguire et al. reported unprecedented gold nanoparticle
synthesis rates (>1024 atoms per L per s) in such liquid droplets
treated by an RF plasma.34 Such high rates were attributed to
a high electron ux and large surface-to-volume ratio of the
droplets with an estimated average dose of 0.8–800 electrons
per gold ion.34 Other studies have reported the reduction of gold
ions by H2O2 and H radicals.15,20,24,30,36–40 The reduction of gold
ions in bulk liquid likely involves the following reactions:

[AuClx(OH)4−x]
− + 3eaq

− / Au0 + xCl− + (4 − x)OH− (R1)

[AuClx(OH)4−x]
− + 3Haq / Au0 + xCl− +

(4 − x)OH− + 3H+ (R2)

�
AuClxðOHÞ4�x

�� þ 3

2
H2O2/Au0 þ xCl� þ ð4� xÞOH�

þ 3Hþ þ 3

2
O2 (R3)

where [AuClx(OH)4−x]
− denotes the speciation of the gold ion

complex under different pH conditions (x= 0− 4, 0 in basic and
11644 | Chem. Sci., 2024, 15, 11643–11656
4 in acidic medium). The reduction by e−aq and H is reported by
Tibbetts et al.15 To the best of our knowledge, quantitative
measurements of reaction constants of R1 and R2 have not been
reported. The reaction rate constant of R3 has been analyzed in
detail only in alkaline solution (pH = 13) where the HO−

2 ion
likely plays a role as a reducing agent.37 In addition to the role as
a reducing agent in bulk liquid, H2O2 can reduce gold precursor
ions at the surface of AuNPs, which has been reported to enable
autocatalytic surface growth through a Finke–Watzky mecha-
nism.41 The autocatalytic surface growth of AuNPs can be
expressed by rewriting reaction R3 as:

�
AuClxðOHÞ4�x

�� þ 3

2
H2O2 þAum ��!AuNP

Aumþ1 þ xCl�

þð4� xÞOH� þ 3Hþ þ 3

2
O2 (R4)

where Aum denotes an AuNP containing m gold atoms. The rate
of reaction R4 was quantied by Meader et al.16 by tting the
rate constant with their experimental results. As very high yields
for H2O2 production were reported by plasmas containing small
water droplets,42 it is not unlikely that in addition to solvated
electrons, H2O2 could play a role in the reducing agent for
AuCl−4 in microdroplets.

While NPs synthesis has been studied for several decades,
the underpinning mechanisms, particularly nucleation
processes even for the Turkevich synthesis, are still being
debated to date. Classical nucleation theory was rst developed
by Becker and Doring43 to describe the condensation of liquid
from the gas phase vapor. The driving force for this phase
transition is to minimize the Gibbs free energy of the particles.
The theoretical work done by LaMer et al.44,45 extended classical
nucleation theory to explain NPs formation by separating
particle synthesis into a two-step process, burst nucleation fol-
lowed by particle growth. In the rst step, burst nucleation, the
concentration of monomers increases and eventually exceeds
the critical solubility limit. Monomers with higher kinetic
energy than the critical Gibbs free energy starts to nucleate, and
the concentration of monomer decreases below the critical
concentration due to the fast conversion of monomers by
nucleation, followed by the termination of nucleation. As
a second step, the particle size grows by the diffusion driven
monomer attachment to the surface of existing nuclei.46 During
the growth process, the concentration of particles remains
rather constant. Turkevich et al.9,47 analyzed the process of
AuNPs synthesis by applying nucleation and growth steps,
which is referred to as LaMer's mechanism. LaMer's burst
nucleation and diffusional growth theory has been generally
recognized as a fundamental model in chemical synthesis
studies.

In contrast to the two-step mechanism of LaMer, Watzky and
Finke41 proposed a new mechanism by studying the reduction
of transition metals by hydrogen, where slow nucleation and
autocatalytic surface growth occur simultaneously. Although
this mechanism is conceptually different from the two steps in
LaMer's mechanism, the slow nucleation process in the Finke–
Watzky mechanism still follows classical nucleation theory. As
Watzky and Finke did in their study, the photochemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduction study of gold ions was carried by Meader et al.16 by
tting the gold ion concentration with an equation describing
the reaction mechanism to estimate rate constants for reduc-
tion and autocatalytic surface growth. They found that the rate
constant of autocatalytic surface growth is dependent on the
concentration of hydrogen peroxide as shown in reaction R4.

Despite the well-established mechanisms of LaMer and
Finke–Watzky, the commonly believed mechanisms of NP
formation have been challenged by other explanations.48 Simi-
larly, although extensive research has been performed to
understand the role of plasma-generated reactive species and
solvated electrons in bulk phase interactions, detailed quanti-
tative studies are still missing. In addition, little is known about
the plasma activation of liquid droplets for NP synthesis, for
conditions with supposedly far superior synthesis rates and
yields.34

In this manuscript, we aim to provide quantitative insights
on plasma produced reactive species uxes to droplets and the
underpinning mechanism of the resulting AuNPs synthesis. We
focus our investigation on the in-ight synthesis of AuNPs in
the precursor-loaded (HAuCl4$3H2O) picoliter volume droplets
treated by an RF glow discharge (He/Ar and He/Ar/H2O) at
atmospheric pressure on millisecond timescales. The charac-
terization of plasma, liquid droplets (H2O2), and resulting
AuNPs is performed by optical emission spectroscopy, UV/vis
absorption spectroscopy, and TEM analysis. The plasma–
microdroplet reactor used in this study provides a controlled
environment, and has previously been used for the investiga-
tion of plasma conversion of organic and uorinated
compounds in water droplets.49–51 We not only show that we can
produce stabilizer-free AuNPs with a narrow size distribution,
but we also investigate the effect of plasma-produced short-lived
species (electrons and VUV photolysis) and H2O2 by proposing
a reaction-diffusion model consisting of fast reduction
processes and particle growth mechanism that is able to
describe the experiment. The model analysis provides a picture
of overall process of AuNPs formation consisting of steps with
different timescales. For the detailed experimental methods,
see ESI.†

Results and discussions
Plasma and droplet characterization

The RF glow plasma was operated in two different working gas
mixtures, He + 17% Ar and He + 17% Ar + 0.2% H2O. In the case
with added water vapor to the gas ow, it was reported earlier
that the decomposition of formate in the water droplets was
dominated by OH radical induced chemistry.50 In addition to
OH radicals, He/Ar/H2O plasma also produces a large amount of
H2O2. In the case of He/Ar plasma, a smaller OH and H2O2 ux
to the droplet will be present, leading to potentially an impor-
tant role of VUV radiation as shown in Nayak et al.51 We oper-
ated at gas ow rates ranging from 1 to 3 slm, which correspond
to gas residence times in the inter-electrode gap ranging from
22 ms (1 slm) to 7 ms (3 slm). The emission from the He/Ar and
He/Ar/H2O plasma did not ll the inter-electrode volume
completely at 6 W. However at 14 W in He/Ar/H2O, the ionizing
© 2024 The Author(s). Published by the Royal Society of Chemistry
plasma zone was larger and lled ∼90% of the inter-electrode
volume.52 The steady-state gas temperature in these plasmas
has been measured previously for similar operating conditions,
and was found to be 335 ± 9 K for He/Ar plasma at 12.4 W53 and
450 ± 20 K for He/Ar/H2O plasma at ∼14 W,50 at a total gas ow
rate of 1 slm.

The droplet dynamics were investigated previously for the
plasma conditions studied in this work using a fast framing
camera.50 The droplet diameter, when it enters the plasma, was
xed at 41 ± 2 mm for all conditions. In both the plasma cases,
the reduction in the droplet size is enhanced with increasing
droplet residence time in the plasma or decreasing gas ow
rate. Amaximum reduction in droplet size of 1.8%was observed
in He/Ar plasma at 6 W, while a size reduction of 2.6% occurred
in He/Ar/H2O plasma at 14 W and 1 slm, despite a much higher
gas temperature. While solvent evaporation can in rst
approximation be neglected for the liquid phase, the impact on
the gas composition near the droplet caused by this evaporation
can be important and will be discussed below. With a total gas
ow rate of 1 to 3 slm, the average gas velocity varied from 0.5 to
1.4 m s−1, corresponding to droplet residence times of 5.6–10.9
ms and 4.9–10.2 ms measured in He/Ar and He/Ar/H2O
plasmas, respectively.51,52

The electron properties determined from continuum radia-
tion as a function of total gas ow rate and plasma power are
shown in Fig. S2 in ESI.† Using these absolute local gas-phase
plasma densities near the droplet, the total electron current
(Ge) equal to ion current (Gi) to the droplet can be estimated by
the following equation:51

Ge zGi z ne
Da

Ls

pRp
2 (1)

where ne, Da, Rp and Ls, are the electron density, the ambipolar
diffusion coefficient, the droplet radius and the sheath thick-
ness respectively. We assumed similarly to Nayak et al.51 that the
dominant ion was (H3O

+$H2O) with a reduced zero-eld
mobility (m0) of 17.3 ± 0.9 cm2 V−1 s−1(ref. 54) and the sheath
thickness was∼100 mm. This assumption was previously shown
to be in a good agreement with a detailed model of plasma–
droplet interactions for the same conditions.51 Using eqn (1) we
can estimate that the maximum electron current to the droplet
for the entire duration in the plasma is 1.7 × 1010 s−1 for the 3
slm He/Ar/H2O case at 14 W, where we estimated the gas
temperature as 450 K and corresponding ambipolar diffusion
coefficient as 8.6 × 10−3 m2 s−1. The variations in electron
current are in good approximation proportional to the electron
density (eqn (1)) and vary only within a factor 3 between 1 and 3
slm for the He/Ar/H2O case but can vary more than a factor 6 for
the He/Ar case due to the much larger impact of changes in
water vapor concentration at different ow rates.51 Similar
variation in the electron current was found with variation in
power between 6 and 14 W for the He/Ar/H2O case at 2 slm. This
shows that both gas ow rate and power variation can have
a signicant effect on the electron current to the droplet.

As already motivated elsewhere, the contribution of gas
phase H can be neglected because of its much lower Henry's law
solubility constant.49,55 However, the VUV photons from Ar
Chem. Sci., 2024, 15, 11643–11656 | 11645

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01192a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 3
:4

2:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
excimer radiation predominantly produce Haq and OHaq radi-
cals at the liquid interface via H2O dissociation at 124 nm56 as

H2O + hn / Haq + OHaq (R5)

and the produced Haq can contribute to precursor reduction
processes. It has been previously shown that for similar
conditions photolysis can contribute to reactivity in the
droplet.51 Furthermore, in acidic solution (the pH of 1 mM
precursor is∼3.0), the H radicals could also be produced within
the droplet via scavenging of eaq

− or injected ions by a proton as

eaq
− + H+

aq / Haq (R6)

which occurs at a rate coefficient of ∼2 × 1010 M−1 s−1.57,58 In
short, H radicals generated through secondary reactions in the
liquid phase could be important for the reduction (R2). The
formation of solvated electrons by photoionization is another
possibility for adding reactivity to the droplet.
Plasma–droplet nanoparticle synthesis

In the following, we assess the impact of varying plasma
conditions on the AuNP synthesis. Measurements were per-
formed with droplets containing 1 mMHAuCl4$3H2O precursor
solution dispensed without any plasma as well as in the pres-
ence of He/Ar and He/Ar/H2O plasmas. The TEM images and the
corresponding particle size distributions are shown in Fig. 1(a).
The TEM images show that spherical crystalline AuNPs are
produced in both dispensed and plasma-treated conditions.
Dispensing the precursor-loaded droplets leads to the forma-
tion of a small number of NPs, which tend to aggregate and are
much larger than the plasma-processed particles with all
observed particles having a diameter in excess of 10 nm. This is
consistent with the observations of the group of Zare that
previously reported enhanced NP synthesis rates in micro-
droplets compared to bulk solutions.59 Nonetheless TEM
images suggest that the plasma synthesized AuNPs are signi-
cantly more abundant than from droplet dispensing only. In the
He/Ar plasma case, a narrow particle size distribution was
observed with a mean AuNP diameter of 2.8 ± 1.7 nm as
compared to the larger mean AuNP diameter of 9.7 ± 1.7 nm in
the He/Ar/H2O plasma case. Interestingly, the He/Ar plasma
yields smaller AuNP sizes than the He/Ar/H2O plasma which
will be discussed in detail later.

The effect of plasma power on the NP synthesis was inves-
tigated by treating precursor-loaded droplets at different
plasma powers. Fig. 1(b) shows the TEM images and the cor-
responding particle size distributions of AuNPs as a function
of power. The average AuNP size decreases with increasing
plasma power. Intuitively, one would expect that larger power
might produce larger particles, with larger agglomerates
leading to crystallinity, however, Fig. 1(b) shows a reverse
trend. He/Ar/H2O plasma at 6 W shows a wide and sparse size
distribution which seems similar to the precursor dispensing
case without plasma shown in Fig. 1(a). It is reasonable to infer
that there might have been limited additional plasma-driven
nucleation in this case but likely the existing particles from
11646 | Chem. Sci., 2024, 15, 11643–11656
dispensing just grew by reaction mechanism R3 with H2O2

produced from plasma or diffusion driven monomer attach-
ment, like seed-mediated growth. This can be qualitatively
conrmed by UV/vis absorbance proles. Indeed, Fig. 1(c)
shows absorbance curves of just dispensed and plasma treated
by He/Ar/H2O at 6 W, which are similar to each other, non-zero,
and broadened proles, which are attributed to the sparse and
big AuNPs produced from dispensing only. On the other hand,
a clear log-normal size distribution was observed in Fig. 1(b)
treated by He/Ar/H2O plasma at 10 W. This result suggests
a threshold power required for signicant AuNP production
between 6 W and 10 W in He/Ar/H2O plasma despite the larger
H2O2 concentration (see H2O2 measurement in ESI†) in all
cases as compared to He/Ar plasma treated solution. In
Fig. 1(c), as power increases from 6 W to 14 W, a more prom-
inent absorbance peak is seen. As electron/ion ux increases
with increasing discharge power as shown in Fig. 1(b),
a threshold power requirement might indicate a requirement
for a threshold reducing species ux, which is consistent with
classical nucleation theory since the classical nucleation
theory requires supersaturation of monomers (Au0 in this case)
above a critical concentration.
Effect of ow rate and humidity of gas ow

A much smaller particle size (m = 2.8 nm) produced by He/Ar
plasma compared to all He/Ar/H2O cases for different discharge
power (6 W to 14 W) with the same owrate (2 slm) is not
explainable by the relation between electron ux and particle
size, since the electron density of He/Ar 6 W plasma is similar or
even smaller than the electron densities of He/Ar/H2O plasmas
(see Fig. S2 in ESI†). This nding has two possible explanations.
Firstly, He/Ar plasma produces higher VUV photon ux
compared to He/Ar/H2O plasma which enhances the reduction
due to its lower gas phase H2O concentration responsible for
quenching the formed excimers. Nayak et al.,51 reported a sup-
pressed decomposition rate of organic compounds (formate and
PFOA) throughout their study upon the addition of water vapor to
the feed gas consistent with such an explanation. The increased
reduction rate induces enhanced nucleation resulting in a larger
number of nuclei. The second explanation is that the NP size is
determined by autocatalytic surface growth (R4) which is less
pronounced in the He/Ar plasma case, compared to the He/Ar/
H2O case due to the signicantly lower H2O2 concentration (see
H2O2 measurement in ESI†). The model reported later in this
work will include both processes and allow a more in-depth
discussion on the dominant processes.

To experimentally assess the impact of the precursor
reduction rate in more detail, droplets containing 1 mM solu-
tion of HAuCl4$3H2O were treated with He/Ar/H2O plasma at
14 W for 5 minutes at different gas ow rates from 1 to 3 slm.
Fig. 1(d) shows the mean particle size or diameter of the AuNPs
synthesized in plasma-treated droplets as a function of different
gas ow rates in both He/Ar (6 W) and He/Ar/H2O (14 W)
plasmas. In both cases, the mean NP size decreases with
increasing gas ow rate or decreasing droplet residence time in
the plasma.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images, corresponding size distributions, (a) and (b); absorbance profiles of representative data, (c); and particle size for different gas
flow rates, (d). For images (a) and (b), 1 mM HAuCl4$3H2O precursor-loaded droplets were dispensed or treated by different plasma conditions
(see inset) with a total gas flow rate of 1 slm (a) and 2 slm (b). Particle size distributions are shown with log-normal fits. For image (d), the error bar
is the standard deviation of the particle size distribution.
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In the He/Ar/H2O plasma case, the total estimated electron
current to the droplet increased by a factor 3 from 1 to 3 slm (see
Fig. S2 in ESI†). This is because the humidity around the droplet
reduces the plasma density, which is more pronounced at lower
gas ow rates or larger droplet residence times (see Nayak
et al.51 for more details). This result is consistent with the
observation that the particle size decreases with increasing
plasma power. The resulting higher reducing current results in
a larger number of nuclei for the 3 slm case compared to the 1
slm case. The measured H2O2 concentrations in the collected
droplets increase by a factor 2 (see Fig. S3 in ESI†). However, the
total number of gold ions reduced by autocatalytic reduction
(R3) will be similar for the 1 slm and 3 slm cases as the gold
precursor ion concentration is the growth limiting factor (its
concentration is much smaller than the H2O2 concentration). In
conclusion, “resource competition” occurs with elevated
reducing current, either by increased power or gas ow rate
leading to smaller nanoparticles. This will be analysed quanti-
tatively in the modelling section in detail.
Fig. 2 The averaged UV-vis absorbance profiles of precursor and
solutions treated by He/Ar plasma at 6 W and He/Ar/H2O plasmas at
12 W at a total gas flow rate of 2 slm. All the solutions were diluted 10
times.
Total conversion estimates

Fig. 2 shows the averaged UV/vis absorbance proles of samples
treated by He/Ar and He/Ar/H2O plasmas for the estimation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
the precursor ion conversion. The nal percentage precursor
ion conversions can be determined from the ratio of the
untreated and treated samples and are 89(±5)% and 72(±8)%
Chem. Sci., 2024, 15, 11643–11656 | 11647
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for the He/Ar and He/Ar/H2O plasma cases, respectively. More
details are provided in the ESI (Conversion of precursor ions).†
The percentage conversion obtained here shows good corre-
spondence with the estimation reported by Maguire et al.34

(>50%), and allows us to deduce important ndings. Firstly, the
total number of precursor ions converted and incorporated in
AuNPs in a droplet is estimated to be more than 1.4 × 1010

(obtained by the multiplication of precursor concentration with
the volume of a droplet and conversion percentage). The total
number of electrons injected by the gas phase plasma during 10
ms (droplet residence time in plasma) is not larger than 108.
Considering the reaction stoichiometry, three electrons are
required to reduce a gold ion (R1). Therefore, if the reduction of
AuCl−4 is only enabled by electrons, the number of electrons
required is 250 times larger than the available electrons.

As for conventional electrochemistry, we can dene faradaic
efficiency for plasma–liquid interaction as the number of elec-
trochemical conversions per transferred electron from the
plasma into the liquid. A oating liquid droplet in an RF plasma
has no net current through the interface as the average electron
and positive ion current are equal in steady-state. Nonetheless,
we determined the electron ux to the droplet and measured
the conversion of the gold ion precursor which allows us to
dene a faradaic efficiency. As plasma also injects ions and
neutral species that are not accounted for in this efficiency, in
the case of plasmas non-faradaic reactions can signicantly
contribute to the overall conversion and hence lead to faradaic
efficiencies in excess of 100%. In this work, the observed fara-
daic efficiency exceeds the maximal faradaic efficiency by
a factor 250. We would however like to stress that even for non-
faradaic reactions initiated by neutral plasma-produced reactive
species, these neutral reactive species are produced through
electron-induced reactions in the gas phase or secondary reac-
tions involving radicals or ions produced in electron-induced
gas phase reactions.

The above suggests that other species are needed to achieve
the observed high conversion of AuCl−4 , possibly H radicals from
photolysis (R5 and R2) or plasma-produced H2O2 (R3 or R4).
Secondly, reduction at the plasma–liquid interface, as in the
case for short-lived plasma-produced species such as solvated
electrons, is limited by the diffusion of AuCl−4 to the interface.
The maximum percentage conversion during the droplet resi-
dence time in the plasma (10 ms) obtained from a simple
diffusion-limited model (see 1-D Diffusion Model in ESI†) is
27%, which means that the reduction process involves not only
short-lived species at the plasma–liquid interface but also long-
lived species which can penetrate into the droplet and likely
reactions in the aerglow. This could imply that slow reduction
processes by H2O2 will be important.
Fig. 3 TEM images of AuNPs produced from (a) control treatment
with 34.3 mM H2O2, (b) afterglow treatment in He/Ar at 6 W, (c)
afterglow treatment in He/Ar/H2O at 14W, and (d) plasma-treated gold
precursor droplet in He/Ar/H2O at 14 W.
H2O2 positive control and aerglow measurements

To assess the role of H2O2 in AuNP synthesis in our system, we
performed a series of control experiments. The average H2O2

concentration in the collected Au precursor-loaded droplets
treated by He/Ar/H2O plasma at 2 slm and 14 W was measured
to be 34.3 ± 5.3 mM. For positive control experiment, 34.3 mM
11648 | Chem. Sci., 2024, 15, 11643–11656
H2O2 solution was added to 1 mM HAuCl4$3H2O solution and
allowed to react for 5 minutes (the same duration as used for
droplet collection for absorbance measurements). To then
isolate the effect of plasma generated long-lived H2O2 from
short-lived and locally produced species including e−aq on the
AuNP synthesis, a 10 ml droplet of 1 mM HAuCl4$3H2O was
treated with the He/Ar/H2O plasma aerglow at 2 slm and 14 W
for a period of 5 minutes without freezing the droplet. A similar
aerglow experiment was performed with He/Ar plasma at 2 slm
and 6 W for a period of 3.75 minutes. The TEM images of the
AuNPs produced in these positive control and aerglow exper-
iments are shown in Fig. 3. Fig. 3(a), (b) and (c) show that,
regardless of its origin, H2O2 has the ability to reduce gold ions
supported by the observed signicant absorbance at 555 nm
(corresponding UV-vis absorbance spectra are shown in
Fig. 1(c)) due to the plasmonic resonance of the produced
AuNPs. The measured H2O2 concentrations at the end of the
control experiments dropped from 34.3 ± 5.3 mM to 20.6 ±

2.1 mM (see values at H2O2 measurement in ESI†), suggesting
that ∼10 mM of H2O2 was consumed during the experiments,
where reaction R1 and R3 could account for at most ∼1.5 mM
H2O2 for 1 mM precursor concentration. While the aerglow
treated precursor solution by the He/Ar/H2O plasma had an
average H2O2 concentration of 46.6 ± 2.5 mM, He/Ar aerglow
treated precursor solution had only an average H2O2 concen-
tration of 0.5 ± 0.8 mM. While this low concentration is still
sufficient to convert 1/3 of the AuCl−4 to Au0, negligible absor-
bance corresponding to AuNPs was observed, in Fig. 1(c), for
droplets treated in the He/Ar aerglow, suggesting AuNPs were
hardly formed. By comparing the control experiment (34.3 mM
of H2O2) and aerglow treatment by He/Ar/H2O plasma
(46.6 mM of H2O2), the absorbance curve of the control exper-
iment shows a more prominent absorption peak than the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorbance curve of an aerglow treatment. This is probably
due to the linear increase of the H2O2 concentration in the
aerglow treatment (see also H2O2 measurement in ESI†),
resulting in ∼24 mM as an average, whereas the H2O2 concen-
tration remains relatively high (decrease from 34.3 mM to 20.6
mM). The AuNPs produced from aerglow treatments (Fig. 3(b)
and (c)) are much larger than the plasma-processed AuNPs
(Fig. 3(d)), which is also consistent with the red-shied peaks in
Fig. 1(c). Furthermore, the AuNPs treated by aerglow in
Fig. 3(c) tend to show non-spherical and loosened (or dendritic)
morphology, while well-separated and compact individual
AuNPs are produced in the droplets treated by the RF plasma.
The small-sized and well-separated AuNPs from the plasma
treatment suggests an important contribution of short-lived
species uxes to the reduction.

In conclusion, the experiments strongly support the idea
that a signicant part of the precursor ions can be reduced by
H2O2 produced by the gas-phase plasma. It seems that reducing
reactions by short-lived species such as solvated electrons and
VUV photolysis from the plasma are also critical with the aid of
H2O2 for AuNP formation and for the growth with a narrow size
distribution and sizes of a few nm. Plasma-produced AuNPs
show relatively compact and well-separated AuNPs while H2O2

enabled AuNP growth showed a more loosened and non-
spherical shape.
Modeling

In addition to the above-described experiments, a 1-dimen-
sional model was developed to describe the observed AuNP
growth in the experiment and to assess the applicability of the
existing AuNP growth models to plasma-enabled AuNP
synthesis. The scheme of the model is presented in Fig. 4
including the governing equation and boundary conditions. To
model AuNP growth, we consider three processes: reduction of
gold ions (AuCl−4 ), nucleation from reduced monomers (Au0),
and particle growth. The model is detailed in the 1-D reaction-
diffusion model section of the ESI.†

The formation of nuclei (or small clusters) can be explained
by either nucleation or coalescence driven by colloidal stability.
Fig. 4 Schematic diagram of AuNP synthesis model used in this study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
From Polte's explanation of the Turkevich method as a model of
the four-step process,48 instead of nucleation, monomers
aggregate and coalesce to form small clusters due to the
colloidal instability in the early stage of reduction, explained by
DLVO theory60,61(named aer Derjaguin, Landau, Verwey and
Overbeek), and these particles grow by diffusion driven mono-
mer attachment and the reduction of surface attached ions,
referred to as autocatalytic surface growth. However, we could
not nd proof of applicability of DLVO theory to explain initial
Au clusters for our experimental conditions and therefore use
classical nucleation theory to describe the formation of initial
Au cluster (nuclei). The minimum power (more than 6 W in the
He/Ar/H2O plasma as shown in Fig. 1(b)) required to produce
a signicant number of nanoparticles suggests a threshold
effect which is consistent with the concept of an “activation
barrier” of classical nucleation theory. Furthermore, we did not
observe a minimum size of AuNPs, which could be the evidence
of “deactivation barrier” of DLVO theory in our experiments,
although this might be obscured by the nite resolution (0.34
nm) of the TEMmeasurements for the experimental conditions.
For the NP growth process, we follow the approach of Meader
et al.16 While the nucleation process was assumed to be slow in
the study of Meader and occurs simultaneously with surface
growth through the Finke-Watzky mechanism, we conjecture
the supersaturation of gold monomer concentration at the
center of the cuvette in their setup was hardly achieved due to
isotropic diffusion, thus leading to the synthesis timescales of
10–100 s, as observed in their work. By contrast, for our
conditions, it was shown that plasma-produced short-lived
species are critical for the formation of nanoparticles and
hence signicant nucleation occurs likely during the ight time
of droplets in the plasma on a timescale of ∼10 ms. This
timescale is even shorter than the fastest chemical synthesis
rate reported by Polte et al.62 where reduction and nucleation
are completed within 100 ms, achieved under rapid mixing of
gold precursor with NaBH4 inside micro-mixer. We anticipate
that supersaturation of reduced monomers is expected to reach
its critical concentration due to the limited-diffusion and high
reducing ux on these timescales. Therefore, LaMer's explana-
tion of burst nucleation is consistent with the milliseconds
timescale of plasma treatment and resulting particle formation
in our experiments.

Although LaMer stated that the growth of thermodynami-
cally stable particles might be driven by diffusion of monomers,
the exact growth mechanism was unspecied. As we showed in
the previous section of this manuscript, a signicant amount of
H2O2 was produced from the gas phase plasma and was also
consumed in the presence of the gold precursor. This observa-
tion strongly suggests the applicability of autocatalytic surface
growth as expressed in mechanism R4.

The characteristic time (sD) for mass diffusion of AuCl−4 from
the bulk of the droplet to the surface can be estimated by

sD = L2/D (2)

where L = Rp/3p and D is the diffusion coefficient of AuCl−4 as
reported in Hariri et al.63 Eqn (2) yields a characteristic time of
Chem. Sci., 2024, 15, 11643–11656 | 11649
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9.5 ms, which is of the same order as the droplet residence time
in the plasma. This suggests that signicant gradients in
species concentrations are expected in the droplet and
a detailed description of transport is required which is assumed
to be dominated by diffusion for our experimental conditions as
shown in Oinuma et al.49

While it is known that OH radicals have a strong capability to
oxidize organic/inorganic molecules, direct evidence or quan-
titative measurements of gold monomer oxidation by OH radi-
cals have not been reported, to the best of our knowledge.
Nonetheless, OH radicals were reported to be able to oxidize
gold on a macroscopic scale. Nowicka et al.64 rstly discovered
that small asperities on a gold surface could be oxidized and
dissolved by OH radicals. Furthermore, in the eld of catalysis,
gold nanoparticles have been studied for facilitating oxidation
reactions such as CO to alcohols which is proposed to involve
OH-driven chemistry.65 This implies that OH radicals might be
able to induce oxidation at the monomer scale as well particu-
larly as the plasma–liquid interface is an OH-rich environment.
Oinuma et al.49 reported OH radicals concentrations of
∼10−4 mM at the interface layer of a droplet for similar plasma
conditions as studied in this manuscript. However, the time
scale of gold surface oxidation reported from Nowicka et al.64 is
of the order of ∼10 min. Therefore, while recognizing the
knowledge gap on OH-driven reactions, it is likely that reox-
idation of the gold monomer occurs on a much longer time
scale as reduction at the plasma–liquid interface. This suggests
that OH has aminimal impact on nanoparticle synthesis and we
have not considered OH-driven chemistry in this work.

Total reducing current estimation

Although themaximum electron current is estimated above (see
Plasma and droplet characterization), the total reducing current
including VUV photons is unknown. Based on the experimen-
tally determined upper limit of the electron current (Ge < 2 ×

1010 s−1), parametric simulations were carried out by varying
the reducing current with a xed plasma droplet residence time
of 6.2 ms (corresponding to 2 slm in the experiment).50 Fig. 5
shows the results of parametric simulations for different
reducing uxes and solubilities of gold monomers. Fig. 5(a) and
(b) indicate that the obtained concentration and diameter of the
synthesized gold nanoparticles are sensitive to the solubility of
gold monomers. In our model, particle concentration is deter-
mined by the rate of nucleation, which is proportional to

� exp

 
� 1

ðln SÞ2
!
, where S represents the degree of supersat-

uration. Higher solubility leads to a slower nucleation rate,
resulting in a lower concentration of nuclei. Consequently, the
reduced monomers aer nucleation are distributed among
fewer particles, as previously discussed, causing resource
competition and leading to larger particle sizes. In Fig. 5(a), the
possible range of reducing current can be estimated as 1011 s−1–

2 × 1012 s−1 based on the known solubility range and the
measured AuNPs concentration range (grey area, 7 × 10−6 mM–

5 × 10−4 mM) calculated from our experiments (see Estimation
of AuNP concentration in ESI†). In the case of GR = 2× 1012 s−1,
11650 | Chem. Sci., 2024, 15, 11643–11656
the concentration of gold ions was depleted at the interface
when t y 6.2 ms. The reduction rate at the interface will be
limited (or controlled) by the diffusion of AuCl−4 in this case.
Hence, we expect that the concentration of AuNPs made by
larger reducing species currents will not deviate much from the
concentration of GR = 2 × 1012 s−1 case and we took this value
as the upper limit in this study. In Fig. 5(b), the estimated
particle concentration and the measured diameter are shown
with colored ranges at the same time. The experimentally
observed overlapping area (grey and red) implies the reducing
current could vary from 2 × 1011 s−1 to 2 × 1012 s−1 and the
solubility could vary from 10−4 mM to 10−3 mM. However, at the
high end of the solubility range, 10−3 mM, the resulting particle
diameter does not vary much. On the other hand, if the solu-
bility is around 10−4 mM, the smaller particle size along with
higher reducing current is achievable, a trend shown in
Fig. 1(d), although the sensitivity to the reducing current in the
experiment is somewhat higher than the model. The reducing
current of the experiments could vary between 2 × 1011 s−1 and
2 × 1012 s−1 with a solubility of around 10−4 mM which is close
to the value obtained by Chen et al.66 (4 × 10−4 mM). Interest-
ingly, the estimated lower limit of reducing current is at least 10
times higher than the electron current to the droplet, suggest-
ing the inevitable participation of other processes, likely to be
VUV photolysis, in the reduction process. The quantitative
estimation of the VUV photon ux inside the RF plasma has
been rarely reported, however, we can use values of VUV irra-
diance measured by Brandenburg et al.67 to estimate a VUV
photon ux. They acquired 8.3 mW cm−2 at a distance of 5 mm
with similar operating conditions as in our experiments.
Considering photons at 125 nm (Ar excimer radiation) have an
energy of 9.9 eV, and the surface area of a droplet (f = 41 mm) is
5.3 × 10−9 m2, the VUV photon ux into the droplets in our
experimental setup can be of the order of 3 × 1011 s−1, a value
which is more than an order of magnitude higher than the
electron current (1.7 × 1010 s−1) and is within the range of the
total reducing current identied by the model. Although this
remains an estimation, it is reasonable to conclude that VUV-
induced photolysis has likely the capability to enhance fast
reduction of gold ions compared to the reduction by electrons
only.

The simulation results can also explain the experiment of
Maguire et al.34 where they estimated nanoparticle synthesis
rates, mean particle diameters, and the maximum particle
concentrations. From their estimation, the nanoparticle
synthesis rate of 1024 atoms per L per s suggests that their
reducing current should be larger than ∼2 × 1012 s−1 which is
likely to be diffusion-limited as shown by our simulation. If we
assume the solubility as ∼10−4 mM, their reducing current
should result in a particle diameter of <5 nm which is close to
the reported mean diameter of 4.4 nm from their experiment.
Dominant reduction pathways and particle size contributions

Since the model results depend on the value of solubility which
still has an order of magnitude of uncertainty, we explore
several reference cases. The two extreme cases of reducing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The (a) concentration and (b) diameter plots of AuNPs from simulations where reducing flux was varied from 3 × 1010 s−1 to 2 × 1012 s−1

(diffusion-limited) and the solubility of gold monomers was varied from 10−4 to 10−2 mM. From the experiment with He/Ar/H2O plasma, the
concentration and diameter lie between 7 × 10−6–5 × 10−4 mM and 5.0–14.5 nm, respectively.
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currents (2 × 1011 and 2 × 1012 s−1) and two solubilities (10−4

and 10−3 mM) were chosen. In these representative cases, we
investigate the contribution of each process (see Fig. 6) to the
consumption of species including AuCl−4 and Au0 as shown in
Table 1. Note that the total conversion of the precursor ions for
every case was∼100%. In the low reducing current case, most of
the precursor ions were reduced by autocatalytic reaction,
however, in the higher reducing current cases, a relatively large
portion of precursor ions was reduced by reduction at the
plasma–droplet interface. Among the high current cases, more
monomers are consumed by nucleation in the lower solubility
case, leading to larger particle concentration which results in
smaller particle diameter.

Overall, the contribution of each process for the particle size
determination is as follows: autocatalytic surface growth
(>80%), monomer absorption (<20%), and nucleation (<1%).
Fig. 6 Consumption pathways of gold precursor ions and monomers
by different mechanisms. Each number denotes the percentage
contribution of each process for the consumption species: (1) auto-
catalytic surface reaction (reaction R4), (2) reduction at the plasma–
droplet interface, (3) nucleation, and (4) diffusion-driven monomer
absorption. Note that the percentage conversion of gold ions is the
summation of (1) and (2), and the summation of (1), (3) and (4) is 100%.
See also Table 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Since the contribution of autocatalytic surface growth is
signicant, one can expect He/Ar/H2O plasma will produce
much larger AuNPs than He/Ar plasma. However, in our
preliminary inspection (see Effect of H2O2 concentration to the
particle size in ESI†), where we lowered the concentration of
H2O2 from 34.3 mM to 3.6 mM (the H2O2 concentration from
He/Ar/H2O at 14 W and He/Ar at 6 W aerglow treatment,
respectively), there was no signicant reduction in particle size.
This is because the simulation time scale is of order of 102 s
which is much longer than the timescale of autocatalytic
reduction (10 ms–1 s, see further) and the total conversion is
determined by the initial precursor concentration of 1 mM. In
other words, the particle size is not determined by the H2O2

concentration.
Therefore, among the two possible explanations of why He/

Ar plasma resulted in a smaller particle size (2.8 nm), the
lower H2O2 concentration explanation is eliminated. If we
capitulate, as identied above, that the VUV photon dominates
total reducing current, the VUV photon ux provides convincing
explanation of the different particle size by He/Ar and He/Ar/
H2O plasmas. The higher VUV photon ux in He/Ar plasma
compared to He/Ar/H2O, due to the quenching of excimers by
the presence of H2O, likely results in a larger reducing current
and more particle nucleation, and hence, smaller particle sizes.
Key species concentration

Fig. 7(a) shows the maximum supersaturation from the simu-
lation results with different reducing species current (GR) at
a gas ow rate of 2 slm. When the reducing species current is
less than 1011 s−1 supersaturation was reached at the end of the
droplet residence time (6.2 ms). Hence, the supersaturation is
limited by droplet residence time, however, the level of super-
saturation was not enough to induce sufficient nucleation and
resulting particle concentration, as shown in Fig. 5(a). With the
reducing species current of 1011 s−1, the maximum
Chem. Sci., 2024, 15, 11643–11656 | 11651
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Table 1 Contribution (%) of the processes participating in AuNP formation for the consumption of each species, obtained from simulation. Note
that (1) + (3) + (4) = 100% and (2) = (3) + (4) (Fig. 6)

Case

Process

(1) Autocatalytic
surface growth (%)

(2) Reduction (%)

Particle diameter
(nm)

(3) Nucleation
(%)

(4) Monomer
absorption (%)

Low current (2 × 1011 s−1) 98.3 1.7 13.4
<0.1 1.7

High current (2 × 1012 s−1) Low solubility (10−4 mM) 82.4 17.6 4.6
0.7 16.8

High solubility (10−3 mM) 82.5 17.5 16.6
<0.1 17.1
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supersaturation is reached also at the end of the droplet resi-
dence time in the plasma, and this reducing current could
enhance nucleation resulting in a AuNP concentration of
10−5 mM, as shown in Fig. 5(a). With the reducing species
currents GR $ 5 × 1011 s−1, the supersaturation near the
interface reached its local maximum (>100) within a very short
time of <400 ms. Overall, the higher current enables higher and
faster supersaturation of monomers, which explains the fast
synthesis and narrow size distribution, through “burst nucle-
ation”, of our experiment and the result reported by Maguire
et al.34

To investigate the concentration changes of the involved
species and particles, Au0, AuCl−4 , and AuNPs, we chose a high
reducing current and low solubility case as the reference case
(GR = 2 × 1012 s−1 and C

0
Au ¼ 10�4 mM ) and the results are

shown in Fig. 7(b)–(d). Fig. 7(b) shows that the gold monomer,
Au0, concentration reaches its maximum of∼0.03 mM (S∼ 300)
Fig. 7 Simulation results of maximum supersaturation with different redu
2× 1012 s−1, C

0
Au ¼ 10�4 mM (high current and low solubility case) (d). (e) T

the droplet interface. Note that the concentration is normalized with the
for Au0 and AuNP, respectively). For plot (a), the legend shows the reducin

11652 | Chem. Sci., 2024, 15, 11643–11656
within 1 mm from the plasma–droplet interface. Aer reaching
its maximum, Au0 was rapidly consumed by burst nucleation
and diffusion-limited monomer absorption to NPs. Within
a timescale of 10 ms, most of the Au0 was consumed, leading to
the termination of nucleation and particle growth by diffusion-
limited monomer absorption. Fig. 7(c) shows the precursor ion
concentration. During the plasma treatment (<6 ms), within 1
mm from the interface, 80% of the precursor was rapidly
consumed by reduction, and aer the droplet exits the plasma,
depleted ions are restored by diffusion from the bulk. Between
100 ms and 1 s, most of the ions are consumed by autocatalytic
surface growth (R4). The rate of autocatalytic surface growth
reaches its maximum around 100 ms (Fig. 8(a)). The local
concentration of AuNP within 100 nm from the interface rea-
ches its maximum during the plasma treatment (Fig. 7(d)), and
it is attened by the diffusion from the interface to the bulk with
the timescale of 1 s, resulting in the nal AuNPs concentration
cing currents at C
0
Au ¼ 10�4 mM (a), Au0 (b), AuCl−4 (c),and AuNP at GR =

emporal evolution of Au0, AuCl−4 and AuNP at a distance of 0.1 mm from
temporal maximum concentrations of each species (26 mM and 3.1 mM
g current and the time when the maximum supersaturation is reached.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Temporal evolution of (a) reaction rates of each growth processes (black) and cumulative amount of incorporated gold atoms in AuNP
(red) from diffusion limited absorption of Au (eqn 10 in ESI†) and autocatalytic growth (eqn 11 in ESI†) and (b) number of Au atoms per AuNP
(black) and diameter of AuNP (red).
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of ∼5 × 10−4 mM. The normalized temporal changes of the
species concentration at a distance of 0.1 mm from the droplet
interface are shown in Fig. 7(e). The ion concentration starts to
be depleted at∼10−5 s and increases again at 6 ms (at the end of
the plasma exposure) due to the replenishment of the ions from
the bulk by diffusion. The concentration of Au0 reaches its peak
at ∼10−4 s. The AuNP concentration increases with a time scale
roughly 10 times slower than that of Au0 consistent with the
nucleation initiation rate requiring 13 atoms to form one
nucleus. Note that the Au0 concentration decrease is caused by
the consumption (nucleation and monomer absorption),
whereas the decrease of AuNP concentration is caused by the
Fig. 9 The schematic of the proposed particle growth mechanism inclu
steps.

© 2024 The Author(s). Published by the Royal Society of Chemistry
diffusion of the AuNPs towards the bulk of the droplet which
occurs due to its larger size on time scales larger than for
monomer consumption, as shown also in Fig. 7(d).
Timescales of key processes

The timescale of the growthmechanisms and incorporated gold
atoms by these mechanisms are shown in Fig. 8(a), and
resulting particle diameter evolution is presented in Fig. 8(b).
The diffusion-driven monomer absorption was completed
immediately aer the droplet exits the plasma. The autocata-
lytic surface growth subsequently occurs and is completed
ding timescales, relative contributions, and particle sizes in each of the

Chem. Sci., 2024, 15, 11643–11656 | 11653
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within approximately 1 s due to the complete consumption of
gold precursor ions as shown from Fig. 7(c) and (e). A signicant
portion of gold atoms in AuNPs was obtained by the autocata-
lytic surface growth, which was already conrmed by Table 1.

Informed by the above experimental and simulation results,
the proposed AuNP growth mechanism in our plasma–droplet
system is summarized schematically in Fig. 9. At rst, gold ions
are quickly reduced to gold monomers during the plasma
treatment, and the reduction is diffusion limited if the reducing
current is higher than 2 × 1012 s−1. The monomer concentra-
tion increases and reaches supersaturation. The degree of
supersaturation builds up (S ∼ 102) during the droplet resi-
dence time in the plasma or even on faster timescales. Burst
nucleation immediately follows and terminates within 10 ms
due to the depletion of monomers. The diffusion-driven
monomer absorption is the driving mechanism for the
particle growth during the droplet residence time in the plasma
which accounts for less than 20% of the NP size. Aer the
droplet leaves the plasma the autocatalytic surface reaction
drives particle growth, enabling signicant increases in the
AuNP size.

Conclusion

In this work, we demonstrated the synthesis of ligand-free,
spherical Au nanoparticles without the use of stabilizer(s) via
the interaction of in-ight liquid micro-droplets with a capaci-
tively coupled RF glow discharge in He + 17% Ar and He + 17%
Ar + 0.2% H2O plasmas. These nanoparticles were produced
within a droplet residence time of ∼10 ms used in this study.
The particles and precursor conversion were characterized with
UV-vis absorption spectroscopy complemented with TEM
imaging to obtain particle size distributions. The average size of
the AuNPs increases with an increase in the droplet residence
time and the particle synthesis showed a power threshold effect.
We showed that the ion precursor conversion exceeded by 250
times the maximum faradaic efficiency and were experimentally
able to identify through a series of control measurements
a dominant role of both short-lived reducing species and H2O2

in the reduction of AuCl−4 .
We reported on a 1-D reaction-diffusion model which

includes transport, plasma-enabled interfacial reduction of
AuCl−4 , classical nucleation, monomer absorption and autocat-
alytic surface growth enabled by H2O2. The modelling results
reported in this work show excellent agreement with the
experiment. With the aid of a model, we identied that the
estimated reducing current in our experiment is 10 times higher
than the electron current, which is attributed to the VUV
photolysis, and this value is consistent with the estimation of
VUV ux in our system based on the literature. The model
suggests that the nucleation process occurring within 10 ms is
enabled by fast reduction, by electrons and VUV photons, while
the particle growth is mainly led by autocatalytic growth
mediated by plasma produced H2O2 that continues aer the
droplet exits the ionizing plasma region. This autocatalytic
growth process that has a timescale of 1 s signicantly
contributes to the enhancement of plasma-enabled reduction
11654 | Chem. Sci., 2024, 15, 11643–11656
compared to the reduction by solvated electrons only. These
insights will be helpful in the development of general plasma-
enabled nanoparticle synthesis processes.
Data availability

All the additional experimental, characterization, and simula-
tion data are available in ESI.†
Author contributions

Jae Hyun Nam: conceptualization, methodology, soware,
validation, investigation, writing – original dra, review &
editing, visualization. Gaurav Nayak: conceptualization, meth-
odology, investigation, writing – original dra, review & editing,
visualization. Stephen Exarhos: investigation, writing – review &
editing, visualization. Chelsea M. Mueller: investigation,
writing – review & editing. Dongxuan Xu: investigation, writing –
review & editing. George Schatz: supervision, writing – review &
editing, funding acquisition, conceptualization. Peter J Brug-
geman: writing – review & editing, resources, supervision,
project administration, conceptualization, funding acquisition.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Research was sponsored by the Army Research Office and was
accomplished under Grant No.W911NF 20-1-0105. The views and
conclusions contained in this document are those of the authors
and should not be interpreted as representing the official poli-
cies, either expressed or implied, of the Army Research Office or
the U.S. Government. The U.S. Government is authorized to
reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation herein. GN and PJB
acknowledge funding from the National Science Foundation
under Grant No. PHYS 1903151 and from the United States
Department of Energy, Office of Science, Fusion Energy Sciences
under award number DE-SC-0020232. Parts of this work were
carried out in the Characterization Facility, University of Min-
nesota, which receives partial support from the U.S. National
Science Foundation (NSF) through the MRSEC program. The
authors acknowledge the Minnesota Supercomputing Institute
(MSI) at the University of Minnesota for providing resources that
contributed to the results reported in this paper.
References

1 E. Boisselier and D. Astruc, Chem. Soc. Rev., 2009, 38, 1759–
1782.

2 S. Wilhelm, A. J. Tavares, Q. Dai, S. Ohta, J. Audet,
H. F. Dvorak and W. C. W. Chan, Nat. Rev. Mater., 2016, 1,
1–12.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01192a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 3
:4

2:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3 Y. Zhang, T. P. Shareena Dasari, H. Deng and H. Yu, J.
Environ. Sci. Health, Part C: Environ. Carcinog. Ecotoxicol.
Rev., 2015, 33, 286–327.

4 M. Notarianni, K. Vernon, A. Chou, M. Aljada, J. Liu and
N. Motta, Sol. Energy, 2014, 106, 23–37.

5 M. Turner, V. B. Golovko, O. P. H. Vaughan, P. Abdulkin,
A. Berenguer-Murcia, M. S. Tikhov, B. F. G. Johnson and
R. M. Lambert, Nature, 2008, 454, 981–983.

6 M.-C. Daniel and D. Astruc, Chem. Rev., 2004, 104, 293–346.
7 A. B. Chinen, C. M. Guan, J. R. Ferrer, S. N. Barnaby,
T. J. Merkel and C. A. Mirkin, Chem. Rev., 2015, 115,
10530–10574.

8 M. Faraday, Philos. Trans. R. Soc. London, 1857, 14, 145–181.
9 J. Turkevich, P. C. Stevenson and J. Hillier, Discuss. Faraday
Soc., 1951, 11, 55.

10 G. Frens, Nat. Phys. Sci., 1973, 241, 20–22.
11 T. Yonezawa and T. Kunitake, Colloids Surf., A, 1999, 149,

193–199.
12 M. Iqbal, G. Usanase, K. Oulmi, F. Aberkane, T. Bendaikha,

H. Fessi, N. Zine, G. Agusti, E.-S. Errachid and A. Elaissari,
Mater. Res. Bull., 2016, 79, 97–104.

13 M. Brust, M. Walker, D. Bethell, D. J. Schiffrin and
R. Whyman, J. Chem. Soc., Chem. Commun., 1994, 801–802.

14 J.-W. Park and J. S. Shumaker-Parry, J. Am. Chem. Soc., 2014,
136, 1907–1921.

15 K. M. Tibbetts, B. Tangeysh, J. H. Odhner and R. J. Levis, J.
Phys. Chem. A, 2016, 120, 3562–3569.

16 V. K. Meader, M. G. John, C. J. Rodrigues and K. M. Tibbetts,
J. Phys. Chem. A, 2017, 121, 6742–6754.

17 T. J. Woehl, J. E. Evans, I. Arslan, W. D. Ristenpart and
N. D. Browning, ACS Nano, 2012, 6, 8599–8610.

18 I. G. Gonzalez-Martinez, A. Bachmatiuk, V. Bezugly,
J. Kunstmann, T. Gemming, Z. Liu, G. Cuniberti and
M. H. Rümmeli, Nanoscale, 2016, 8, 11340–11362.

19 Y. Zhang, D. Keller, M. D. Rossell and R. Erni, Chem. Mater.,
2017, 29, 10518–10525.

20 Q. Chen, J. Li and Y. Li, J. Phys. D: Appl. Phys., 2015, 48, 424005.
21 C. Richmonds and R. M. Sankaran, Appl. Phys. Lett., 2008, 93,

131501.
22 T. Kaneko, K. Baba, T. Harada and R. Hatakeyama, Plasma

Processes Polym., 2009, 6, 713–718.
23 Q. Chen, T. Kaneko and R. Hatakeyama, Chem. Phys. Lett.,

2012, 521, 113–117.
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