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Deposition of gold nanoparticles (AuNPs) on solid substrate followed by oxygen plasma treatment is a
commonly used protocol for surface functionalization. Surprisingly, the effect of the deposition process
and oxygen plasma on the morphology of the AuNPs is usually overlooked in research. Here, we
investigated morphological changes caused by (i) adsorption of small ligand-capped AuNPs (~5 nm in
diameter) onto silicon substrate and (ii) subsequent oxygen plasma treatment. AuNPs coated with
positively and negatively charged as well as uncharged ligands have been investigated. It is found that
upon the adsorption the AuNPs undergo plastic deformations and their shapes can be approximated by
spherical caps. The degree of the deformation depends strongly on the AuNP coating. During the plasma
treatment the AuNPs behave like droplets of a non-wetting liquid, exhibiting ability to move and merge.
We argue that the AuNP coarsening is dominated by diffusion coalescence mechanism and show that
time evolution of the surface AuNPs density follows the Smoluchowski coagulation equation. The

diffusivity of the AuNP scales with its mass as D(m) ~ m™ with a = 2.6.

Introduction

Nanoparticles of noble metals, especially gold ones (AuNPs),
have been investigated as promising material in the field of
chemistry, physics, material science, biology, and medical
applications. Of particular interest are two-dimensional (2D)
structures formed by AuNPs deposited on solid substrate. Such
structures are widely employed in light emitting devices, solar
cells, antireflective films, as catalysts for carbon nanotubes
growth, or for the vapor-liquid-solid growth of inorganic
nanowires.® AuUNPs are covered with organic protecting layer that
prevents their aggregation in solution. After the deposition this
organic layer is usually no longer needed and often has to be
removed from the AuNPs. The removal of the organic material
involves either thermal or plasma treatment. In the present studies
we focus on the latter cleaning method.

The treatment with oxygen plasma is a technique utilized both
in a purification of bulk gold®> and AuNPs3*° In the highly
reactive gas, organic compounds are oxidized and removed as a
carbon, sulfur and nitrogen oxides by a vacuum system.
Surprisingly, despite of popularity and usefulness of the plasma
treatment, the knowledge about processes which take place in a
plasma cleaner is poor. There are conflicting opinions in the
literature on this issue. In particular, the discrepancies concern
the impact of the oxygen plasma on the structure of the AuNP
deposit. Some authors report that long exposure of AuNPs to
oxygen flow did not alter neither their regular structure nor initial
arrangement of the AuNPs on the substrate.*® According to other
reports, even short-time and low-power (10 W) plasma cleaning
alters significantly the initial morphology of the deposit, causing

coarsening of the AuNPs.” One can also find opinion that high
so 0Xygen plasma power (>300 W) is needed to destroy the structure

of the deposit. In this case, breaking of a linkage between the

AuNPs and a SiO, substrate takes place, resulting in the removal

of AuNPs from the surface.® Given such diverse opinions on the

effects of the oxygen plasma treatment, it is obvious that the
ss nature of this process is far from being well-understood.

This is the purpose of our work to investigate the effects of
both the deposition and plasma cleaning process, and elucidate
their impact on the morphology of the AuNPs. We apply low-
power oxygen plasma to the AuNPs deposited on silicon

s Substrate using a recently developed technique.® This technique
employs direct adsorption of charged AuNPs on a substrate, and
facilitates obtaining coatings of desired density.

Experimental Section
Materials

es Sulfuric acid and hydrogen peroxide were purchased from
Chempur. N,N,N-trimethyl(11-mercaptoundecyl)ammonium
chloride (HS(CH,)1;;N(CH3);'ClI, TMA), was synthesized
according to the known procedure.” We employed as solvents
acetone and methanol from Chempur, and deionized water (15
70 MQ). All other reactants were purchased from Sigma-Aldrich.
The reagents were all analytical grade and used without further
purification. The silicon wafers (orientation 100) were purchased
from Cemat Silicon. Before use, the wafers were cut manually
into stripes and cleaned by sonication in water and then in
75 acetone. Next, the plates were immersed in a freshly prepared
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piranha solution (3 volumes of 98% H,SO, and 1 volume of 30%
H,0,) for 3 h. Finally, the plates were rinsed with deionized
water and then with methanol, and dried in air. Note that the outer
layer of the silicon plate is readily oxidized to SiO,. However, it

5 is not known neither what portion of the surface is oxidized nor
10

plasma

the depth of the oxidized layer. For this reason, in the present
work we refer to the substrate as to the silicon or SiO, one.
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Fig. 1 SEM images illustrating the effect of the plasma treatment on the AuNPs deposited on a silicon plate for the low-density (a), and high-density (b)
coatings. The histograms show distributions of the AuUNP projected radii before (blue) and after (orange) the plasma treatment. For the high-density
coating the radii were calculated as radii of spheres of the same projected area.

15 Preparation of AuNPs

In our experiments we examined both hydrophobic and
hydrophilic (positively or negatively charged) gold nanoparticles.
The uncharged AuNPs were synthesized according to the
procedure of Jana and Peng,’® in which hydrophobic AuNPs
covered with dodecylamine (Au@DDA NPs) are formed. The
obtained Au@DDA NPs had average radius of 2.5 nm with
polydispersity 0.71 nm, as determined from the SAXS spectrum
of the AuNP solution.

To provide a positive charge on the NPs, the hydrophobic
amine ligands were replaced with the o-functionalized
alkanethiol, TMA. To carry out the ligand exchange reaction, we
applied the following procedure: From the toluene solution (10 g,
7.05 mM, 0.075 mmol Au) the Au@DDA NPs were precipitated
with methanol (70 mL), then dissolved in chloroform (15 mL)
30 and added dropwise to the solution of TMA (30 mg, 0.11 mmol)

in methanol (5 mL). The mixture was stirred overnight. After this

time and after addition of iso-propanol (2 mL) the AuNPs were
precipitated with hexane and centrifuged (30 min, 7000 rpm).

Supernatant was decanted and the black precipitate of AuNPs
3 was dissolved in methanol (1.5 mL) and iso-propanol (1.5 mL),

precipitated with hexane (~40 mL), and centrifuged (15 min,

6000 rpm). The dissolution and precipitation process was

repeated five times. Eventually, the purified and dried AuNPs

were dissolved in 35 mL of deionized water yielding a 0.73 mg
s mL™ gold solution. The average radius of the metal core of the

Au@TMA NPs, determined from the SAXS spectrum of the

AUNP solution, was 2.5 nm with the polydispersity 0.43 nm. The

thickness of the TMA protecting monolayer on the AuUNPs,

2
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a

calculated using ChemSketch, was about 1.8 nm.

s The negatively charged AuNPs were prepared in an analogous
manner to the positively charged ones. We used the same
procedure but applied mercaptoundecanoic acid (MUA) instead
of TMA. In the final step we dissolved the AU@MUA NPs in
methanol.

so Deposition of AuNPs onto silicon substrate

The TMA-covered AuNPs were deposited onto silicon plate with
the ionic-strength controlled method,® which facilitated obtaining
coatings of different densities. In our experiments we investigated
two types of the AuNP coatings: low- and high-density ones. To
ss deposit the AuNPs, a silicon plate was immersed for 10 min. in 4
mL of aqueous solution of AuNPs (0.18 mg mL™) and sodium
chloride (1 mM and 2 M for the low- and high-density coating,
respectively). The slide was then removed from the solution and
rinsed with deionized water to wash out the salt and residual
s AUNPs that were not adsorbed on the surface. Finally, the slide
was dipped in methanol for about 10 s, and dried by placing it in
a vertical position on a filter paper.
In experiments where drop casting instead of ionic-strength
controlled method was used, we simply put a drop of AuNP
es solution on the silicon, waited until all solvent evaporate, and
then rinsed silicon plates consecutively with water and methanol
and dried in the air.

Study of the evolution of the surface droplet density

The droplet (AuNP) surface densities were determined
70 independently for each plasma treatment time. Silicon stripes
covered with the AuNP coating were kept in the plasma cleaner

2 | Journal Name, [year], [vol], 00—00
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for prescribed time and then analyzed with SEM. The droplet
surface densities were calculated as averages for three
independent experiments and for three SEM images in every
experiment.

Instrumentation

Surfaces covered with the AuNPs were analyzed using field
emission scanning electron microscopy (FE-SEM) with Neon 40-
Auriga Carl Zeiss apparatus, applying 5 kV beam voltage. The
plates covered with the AuNPs were treated with oxygen plasma
for various times at 29.6 W in Harrick Plasma Cleaner PDC-002
(Harrick Plasma, USA). Small angle X-ray scattering (SAXS)
were carried out using Bruker Nanostar system; the patterns were
registered with Vantec 2000 area detector. The CuK (a = 1.54 A)
radiation was used. Samples were placed in Lindemann
capillaries (1.5 mm in diameter). The signal intensities were
obtained through integration of the 2D patterns over an azimuthal
angle. XRD spectra were recorded using Bruker D8 Discover
equipped with Vantec linear detector and at CuKa radiation in
reflection geometry. All measurements were carried out at room
temperature. The percentage surface coverage, ¢, was determined
using histogram tool in a graphic software. The AuNP number
and projected radii were determined manually.

Results and Discussion
Morphology of the AUNP deposit

The morphology of the TMA-covered AuNPs deposited on the
silicon substrate was investigated with SEM microscopy. In the
case of the low-density coating the AuNPs were distributed
uniformly (Fig. 1a) and formed a sparse layer. The percentage
surface coverage, that was calculated as the ratio of the sum of
the projected areas of all objects to the area of the image
analyzed, was ¢ ~7%. In the case of the high-density coatings the
AuNPs were arranged in a network of connected patches (Fig.
1b), covering about 20% of the surface.

In both the cases, the average projected (apparent) radius of the
adsorbed AuNPs, R,, calculated from the SEM images, was R, =
(3.94 + 0.08) nm. This value of the projected radius was
significantly larger than that of the non-adsorbed AuNPs in the
solution, Ry = 2.5 nm, calculated based on SAXS measurements.
Analysis of the side-view SEM images revealed that the increase
of the projected radius was caused by the deformation of the
shapes of the AuNPs. As can be seen in Fig. 2a, the AuNPs
attached to the surface are clearly flattened and resemble
portions of spheres. It was also found that the average contact
angle, ,, of the AuNPs was 6, = (54.3 + 3.9)°.

The flattening of the metal cores that occurs during the
adsorption process should be taken into account when estimating
sizes of AuUNPs based on SEM or TEM images. The shapes of the
adsorbed particles can also significantly affect physical and
chemical properties of the metal coating, such as its catalytic
surface area. Thus, it is quite surprising that the effect of the
deposition on the AuNP core is largely overlooked. In the
following, we demonstrate that the shapes of the adsorbed AuNPs
can be approximated as spherical caps. To show this, we start
with the observation that the average volume of the AuNPs
adsorbed on the substrate is equal to that of the average volume,
V,v (see Fig. 3a), of the AuNPs in the bulk solution,

4 3
VaV: ETCR().

(1)
The average volume of the AuNPs adsorbed on silicon is

e Calculated as a volume of the spherical cap, V¢, that is the
following function of the contact angle, 6,, and the radius, R, of
the sphere (see Fig. 3b):

Veap= R*(2-3cosf,+c0s’0),). )

w3

ss The condition V,, = V¢, yields the following expression for the
radius R:

-1/3

R :R041/3(2-3c050a+c0539a) . 3)

70 The projected area of the AUNP is the base of the cap, and its

radius, R,, is related to the radius R and the contact angle 6,
through the following relation:

for 6, < 90°

_ {Rsin@a,
a for 6, > 90°

R )

130°

125°

75
Fig. 2 Side-view SEM image of the AuNPs deposited on the plate (a)
before and (b) after the plasma cleaning. Values of the contact angles for
selected AuNPs are shown.
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Fig. 3 Geometry of the AuNP (a) in the solution, (b) after deposition on

the substrate, and (c) after the plasma treatment. (d) Distribution of the

projected radii, Ry, of the AuNPs after the plasma treatment. The solid
line is the fit of the log-normal (LN) distribution.

The projected radius, R,, is a quantity that is obtained directly
from the SEM images. Equation (4) enables determination of the
contact angle, 9,, as a function of the ratio R./R,. For Ry = 2.5 nm
and R, = (3.94 + 0.08) nm eqgn (4) yields 6, = (62.5 + 4.4)°. It
follows that — within statistical errors — this value agrees with that
determined directly based on the side-view SEM images. This
result supports the assumption that the shapes of the deposited
AuNPs can be approximated by spherical caps. Thereby, it rules
out the possibility that these shapes visible in the SEM images
may be due to the organic material present in the bottom of the
particles.

The most plausible cause of the observed shape deformation of
the AuNPs is the electrostatic attraction between the positively
charged TMA ligands and negatively charged surface of the SiO,
substrate. The extent of the deformation indicates that —
surprisingly — the AuNP core becomes plastic under the stresses
caused by the electrostatic forces. To examine the effect of the
electrostatic interaction on the resulting NP shape we carried out
experiments with NPs coated with both positively (TMA) and
negatively charged (MUA) and uncharged (DDA) ligands. All
types of the AuNPs were deposited with the same, drop casting
technique (the ionic-strength controlled method can be applied
only for positively charged coating). To quantify the deformation
degree we calculated the ratio R./R, of the projected radius after
the deposition to the radius in a bulk solution, and the contact
angle, 6,. The contact angle was calculated from eqn (4) based on
the R,/R, ratio. The results are collected in the Table 1. We found
that the positively charged AuNPs undergo the most significant
deformations. Their average projected radius is more than 150%
of that in bulk solution. For the DDA-coated uncharged NPs the
degree of deformation is smaller (134%). It can be explained by
lower attraction between the AuNP ligand and the substrate
surface. The negatively charged Au@MUA NPs that are
electrostatically repelled from the silicon surface, are only
slightly deformed, and their projected radii increase caused by the
deposition is less than 10%. We observed that the contact angle
increased with decreasing attraction between the NP and the

substrate. The value of 6, changed from 62.2° (corresponding to

the “wetting” geometry) for positively charged TMA ligands to
45 113° (“non-wetting” geometry) for negatively charged MUA

ligands. The results shown in the Table 1 prove that the
electrostatic interaction between organic ligands and solid
substrate has a profound effect on the shape of the deposited

AUNPs. Electrostatic forces are strong enough to make gold
s0 atoms move within the nanoparticle, and lead to its significant

deformation.

The analysis of the effect of plasma on the AuNPs shape
presented in following sections was done for AU@TMA NPs
deposited using the ionic-strength controlled method that allowed

s5 obtaining coatings of various densities. We checked whether the
morphology of the AuNPs deposit obtained with this method is
the same as for the simple drop casting technique. It was found

(see Table 1) that the average projected radius for the drop

casting method was (3.95 + 0.06) nm. This value agrees very well
e0 With that obtained for the ionic-strength controlled method, (3.94
+0.08) nm. Thus, the changes of the AuNPs shape do not depend
on the deposition technique used.

The structure of the most deformed NPs (Au@TMA)
deposited on silicon substrate was also investigated by X-ray
diffraction (XRD) analysis. The XRD studies revealed that —
despite of significant deformation of the initial spherical shapes —
the adsorption process did not destroy the crystal structure (fcc)
of the AuNPs. The XRD pattern of the AuNP coating displayed
one broad peak at 20 = 38.3°, corresponding to the Au(111) plane
(see Fig. ESI-1 in the Electronic Supplementary Information).

6!

a

7

o

Table 1 Characterization of the deformation degree for ligand-coated
AuNPs deposited on SiOy substrate.

Page 4 of 9

AuNP type | Ro, radiusin | R, projected | Ru/R, Contact
bulk (nm) radius (nm) angle (deg)
AU@TMA! 2.50 3.94+0.08 1.58 62.5+4.4
Au@TMA® 2.50 3.95+0.06 1.58 62.2+3.3
Au@DDA’ 2.53 3.40+£0.07 | 1.34 82.4+£3.3
AuU@MUA? 2.16 2.35+0.04 1.09 1129+7.4

! Deposited using the ionic-strength controlled method.

75 2 Deposited using drop casting method.

Morphology of the AUNP deposit after the plasma treatment

After the plasma treatment, a significant coarsening of the AuNPs
was observed both for the low- and high-density coating. In the
case of the low-density coating the resulting particles possessed
circular projected shapes of the average radius R, = (7.51 + 0.36)
nm (see Fig. 1a). The sizes of the particles span from about 4 to
30 nm. The percentage surface coverage, ¢, decreased about 2.3
times (from ~7 to ~3%). After the plasma treatment, the number
density of the AuNPs was reduced 5.2 times. In the case of high-
density coatings, the plasma cleaning led to the formation of
objects possessing rather irregular and elongated shapes, up to 70
nm in length. The average projected particle radius was about 12
nm. (Due to irregular shapes of plasma-treated AuNPs, their radii
90 were calculated as radii of spheres of the same projected area.)

Interestingly, the plasma treatment resulted in 2.2-fold decrease

of the initial surface coverage (from ~20 to ~9%) that is close to

that observed for the low-density coatings. The number density of
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the AuNPs on the substrate was 6.1 times smaller than before the
process of the plasma treatment.

From the side-view SEM images (see Fig. 2b and 3c) it was
found that the average contact angle, 6, of the particles formed
after the plasma treatment was 6, = (122.5 + 4.5)°. However, only
small- and medium-sized particles (<20 nm) had shapes that
could be approximated by portions of spheres. Larger particles
exhibited less regular shapes. Despite of visible change in the
shape of the AuNPs, their crystallographic structure is preserved.
The XRD pattern after the plasma treatment displayed a broad
peak at 20 = 38.3° that corresponds to the Au(111) plane (see Fig.
ESI-1).

The resulting distribution of the projected radii of the droplets
was investigated. In our studies, we analyzed the low-density
coatings because only in this case the projections of the AuUNPs
possessed well-defined circular shapes (see Fig. 1a). Distribution
of the droplet radii after the plasma treatment process exhibited a
clear positive skewness, as shown in Fig. 3d. To quantify this
distribution, we fitted to the obtained frequency the log-normal
(LN) distribution function given by

) o

1

Sin(Ry) —\/T‘Rpexp [-5 o
where Ing and Ing are the mean and standard deviation of InRj,
respectively. The fitting procedure yielded ¢ = 6.590 nm and ¢ =
1.824. To check whether the frequencies shown in Fig. 3d follow
the LN distribution, the Chi-square goodness-of-fit test was
carried out. For the LN distribution function, given by eq. (5)
fitted to the experimental data, the test statistic was »* = 4.492.
For four degrees of freedom P(;? > 4.492) = 0.34. It follows that
the P-value > 0.05, and that the hypothesis that the LN
distribution describes the observed frequencies is accepted. Note
also that the average size of the AuNPs, determined from the
formula uexp[In®(c)/2], is 7.89 nm and agrees fairly well with Ry
obtained directly from the SEM images (7.51 nm).

Evolution of the AuNP coating during the plasma treatment.

The growth of the AuNPs during the plasma cleaning can occur
through two different mechanisms: First, the growth can be
caused by migration of single Au atoms between the particles.
This process is often referred to as the Oswald Ripening
(OR).™*? During OR the diffusion-mediated mass transport of
atoms allows for the growth of large particles at the expense of
small ones. OR mechanism governs thermal sintering processes
of metal clusters, ™ and coarsening of Ag/Ag(111) and
Cu/Cu(111) adatom islands.’® Second, the growth of the AuNPs
can occur when the particles are free to move on the substrate
surface and undergo collisions that lead to the coalescence. This
second process is expected to be operative for small clusters that
exhibit ability to move on a substrate.>*"*® This process is also
referred to as the Smoluchowski Ripening (SR) because of the
long-established Smoluchowski coagulation rate equation.’® The
SR mechanism governs, for instance, growth of Ag/Ag(100) and
Cu/Cu(100) islands.®?' Both SR and OR processes have recently
been reported® to be involved in the sintering of metal clusters.
In the following, we discuss theoretical predictions of both OR
and SR models and compare them with experimental data.
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Smoluchowski Ripening

Let us denote the surface density of the droplets of mass m as
nm(t). Assuming that the coarsening occurs only through
collisions between pairs of the NPs, the evolution of ny(t) is
governed by the following Smoluchowski coagulation rate
equation:®

)= 5 D K 1) 1 Ot -1 ) ) ) 1)
©)

where k(m, m’) denotes the rate constant of collisions between
two droplets of masses m and m’. Assuming that the diffusing
droplets are spatially uncorrelated, in 2D the rate constant is
given by the relation?

k(m, m"= D(m)+ D(m"), @)
where D(m) is diffusion coefficient of the droplet of mass m. In
the Smoluchowski's model of coagulation, it is assumed that the
diffusion coefficient is related to the mass of the droplet by

D(m)=D"m™, ®)
where D" is a temperature-dependent prefactor, and o is an
exponent that depends on specific mechanism governing the
movement of the droplets. So far, the scaling relationship given
by egn (8) has been investigated only for the diffusion of flat
(2D) clusters composed of atoms adsorbed on a solid surface.
Theoretical studies based on the mean-field approach predicted®
values of the exponent o = 1/2, 1, and 3/2 for, respectively, the
“evaporation condensation”, “terrace coarsening”, and the
“perimeter diffusion” mechanisms of the cluster movement.
Experimentally determined values of the exponent alpha have
been reported in the range 0 < o < 2.2024%2 Tg date, there is
however no theoretical model predicting the scaling relationship
for nano-sized droplets performing diffusive motion on a solid
substrate. We will show that predictions of the SR model fit well
the experimental data, and provide — for the first time —
estimation of the exponent a.

The Smoluchowski rate equation can be transformed to an
equation for the evolution of the average droplet density, ng(t),

d

Enav (t) = 'ngv(t)Dav ’ (9)
where Ny, = Y 7, and Dy, = X, D(m) ny/ny,, are, respectively,
the average density and the average diffusion coefficient of the
droplets. Making use of the fact that mass is proportional to the
volume of the droplet, and that the total mass of the AuNP
deposit is conserved, viz.

0 Vov=nayVay » (10)
where n3, is the average droplet density before the plasma
treatment, under the assumption that D,, = D(n,), the scaling
relation (8) is transformed into the form

This journal is © The Royal Society of Chemistry [year]
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(VX" (1m0
Dyn=D (7?) =D (n—“> . (11)

By combining eg. (10) and (11) one gets

d Nay\*
_ 2 av *
Enav_ Nay (nT) D.

av:

(12)

Integration of eqn (12) yields the following equation for the
evolution of the surface droplet density:

. 1
nay(t) = O [1+(1+ o)D" 1%t with = T 13

To check whether the morphology of the AUNP deposit
changes in accord with predictions of eqn (13), we determined
experimentally the surface droplet density for five exposition
times, t = 0, 15, 30, 120, and 360 s. The data are shown in Fig. 4.
Fitting of egn (13) to the experimental data provided the exponent
a = 2.59 + 0.12. This value is slightly larger than values of o
reported?2-242 for flat clusters (0 < a < 2) comprising 10* - 10
adatoms. This result is not surprising because the mechanism
underlying movement of the nano-sized droplets composed of
~10*-10° atoms is expected to be different. The fitting procedure
allowed also estimation of the prefactor D™ ~2-10"%? cm?/s. This
value corresponds to the diffusivity of the AuNPs of the diameter
~5 nm.

To discuss the AuNP diffusion mechanism, let us note that the
temperature of the silicon plate during the plasma treatment was
close to room temperature. (The plate's temperature was
determined immediately after its removal from the plasma cleaner
chamber.) The obtained value of the diffusion coefficient is of the
same order of magnitude as that of Pt/Al,O3 clusters of the size
~3.5 nm in 600°C,*® and that of Au atoms on mica in temperature
range 300-500°C.* It is also several orders of magnitude larger
than those measured®® for small adatom clusters at room
temperature (10 - 10" cm?/s). From the above comparison it
follows that the obtained diffusion coefficient of AuNPs is too
large to result from a thermal Brownian motion. Thus, it is likely
that the diffusion of the AuNPs during the plasma treatment is not
an thermal-induced process occurring in thermodynamic
equilibrium, but other mechanism is operative. During the plasma
treatment, the AuNPs are bombarded with both high-energy ions
and uncharged molecules. These objects immediately remove the
organic coating from the AuNPs core. Then, upon collisions,
transfer part of their kinetic energy to the surface atoms of the
AuNPs. This can lead to the liquefaction of the gold nanoparticle
(or of its surface layer in the case of a large nanoparticle). Most
probably, also diffusion of the AuNPs on the surface is enhanced
by collisions with high energy particles of plasma through the
mechanism similar to that in ion- and electron-irradiation®
induced growth of metal nanoclusters.

Ostwald Ripening

When OR is the dominant growth mechanism the average radius

of the droplet, <R>, follows the relation®?
<R>*- <Ry>*=ct,

(14)

where <Rq> denotes the average initial radius, ¢ is a constant, and

z is the exponent. The value of z depends on the specific

mechanism of the mass transport. For three-dimensional growth
ss clusters on a solid substrate one expects'®!* 2 < z < 3. Making use

of the total mass conservation condition given by relation (10),

and assuming that the droplet volume is proportional to the third

power of its radius, one gets

nay (1) = nQ, [1+¢RG 1] 5. 15)

60

Interestingly, note that the SR and OR model predict essentially

similar functional dependence of the surface droplet density on

time. Formulas (13) and (15) become identical for o = /3 — 1.

Fits of egn (15) to the experimental data obtained for z =2 and z
s = 3 are shown in Fig. 4.

1200*

o o
5 oo o time o
\. ° o —
14 o
“le 9o o
o 800
E
3
::E 4
400 —
| 1 I |
0 100 200 300 400
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Fig. 4 Number of the AuNPs after plasma treatment as a function of the
time of the process.

Discussion

70 Results presented in Fig. 4 lead to conclusion that the coarsening
of the AuNPs is dominated by the diffusion-coalescence
mechanism. Formula for ng(t) derived from the SR model fits the
experimental data significantly better than that predicted by OR.
What is important, the fit of eqn (13) gives reasonable value of

75 the diffusivity of the droplets that is similar to those reported in
literature.’® Also, the obtained value of the exponent « indicates
that the diffusion coefficient is decreasing rapidly with the size of
the particle, which is in line with experimental observations.'®
These facts show that the SR model provides a reliable

g0 description of the coarsening process.

The second argument in favour of the SR mechanism follows
from the analysis of the droplet morphology. Namely, the
observed significant increase of the contact angle, from 54 to
123°, suggests that during the plasma treatment outer portions of

s the AUNPs are melting, and their final shapes result to a great
extent from minimization of the surface energy. Such transition
into liquid state can enable the AuNPs to move on the surface and
coalesce upon collisions. As can be seen in the SEM image of the
high-density coating (Fig. 1b), after the plasma treatment the

90 majority of the droplets possess complex, irregular shapes. Most

6 | Journal Name, [year], [vol], 00—00
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probably, such morphology results from partial fusion of the
neighbouring AuNPs, accompanied by breakage of the initial
network-like structure. Note that similar structures composed of
partially fused droplets, displaying sharp cusps, were observed
also in the low-density coating (see Fig. ESI-2). It is rather
unlikely that the OR process, which eliminates highly curved
surfaces, could produce the structures observed after the plasma
treatment.

It has recently been argued™® that the mechanism governing
the cluster growth cannot be determined solely from the particle
size distribution. Nevertheless, its form can be a source of
information about possible processes involved in the coarsening.
When OR is the dominant growth mechanism then asymmetric
size distributions with negative skewness are observed.'*%?” On
the other hand, the coalescence-induced growth results in an
asymmetric size distribution with positive skewness. The LN
distribution of the final particle sizes is then observed.?” Thus, the
LN distribution of the projected radii we found, combined with
the results on the growth Kinetics shown in Fig. 4, provides an
additional argument that the coarsening is dominated by the SR
mechanism.

Conclusions

In this work we investigated changes in the morphology of
ligand-capped AuNPs caused by two processes: (i) deposition
onto silicon substrate, and (ii) subsequent oxygen plasma
treatment of the deposit. We studied deposition of the AuNPs
coated with positively and negatively charged as well as
uncharged ligands. We found that electrostatic forces between the
ligand and substrate are strong enough to displace Au atoms
within the core. In the process, the AuNPs undergo plastic
deformations and take shapes that can be approximated as
spherical caps. The final shape of the particle depends on the
charge of the ligand coating. The strongest deformations
(flattening) of the NP core were observed for positively charged
ligands that are electrostatically attracted to the substrate. The
smallest deformations occurred for negatively charged coating
that is repelled from the surface.

The plasma treatment affects the morphology of the AuNPs in
two ways. First, it makes them coarsen. Second, it changes also
the shapes of individual particles. Specifically, we found that
their initially flattened shapes become more spherical, resembling
droplets of a non-wetting liquid, and their contact angles increase
to about 123°. We provided arguments that the growth of the
AuNPs during the plasma treatment is dominated by the
diffusion-collision mechanism. Our results indicate that during
the plasma treatment the particles exhibit a liquid-like behaviour,
with the ability to move on the substrate surface and coalesce. To
model time evolution of the surface density of the droplets, we
employed the mean-field Smoluchowski coagulation rate
equation, and assumed that the diffusivity of the droplet scales
with its mass as D(m) ~ m™. We found that the experimental data
are in accord with the predictions of the Smoluchowski model.
Analysis of the droplet density evolution data provided, to our
knowledge, for the first time, an estimate of the scaling exponent
of a = 2.6.
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We present comprehensive studies of the morphological evolution that gold nanoparticles undergo
during their adsorption on a solid substrate and subsequent oxygen plasma treatment.



