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Plasmonic nanoparticles have intriguing optical properties which make them suitable candidates for

sensing or theranostic applications. Anisotropic patchy particles, where metal is locally deposited on the

surface of a core particle, exhibit plasmon resonances that can be specifically adjusted for these appli-

cations. However, many existing synthesis routes are complex, yield too little material, or provide particles

with limited optical tunability. In this work, we present a simple and scalable continuous flow synthesis of

gold-on-polystyrene patchy particles with widely adjustable optical properties. By increasing the chloride

concentration in the electroless deposition of gold, we slow down the redox reduction kinetics and

obtain a dense patch morphology as well as a reduced nucleation rate. The latter is counteracted by intro-

ducing a low-level seeding approach where a small number of gold nanocrystals heterocoagulate with

the core particles prior to patch growth. Seeding and patch growth are performed in a continuous flow

set-up with two T-shaped milli-mixers. The resulting patchy particle samples exhibit a tunable dipolar

plasmon peak between 600 nm and 1100 nm. We also investigate the structure–property relationship for

our gold patchy particles using finite element method simulations. After identifying a suitable patch shape

model, we elucidate the influence of individual geometric parameters on the optical properties and show

that the relationship holds true for a large range of patch coverages. Finally, we apply the relationship to

explain the time-dependent change in the optical properties of as-synthesized patches by correlating it

with the patch shape transformation revealed by electron microscopy.

1. Introduction

Over the last few decades, nanoparticles have introduced new
possibilities and functionalities in a plethora of application

fields, including medicine1,2 or in the chemical industry.3

Specifically, the use of plasmonic metal nanoparticles has
gained attention for potential applications in theranostics4

and sensing,2,5 due to their intriguing optical properties.
These particles exhibit a localised surface plasmon resonance
(LSPR), which is adjustable within the visible or near-infrared
(IR) spectral range by altering the particle size or morphology,
enhancing absorption and scattering properties.6,7 For the use
in theranostic applications, for example, plasmonic particles
with LSPR positions in the near-IR region need to be designed
to efficiently use the human tissue’s optically transparent
window.4 As the achievable LSPR range of single component
spherical nanoparticles excludes positions in this required
spectral region,8 particle morphologies like nanostars,9 nano-
rods10 or nanoshells11 have been investigated.

One specific promising type of anisotropic metal particle is
the patchy particle, where the metal forms a partial coating, a
so-called patch, on a non-metallic core particle’s surface.12

Although seemingly related to the nanoshell system, such a
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metal patchy particle demands a fundamentally different and,
until now, often quite complex synthetic approach. Thus,
patchy particle synthesis has been generally conducted in
small batch processes, following templated multistep synthesis
routes or physical deposition methods.13–16 Moreover, the
optical resonances achievable are often restricted to broad
extinction peaks and/or negligible tunability.

Our group has developed a promising synthesis of silver
patches on silica core nanospheres which combines both, scal-
ability and tunability of the optical properties.17,18 These par-
ticles can be produced via a template-free, electroless plating
reaction in a reproducible and gram-scale continuous flow
process, whereby the patches grow from a small number of
metal nanocrystals attached to the core particle. Traditionally,
flow processes for wet colloidal synthesis of plasmonic par-
ticles are known to improve the mixing and, thus, the sample
homogeneity.19–22 This advantage combined with a precise
adjustment of the reaction parameters enables the tuning of
narrow dipolar plasmon peaks across the entire visible and
near-infrared spectral range of the silver patchy particles by a
change in patch size, thickness and/or density.

Nevertheless, the use of silver as a plasmonic material has
significant drawbacks, including oxidation23 and, especially
relevant for applications in medicine, low compatibility with
biological systems.4 Thus, particularly for the latter field of
application, gold is preferred due to its chemical inertness and
low toxicity.24

To meet this need, our group also developed an approach
for the batch synthesis of gold patches on cationic polystyrene
nanospheres.25 This relied on the electrostatic attraction of tet-
rachloroauric ions to the core particle’s surface and sub-
sequent reduction by ascorbic acid, leading to heterogeneous
nucleation and lateral growth of highly dendritic gold patches
with a broad size distribution. However, these morphologies
are disadvantageous as their optical spectra exhibit broad
extinction peaks due to the electromagnetic coupling of the
dendritic branches, with negligible tunability. More recently,
we successfully transferred the batch synthesis of gold patches
to a continuous flow reactor.26 Through improved mixing, the
patch size distribution was narrowed, and through the adjust-
ment of the free diffusion paths of the involved molecules,
some densification of the coatings could be achieved, resulting
in more prominent plasmon peaks. Nonetheless, the dipolar
plasmon resonance position could not be widely tuned at the
same time as maintaining the prominence of corresponding
extinction peaks.

Here, we show an alternative approach for the production
of dense gold patches which is inspired by our work on the
silver–silica system mentioned above. There, we observed that
slowing down the metal reduction kinetics influences the
patch shape and shifts the growth mode from a kinetically
controlled growth regime, corresponding to dendritic patches,
towards a thermodynamically controlled growth regime with
dense, cup-like patches, which is the prerequisite for optical
tunability.27 Consequently, we considered whether a switch in
the growth mode of gold patches could be achieved in a

similar fashion. In the literature, it has been reported that the
nucleation kinetics for the homogeneous nucleation of gold
nanoparticles can be altered by the addition of halide ions.28

For a increasing concentration of halide salts, Moiraghi et al.
observed larger particle sizes and claimed a reduced nuclea-
tion rate, which they proved by the presence of unreduced,
kinetically trapped Au(I) species. Along these lines, Luty-
Błocho et al. reported lower observed reaction rate constants
for the reduction of AuCl4

− with ascorbic acid under higher
chloride concentrations. The authors attributed the increase
in stability of the gold complex to the presence of the halide
anions, which form an electrostatic barrier and inhibit elec-
tron transfer during the redox reaction.29

In the present work, we aim to show how the addition of
chloride ions in a scalable continuous flow synthesis of gold
patches can lead to dense patches with pronounced and
tunable optical properties. Since we anticipate that a reduction
in redox kinetics will also lower the heterogeneous nucleation
rate and hence the patch yield (fraction of core particles pos-
sessing at least one patch), it is a further aim to introduce low-
level seeding into the procedure, similar to that already rea-
lized for the silver–silica system.18 In contrast to other work on
the seeded growth of gold shells,11 we will only use a small
number of seed nanocrystals. By combining the seeding and
growth steps using two T-mixers, we will show how the added
reagent amounts can be adjusted to produce a range of patch
sizes with well-defined plasmon resonances stretching from
the visible to the near-infrared spectral range.

Next, we will explore the structure–property relationship for
the LSPR of our gold patchy particles by defining different
patch shape models for Finite Element Method (FEM) electro-
dynamic simulations. With this, we will study the influence of
individual shape parameters on the optical properties and
confirm trends comparing simulated and experimental spec-
tral data. Finally, we will elucidate, with the support of micro-
scopic analysis, the approximate shapes of the gold patches
and investigate how these relate to an observed time-depen-
dent change of the optical spectra in the days following patch
synthesis.

2. Materials and methods
2.1 Materials

Styrene (≥99%), (vinylbenzyl)trimethylammonium chloride
(VBTMAC, 99%), 2,2-azobis-2-methylpropionamidino dihy-
drochloride (AAPH, 97%) and gold(III) chloride trihydrate
(HAuCl4, ≥99.9%) were purchased from Merck KGaA
(Germany). Aluminium oxide 90 (Al2O3, neutral), sodium
hydroxide (NaOH, ≥98%), L(+)-ascorbic acid (AA, ≥99%),
sodium chloride (NaCl, >99.8%), potassium chloride (KCl,
≥99.5%), sodium lauryl sulfate (SDS, ≥99%), ethanol (EtOH,
denatured, 96%), D(+)-sucrose (≥99.7%) and sodium boro-
hydride (NaBH4, ≥97%) were obtained from Carl Roth GmbH
& Co. KG. Ultrapure water with a resistivity of 18.2 MΩ cm was
sourced from a PureLab Flex3 system by ELGA LabWater,
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Veolia Water Technologies Deutschland GmbH. Stock solu-
tions of HAuCl4 (25 mM), sodium chloride (3 M) and SDS (0.6
M) were prepared and used over a timeframe of several
months. All other solutions were freshly prepared for the
synthesis.

2.2 Synthesis of cationic core particles by emulsion
polymerization

In this work, five batches of cationic polystyrene (PS) particles
with different diameters were used as core particles. Their
nomenclature consists of the particle material followed by the
mean particle diameter obtained by scanning electron
microscopy (SEM), e.g. PS74 are polystyrene core particles with
a mean diameter of 74 nm. All particles were synthesized by a
surfactant-free emulsion polymerization following a recipe
from Meincke et al.30 The different particle sizes resulted from
variations of the styrene and VBTMAC comonomer amounts
which are listed in Table 1.

Before the synthesis, the inhibitor was removed from the
styrene solution by mixing it with a 10 wt% NaOH solution in
a 1 : 2 ratio. After phase separation, the styrene was passed
through an Al2O3 column until it appeared colourless. The
washed styrene was stored at 8 °C before use.

Emulsion polymerization of PS particles was performed in
a round-bottom flask at 65 °C under vigorous stirring. First,
ultrapure water was degassed with nitrogen for 40 min. Then,
the required amount of styrene was added, followed by the
comonomer dissolved in 5 mL of ultrapure water and, finally,
a 5 mL aqueous solution of 0.15 M AAPH to start the reaction.
The reaction solution was stirred for 24 h under nitrogen gas
flow, before it was cooled down and filtered. The particles were
then washed twice via centrifugation and redispersion in a 50/
50 vol% water/ethanol mixture. PS74, PS248 and PS593 were
synthesized in earlier work and washed according to the
above-mentioned protocol before use. The PS particle stock
concentrations were determined via drying of defined suspen-
sion volumes. Later, calibration curves were used applying
Beer–Lambert’s law.31

2.3 Synthesis of gold nanoparticle seeds

Spherical gold nanoparticles in the size range between 3 and
6 nm were used as seeds for subsequent patch growth. These
particles, synthesized by a simple recipe from Deraedt et al.,32

exhibited long-term colloidal stability. First, an aqueous solu-
tion of 0.1 mM HAuCl4 was prepared. Then, an aliquot of a
freshly prepared 0.05 M NaBH4 stock solution was added after

one minute of dissolution under vigorous stirring. The molar
ratio between HAuCl4 and NaBH4 was set to be 1 : 10. The solu-
tion was stirred for 15 min after the addition of NaBH4.

Due to a slow ageing phenomenon, the seed particle dia-
meter was regularly estimated via extinction spectroscopy
applying the empirical relationship from Haiss et al.33 For
this, the extinction values at 450 nm (A450) and at the reso-
nance peak position (Aspr) were obtained from the measured
spectrum and used to calculate the particle diameter d follow-
ing eqn (1):

d ¼ exp 3:0
Aspr
A450

� 2:2
� �

ð1Þ

with the calculated particle diameter, the number concen-
tration of gold particles in the stock solution could be deter-
mined assuming complete precursor turnover.

2.4 Non-seeded continuous flow synthesis of gold patchy
particles

The initial experiments presented in this article were per-
formed using a previously-reported single T-mixer set-up in
which gold patches are grown on non-seeded cationic poly-
styrene particles.26 This set-up employed a single polypropyl-
ene T-mixer (2 mm maximum outer diameter) fed at a flow
rate of 50 mL min−1 per inlet through polytetrafluoroethylene
tubing (2 mm inner diameter) via a peristaltic pump (Reglo
ICC, Cole-Parmer GmbH) from two equal volume reagent
reservoirs (Fig. 1a). Under this condition, the mixing time was
estimated according to be 319 ms. In the latter estimation we
followed one of the established Villermaux–Dushman reaction
protocols of Commenge and Falk34 (see reagent set 2b from
Table 2 in addition to eqn (17) in ref. 34). The estimated
mixing time is consistent with that reported in the literature
for similar conditions.35

For gold patchy particle synthesis in the above set-up,
Reservoir 1 comprised an aqueous solution of 20 µg mL−1 PS
core particles and 120 µM HAuCl4 and Reservoir 2 comprised
an aqueous solution of 50 mM ascorbic acid. In addition to
these reagents which were used at concentrations similar to
our earlier work,26 here we also included various concen-
trations of NaCl (0 mM, 4.5 mM, 20 mM, 60 mM and 120 mM)
in Reservoir 2. Following the T-mixer and a 10 m reaction tube
(same inner diameter and material as above), the sample was
collected after two residence times had elapsed since the start
of pumping (63 s at 100 mL min−1).

2.5 Seeded continuous flow synthesis of gold patchy particles

Subsequent experiments in the present work were performed
using a newly commissioned double T-set-up with three
reagent reservoirs (Fig. 1b and S1†) and using the same pump,
T-mixer and tubing specifications as described above.
Reservoir 1 and 2 were connected to the first T-mixer via 10 cm
tubes, followed by a 44 cm tube between the first and the
second T-mixer. Reservoir 3, containing double the volume,
was pumped with two channel inlets which were merged after

Table 1 Used amounts of styrene, VBTMAC and water in the core par-
ticle synthesis

Core particle Styrene content/vol% CVBTMAC/mM Vwater/mL

PS74 10.9 7.5 164
PS115 10.9 5 170
PS248 15.5 1 176
PS352 15.5 0.25 168
PS593 15.5 0 178
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a 10 cm tube and the resulting stream connected to the
second T-mixer after a 44 cm tube. By the use of two inlets for
Reservoir 3, it could be guaranteed that, with a constant
channel flow rate of 25 mL min−1, the streams mixing at the
second T-mixer had an identical flow rate. After the second
T-mixer, a 10 m tube was mounted to ensure sufficient time
for the reaction to complete. The product was collected at the
tube outlet in a snap cap vial starting after two residence times
had elapsed since the start of pumping (63 s at 100 mL
min−1).

For a standard reaction in the double T-set-up, Reservoir 1
contained a 20 mL aqueous solution of gold seeds corres-
ponding to an approximate seed particle to PS core particle
ratio of 1.22. This ratio was found to maximize the plasmonic
response as well as minimize the number of multi-patch par-
ticles (see Results and discussion). Reservoir 2 consisted of a
20 mL aqueous solution of tetrachloroauric acid (240 µM) and
the PS particles (40 µg mL−1 of PS115 corresponding to a par-
ticle number of 9.56 × 1011). A 40 mL aqueous solution of
ascorbic acid (50 mM) and NaCl (120 mM) was used in
the third reservoir. The as-prepared patchy particles were

stabilised with a suitable amount of SDS to achieve 1000×
excess of a theoretical monolayer surface coverage with 4.74 ×
10−19 m2 per molecule36 or alternatively with 20 wt% sucrose.
Within the different experimental rows, the concentrations of
the reagents were varied (see Results and discussion).

2.6 Characterization

UV-Vis-NIR-extinction spectroscopy of gold seed nanoparticles
or gold patchy particles was performed with a Lambda 35 or a
Lambda 950 spectrometer from PerkinElmer Inc., respectively.
Samples were referenced either against water or, in the case of
sucrose stabilisation, against a 20 wt% sucrose solution.
Patchy particle solutions with core particles larger than
115 nm were diluted prior to measurement. Peak positions in
the smoothed extinction spectra were identified with the built-
in PeakFinder function in Origin.37

Zeta potential measurements of gold seed nanoparticles
and PS core particles were performed on a Zetasizer Nano ZS
instrument (Malvern Panalytical Ltd). Seed nanoparticles were
measured as-prepared and the Hückel approximation was
applied in the analysis. For the PS core particles, 1 mM KCl
was used as background electrolyte and the Smoluchowski
approximation was applied.38

Patchy particle samples for SEM were washed five times via
centrifugation and redispersion in water and dried on silicon
wafers under ambient conditions. SEM micrographs were
obtained by a Gemini Ultra 55 instrument (Carl Zeiss AG)
using the Inlens detector with 5 kV acceleration voltage. Patch
thickness at the patch centre and patch diameter, which was
defined as the chord length where a sidewards facing patch
touches the core particle, were obtained from image analysis
of SEM micrographs with ImageJ.39,40 From this, the patch cov-
erage (cov), the area of gold coating related to the surface of
the core particle, was calculated with eqn (2):

cov ¼ R� R2 � r2ð Þ12
2R

ð2Þ

R denotes the core particle radius and r half of the patch chord
length, i.e. the patch radius.

Scanning transmission electron microscopy (STEM) and
energy dispersive X-ray spectroscopy (EDX) of seeded core par-
ticles were performed using a probe-corrected Thermo Fisher
Scientific Spectra 200 C-FEG transmission electron microscope
operating in STEM mode with a high-angle annular dark-field
(HAADF) detector, collecting angles ranging from 56 to
200 mrad, and an acceleration voltage of 200 kV. Prior to exper-
imentation, the seeded core particles were deposited from
solution onto a carbon-coated TEM grid with a 200-mesh spe-
cification (Plano GmbH). Velox version 3.0.0.815 software from
Thermo Fisher Scientific was employed to evaluate the molar
gold contents in the obtained EDX maps. This involved poly-
nomial background correction and Cliff–Lorimer (K-factor)
quantification and fitting of the relevant elements.

Patchy particle samples for shape analysis during ageing
were washed five times via centrifugation and redispersion in

Fig. 1 (a) Scheme of the single T-mixer set-up used for the non-
seeded gold patch growth. (b) Scheme of the double T-mixer set-up
used for the seeded gold patch growth.
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water before performing scanning transmission electron
microscopy. A single droplet of the washed particles solutions
was drop cast onto a lacey carbon-supported copper grid with
200 mesh and dried under ambient conditions. Here, STEM
analysis was carried out using a double aberration-corrected
FEI Titan Themis3 300 transmission electron microscope oper-
ated at an acceleration voltage of 300 kV. For all samples, the
HAADF mode was performed at a collection angle range of 61
to 200 mrad, a convergence angle of 15.7 mrad, a camera
length of 91 mm, a dwell time of 1 µs with a resolution of 2048
× 2048 pixel and a screen current of 80–100 pA.

All micrographs, printed in this manuscript, received con-
trast enhancement as post-treatment.

2.7 Electrodynamic simulations

All numerical simulations in this study were based on a finite
element discretization.41,42 The performed Finite Element
Method (FEM) was used to simulate a single gold patchy par-
ticle with a PS core particle of 115 nm diameter and a defined
patch shape. The surrounding medium was assumed to be
water. For the absorbing boundary condition in the approxi-
mations, a perfectly matched layer was employed.43 Nédélec
basis functions on tetrahedral elements were chosen for the
discretization.44 Since the simulated particles are rotationally
symmetric and the extinction cross-section is point symmetric,
it was only necessary to approximate a 1D integral over inci-
dent directions distributed on a quarter circle with two polariz-
ations each. This allowed for the calculation of the orientation
and polarization averaged extinction cross-section (a 2D inte-
gral). Specifically, the quarter circle was discretized into 64
incident directions, each with two orthogonal polarizations of
the incident light. This resulted in 128 complex-valued linear
systems, each with approximately 105 degrees of freedom, for
each considered wavelength. The resulting linear systems were
solved using the open-source direct solver HSL_MA86.45,46

3. Results and discussion
3.1 Densification of gold patchy particles

To achieve a scalable synthesis of dense gold patchy particles
with optical tunability, we took our previous work on the seed-
less continuous flow synthesis of gold patches on cationic
polystyrene as a starting point26 and explored the effect of
chloride addition during the synthesis on the resulting patch
morphology. Here, we employed a single T-mixer (Fig. 1a) with
a varying concentration of NaCl (0 mM, 4.5 mM, 20 mM,
60 mM and 120 mM) in Reservoir 2 as detailed described in
Section 2.4.

In Fig. 2, the extinction spectra of the synthesized samples
are depicted together with SEM micrographs of individual
patchy particles framed in the corresponding colour. The
micrographs (see also wide-field micrographs in Fig. S2 in the
ESI†) indicate that with increasing NaCl concentration, the
dendritic patch structures densify starting from the centre of
the patches. This densification is accompanied by a thickening

of the dendritic branches, resulting in the formation of
surface-conformally grown dense patches. At the same time,
the optical spectrum of the patchy particles undergoes
changes. The fully dendritic patches exhibit a non-zero extinc-
tion over a wide range of wavelengths, while the sample with a
NaCl content of 20 mM shows a clear extinction peak.
However, from the SEM micrographs, it can be seen that the
densification for the 20 mM sample is incomplete compared
to the patches synthesized with higher chloride concen-
trations. More prominent optical resonances would be
expected for the completely densified patch structures.
However, the extinction peak greatly diminishes and the
overall level of the spectrum drops for the samples with higher
chloride concentrations. This drop in the extinction could be
explained by different phenomena. First, aggregation of the
patchy particles can lead to a flattened spectrum due to plas-
monic coupling. However, this is unlikely in the present case
as the product dispersions were colloidally stable over the
timescale of the synthesis and spectroscopic analysis. Second,
a reduced yield, i.e. the fraction of core particles with patches
in a given sample, could reduce the peak and overall extinction
level of the spectrum. Taking into account that the size of the
patches does not change qualitatively for the different added
chloride concentrations (see SEM micrographs in Fig. 2 and
S2†) and that more metal needs to be integrated per patch for
the densified structures, for a constant amount of gold precur-

Fig. 2 Extinction spectra and corresponding SEM micrographs for
patchy particle samples synthesized with varying NaCl concentrations in
a single T-mixer set-up. Wide-field micrographs can be found in
Fig. S2.† The scale bar represents 100 nm and applies to all micrographs.
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sor, the number of nucleated patches must vary with the chlor-
ide concentration. Consequently, for higher chloride concen-
trations fewer patches have nucleated, implying a reduced
yield in those samples. This is supported by the fact that
during the microscopic analysis only few patchy particles
could be found.

The reduction in heterogeneous nucleation events is likely
related to a lower supersaturation due to a diminished avail-
ability of Au atoms. According to Luty-Błocho et al., the added
chloride ions stabilize the gold precursor ion and reduce its
rate of reduction.29 As fewer Au ions are reduced concurrently,
fewer nuclei are formed due to the lower supersaturation. At
the same time, the decrease in reduction rate leads to a slower
supply of Au atoms for the growth. Hence, the Au atoms have
time to diffuse and integrate at thermodynamically more
stable positions, resulting in densified structures. This shift in
growth mode from kinetic towards thermodynamic control on
addition of chloride ions is consistent with our observations.
For subsequent experiments in the present work, we fixed the
NaCl concentration at 120 mM as this resulted in highly densi-
fied patch structures. Moreover, we did not attempt to further
improve the yield of the patches via the single T-mixer
approach e.g. by raising the metal precursor concentration,
since our earlier studies showed that this results in an increase
in homogeneously nucleated metal nanoparticles.26,47

3.2 Establishing a continuous flow double T-mixer set-up for
the high yield synthesis of gold patchy particles

In order to improve the yield of patchy particles with dense
patches and obtain well-defined plasmon resonances, we
decided to perform low-level seeding which introduces growth
sites on the core particle surface. This approach, which
involves attaching a small number of gold nanocrystal seeds to
the core particle, has already been shown to circumvent the
challenges associated with simultaneous patch nucleation and
growth in the silver–silica system.18 A key difference in the
present work, however, is the fact that the core and seed par-
ticles have opposite charges, facilitating the adsorption of
seeds onto the core particles by heterocoagulation. Gold seeds
were synthesized by the reduction of tetrachloroauric acid with
sodium borohydride (see Section 2.3).32 This results in spheri-
cal gold nanocrystals in a size range of 3 to 6 nm with a mean
zeta potential of −43.6 ± 3.0 mV at neutral pH. Under similar
conditions, the PS core particles exhibit a mean zeta potential
of +41.0 ± 0.4 mV.

To achieve sufficiently good mixing of the two colloids prior
to irreversible heterocoagulation of the particles, seeding was
performed in a continuous flow set-up. For this, a T-mixer was
added directly before the already-established process for patch
growth. Fig. 1b and S1† present this newly commissioned
double T-mixer continuous flow set-up for the gold patchy par-
ticle synthesis. At the first T-mixer, two flows carrying the PS
core particles and gold seed nanocrystals are combined.
Moreover, to maintain process simplicity, we found that the
gold precursor, needed for the second growth stage, could
already be included in the reservoir supplying the PS core par-

ticle solution to the seeding T-mixer. Since the excess boro-
hydride used to produce the gold seed nanoparticles would
have lost its efficacy due to its self-hydrolysis by the time of
patch synthesis,48 we assume the concentration of tetrachlor-
oauric acid to remain constant during the seeding step.
Additionally, we suppose that gold precursor anions accumu-
late close to the surface of the cationic PS particles due to their
charge differences.

The outlet of the first T-mixer, which carries the heterocoa-
gulating PS core particles and gold seed nanoparticles along
with the gold precursor, is directly connected to a second
T-mixer where the reducing agent for the patch reaction
(ascorbic acid) and the morphology-densifying agent (NaCl)
are added. The reducing agent is added in great excess (for
standard reaction parameters as noted in Section 2.5: [AA]:
[HAuCl4] ≈ 416), so that complete conversion of the gold pre-
cursor is assumed. The second T-mixer is followed by a 10 m
long tube with a residence time of 19 seconds where the patch
growth reaction takes place. Since our earlier studies of the
corresponding batch process confirmed reaction completion
within a few seconds,25 we assume the patches to be fully
grown by the time of sample collection.

A key parameter of this process is the seeding density ρ0
defined as the number ratio of seed nanocrystals NAuNC to PS
core particles NPS added to the system (eqn (3)):

ρ0 ¼
NAuNC

NPS
ð3Þ

NPS is calculated from the stock particle concentration, while
NAuNC is determined from the gold nanoparticle size as
measured on the day of patch synthesis and the known con-
centration of gold precursor in the seed synthesis (see Section
2.3).

To verify that the gold seed nanoparticles indeed heterocoa-
gulated with the PS cores, we collected the product after the
first T-mixer. Here, the successful seeding of the core particles
with the few nanometer sized gold nanocrystals was confirmed
by HAADF-STEM combined with EDX analysis as shown in
Fig. 3a. A corresponding HAADF-STEM micrograph at lower
magnification is depicted in Fig. S3,† supporting the statistical
significance of this observation. Additionally, Fig. S4† presents
extinction spectra of typical gold seed nanocrystals as well as
bare and seeded PS core particles.

Next, we operated the double T-mixer process combining
both seeding and patch growth for five different values of ρ0
and, as a reference, without seeds. At the same time, the
amount of gold precursor, ascorbic acid and sodium chloride
were kept constant for all runs. The resulting extinction
spectra with corresponding SEM micrographs of individual
patchy particles are shown in Fig. 3b, with wide-field micro-
graphs in Fig. S5.† Here, it can be observed that patch growth
on seeded core particles, even at low seeding densities (ρ0 =
0.1), leads to a very strong increase in the extinction level of
the spectra, with well-defined peaks compared to patch growth
without seeds under the same reaction conditions (ρ0 = 0). The
SEM micrographs reveal that the morphology of the patches
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stays dense for the seeded synthesis corresponding to the
defined extinction features in the spectra. Moreover, the pro-
minent dipolar plasmon peaks and evidence of a higher order
resonance at around 700 nm in the extinction spectra of the
two samples with the lowest ρ0 suggest a reasonably narrow
patch size distribution, confirming that patches grow at
similar rates from the previously attached seeds.

We can qualitatively infer from the increase in extinction
level that the use of small numbers of seeds greatly increases
the patch yield. While the SEM images in Fig. S5† appear to
corroborate this, quantitative analysis of such images is not
possible due to the uncertainties introduced by sample
washing, drying effects, and the “hidden patch” error where
small patches on the core hemisphere facing the substrate are
obscured and the particle mistaken as bare.

An additional trend seen in Fig. 3b is that the peak position
shifts to shorter wavelengths with increasing seeding density
and the extinction maximum slightly decreases. This corres-
ponds to the smaller patch sizes presented in the SEM micro-
graphs. With increasing seed concentration, more patches
grow and, therefore, the patch sizes decrease as the same
amount of gold metal precursor has to be distributed over a
larger number of seeds. Moreover, the average number of
patches per particle qualitatively increases with seeding
density (Fig. S5†). However, it must be stated here that the
seeding density, and hence the number of seeds per core par-
ticle, is much higher than the visible number of patches per

particle. This is partly due to errors that go into the calculation
of ρ0. Furthermore, STEM measurements suggest that not every
seed crystal grows into a patch (Fig. S6†). Unfortunately, due to
the very weak contribution to the seeded PS extinction spectrum
of the gold nanocrystals (Fig. S4b†) and the overlaying of the far
more dominant patch resonance peaks (Fig. 3b), it is not poss-
ible to spectroscopically verify the presence of non-grown seeds
in the patchy particle samples. Future studies will investigate
whether seed nanocrystal defect structure or stabilization layer
can result in their passivation. In order to guarantee that patchy
particle samples have a low number of multipatch particles but
also a high extinction level (Fig. 3b and S5†), we fixed the
seeding density ρ0 in subsequent experiments to 1.22.

3.3 Tuning optical properties via reaction variables

Having demonstrated that we can synthesize dense gold
patches at a high yield and adjust the size of the patches
through the seeding density, we went on to explore to what
extent the size of patches and, thereby, the optical properties
can be controlled. The key parameter here is n*, which rep-
resents the ratio of metal precursor amount Nmetal precursor to
the number of seed nanocrystals NAuNC (eqn (4)):

n* ¼ Nmetal precursor

ρ0 � NPS
¼ Nmetal precursor

NAuNC
: ð4Þ

In the case of our earlier work on silver patches on silica
core particles, where the continuous flow seeding and patch

Fig. 3 (a) HAADF-STEM micrographs of AuNC-seeded PS core particle (ρ0 = 1) with EDX map of a single gold nanocrystal. A wide-field micrograph
of several seeded core particles can be found in Fig. S3.† (b) Extinction spectra and corresponding SEM micrographs for patchy particle samples syn-
thesized with varying seeding density in the double T-mixer set-up. Wide-field micrographs can be found in Fig. S5.† The scale bar represents
100 nm and applies to all micrographs.
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growth processes were carried out separately, we found that
variation of the equivalent n* parameter led to a wide range of
patch sizes and corresponding resonance positions being
accessed.18 As shown in Fig. 4, an analogous result can be
achieved with the presently discussed gold–polystyrene system.
The graphs show plots of the dipolar plasmon resonance posi-
tion for a large number of runs with n* spanning three orders
of magnitude and variation of several other synthesis para-
meters. The plot in Fig. 4a depicts the trend in the dipolar
plasmon peak for gold patches grown on PS115 core particles
with defined NaCl (120 mM) and ascorbic acid (50 mM) con-
centration. Noting the logarithmic abscissa, a linear relation-
ship between n* and the LSPR position exists up to an approxi-
mate value of 107 of the former, becoming roughly constant
above this. Overall, through choice of n* the plasmon peak can
be tuned in the range of 600 to 1100 nm for the chosen reac-
tant concentrations. The achievable colour range of these
patchy particle dispersions with n* values between 0.06 × 106

and 5 × 106 is depicted in the inset in Fig. 4a.
The SEM micrographs (Fig. 4a, further micrographs in

Fig. S8†) suggest that for increasing n* the patches increase in

size and the threshold n* value of 107 appears to correspond to
the point at which patches cover half of the core particle
surface i.e. a Janus particle morphology.49 This finding could
be verified by carrying out similar synthesis campaigns with
other core particle sizes. For core particles smaller than those
used in Fig. 4a (PS115), the linear trend ceases at lower n*
values, whereas for larger core particles the trend remains
linear for the full range tested (Fig. 4b).

We also investigated the influence of the other two
reagents, NaCl and ascorbic acid, on the relationship between
n* and the plasmon resonance position. An increased NaCl or
a decreased ascorbic acid concentration led to a roughly paral-
lel shift of the trend to shorter wavelengths without losing the
wide tunability (Fig. 4c and d). Fig. S9† shows that this corres-
ponds in both cases to a reduced lateral growth of the patches
with smoother edges, but also to an increase in patch thick-
ness. In the case of higher chloride concentration, we correlate
this change in the patch growth preference to a further
reduction in the redox reaction rate due to the increase in
chloride anion concentration. As we have seen above, this
results in the reduced Au species having time to diffuse to

Fig. 4 Dipolar plasmon resonance position identified from extinction spectra plotted against n* for (a) gold patches on PS115 with 120 mM NaCl
and 50 mM ascorbic acid. Exemplary raw spectra can be found in Fig. S7.† Insets: colour photograph of dispersions with n* values ranging from 0.06
× 106 to 5 × 106, SEM micrographs of distinct n* values of 0.15 × 106, 1.24 × 106 and 22.5 × 106. The scale bar represents 100 nm and applies to all
micrographs. Wide-field micrographs can be found in Fig. S8;† (b) corresponding data plotted for different PS core particles sizes with 120 mM NaCl
and 50 mM ascorbic acid; (c) corresponding data plotted for PS115 with 50 mM ascorbic acid and 120 mM as well as 300 mM NaCl; (d) corres-
ponding data plotted for PS115 with 120 mM NaCl and 4 mM as well as 50 mM ascorbic acid.
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thermodynamically more favourable integration points on the
growing patches. Consequently, growth will not only occur at
the patch edge, where the chloroauric ions are strongly
attracted by the still-exposed cationic PS, but also on the solu-
tion-facing part of the patch, resulting in a thickening of the
patch. In the case of a decreased ascorbic acid concentration,
the effect on the reaction rate seems two-fold at first glance.
Fewer reducing agent molecules are in solution leading to a
reduction in reaction rate, while at the same time the pH value
of the solution is increased. In more alkaline solutions, the
portion of the single deprotonated form of ascorbic acid
becomes more dominant and its reductive strength
increases.29 Since the same trends in patch shape are observed
for decreased ascorbic acid concentration and increased NaCl
concentration, it can be concluded that the effect of concen-
tration is dominating, leading to reduced supersaturation and
slower patch growth. The lower reaction rate once again results
in the gold patches preferentially growing away from the
surface. Further investigations, based on in situ kinetic
measurements, to deepen the understanding of the patch
growth mechanism, are currently being performed within our
group.

3.4 Investigation of gold patch morphology via FEM
simulations

Having established the synthesis of dense gold patchy particles
with tunable optical properties, we explored the structure–
property relationship for the given system. For this, we devel-
oped a FEM model for the electrodynamic simulation of the
optical properties of the gold patchy particles.

During model development, simulations with three
different patch shapes were performed and compared to
experimental data. An example of the latter is shown in Fig. 5
for a sample with a patch thickness, defined at the patch
centre, and coverage of 15 ± 6 nm and 14 ± 5%, respectively.
The patch diameter and thickness were obtained from image

analysis of SEM micrographs (example in Fig. 5b) and eqn (2)
was then used to calculate the patch coverage. The accuracy of
this analysis is limited due to the random orientations of the
patches in the SEM micrographs, leading to errors in the
measured patch diameter and thickness.

The simulations presented in Fig. 5a were performed with a
thickness (defined at the patch centre) of 15 nm and a cover-
age of 13% for all shapes. The simplest shape implemented
was a gold patch with constant thickness (Fig. 5b). The result-
ing spectrum (dashed green line in Fig. 5a) shows a peak
which does not agree with the experimentally obtained one
(black line). For the second, elliptical model, we took into
account that the patches appear to taper towards their edges
(Fig. 5b and Fig. S8†). This was incorporated in the constant
thickness model by an additional parameter, the patch edge
curvature rs (Fig. S10†). For the simulations presented in this
work, rs was taken as 2 nm unless stated differently. By choos-
ing an edge curvature much smaller than the central patch
thickness, we obtain an elliptical patch cross-section which
shifts the dipolar resonance position towards longer wave-
lengths (dotted green line in Fig. 5a) compared to the constant
thickness model. The third model was based on the obser-
vation that the prevalent patch cross-section appears more
conical than elliptical (see SEM micrographs in Fig. 5b and
Fig. S8†). Therefore, we introduced a curved cone model with a
tip curvature radius rw (here: rw = 16.64 nm). The tip curvature
rw is defined by the length rt, which is the distance from the
position of a sharp cone tip to where a smoothening tip
sphere with radius rw tangentially touches the patch side
length (Fig. S10b†). rt is set to 25% of the sharp cone patch
side length in all simulations unless stated differently.
Simulations of this curved cone model (solid green line in
Fig. 5a) further red-shifted the dipole peak and increased its
separation from the shorter wavelength quadrupole peak com-
pared to the other shape models. Consequently, the curved
cone model shows the best agreement with the experimental

Fig. 5 (a) Comparison of the experimental extinction spectra of a patchy particle sample with 14 ± 5% coverage and a thickness of 15 ± 6 nm
(black) and the simulated extinction spectra of a patch with 13% coverage and 15 nm central thickness of different models: constant thickness
(dashed green), elliptical (dotted green) and curved cone (solid green); (b) SEM micrograph of the experimental sample (upper left, scale bar:
100 nm) and 3D models of the simulated patch shapes: constant thickness (upper right), elliptical (lower left) and curved cone (lower right).
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spectrum for the presented shapes. Nevertheless, the simu-
lated spectra clearly exhibit narrower peaks compared to the
experimental spectrum. This can be attributed, on the one
hand, to the fact that the simulations were performed for a
single, monodisperse patch size rather than a distribution of
patch sizes and on the other hand that size-dependent
damping due to electron surface dispersion was not taken into
account.50

With the curved cone model identified as the most repre-
sentative for the observed optical properties, the influence of
the individual shape parameters, including patch coverage,
thickness, edge radius and tip curvature radius could be sys-
tematically studied. For this, the individual parameters of
interest were varied, while all other parameters in the simu-
lations were held constant (13% coverage, H = 15 nm, rs =
2 nm, rt = 25% of patch side length). In Fig. 6 and Fig. S11,†
the results of these studies are presented. Increasing coverage
leads to a red shift of the dipolar and quadrupolar plasmon
resonance positions (Fig. 6a), while increasing patch thickness
causes a blue shift (Fig. 6b). Even more striking is that a vari-
ation of a few nanometers in the edge radius rs results in

strong variations in the LSPR peak positions, with increasing
radius leading to a blue shift (Fig. 6c). In contrast, variations
of a few nanometers in the tip curvature rt were found to have
no influence on the LSPR peak positions (Fig. S11†). As a
result of these systematic variations of patch shape parameters
in the curved cone model, we could find good agreement
between the simulated and experimentally obtained spectral
data of patches with different coverages and thicknesses
(Fig. S12†).

Moreover, we could revisit the relationship between the
dipolar plasmon resonance wavelength and n* (Fig. 4) to
explore if the model results in a similar trend. As n* is a
process parameter, rather than a geometric parameter, we had
to first estimate the patch coverage for the corresponding
experimental samples. This was achieved by analysing the dia-
meter of patches synthesized at n* values up to 4.5 × 106 from
SEM micrographs and then applying eqn (2). This led to the
experimental patch coverage–LSPR wavelength-relationship
shown in Fig. 6d. Corresponding simulation data for a range
of patch coverages between 2 and 13% was obtained by extract-
ing the dipolar peak positions from the spectra in Fig. 6a. This

Fig. 6 Extinction spectra simulated with the curved cone model for different parameters (a–c): (a) varied coverage between 2 and 13% and H =
15 nm, rs = 2 nm, rt = 25%; (b) varied patch thickness between 10 and 20 nm and 13% coverage, rs = 2 nm, rt = 25%; (c) varied edge radius rs between
2 and 5 nm and 13% coverage, H = 15 nm, rt = 25%; (d) dipolar plasmon resonance position plotted over the patch coverage for patchy particle
samples synthesized with n* values up to 4.5 × 106 (black) and for simulated patches with the curved cone model (2, 4, 6 and 13% coverage, H =
15 nm, rs = 2 nm and rt = 25% (green)).
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revealed a linear trend which corresponds well to the experi-
mental data. Deviations from this trend are attributed to the
measurement errors mentioned above as well as variations in
patch thickness and edge radius, parameters which cannot be
individually adjusted in the patch synthesis and which vary
from sample to sample.

We were also able to show how the curved cone model can
explain, the shift of the LSPR position-n* relationship to
smaller wavelengths for an increased NaCl or a reduced
ascorbic acid concentration (Fig. 4c and d respectively). As
noted above, we observed in SEM micrographs (Fig. S9†) a
reduced lateral spread of the patches on the surface of the core
particles and subsequent thickening. Implementation of these
shape changes in the curved cone model reflects in a smaller
patch diameter, an increased patch thickness and an increased
edge radius. As seen in Fig. 6(a–c), such variations in these
parameters lead to a blue shift of the resonance wavelength,
corroborating the experimentally-observed shift of the linear
relationship in Fig. 4c and d.

3.5 Elucidation of the effect of post-synthesis ageing on
patch shape and optical properties

As we have seen, patch densification, as afforded by chloride
addition, and high-yield synthesis promoted by low-level
seeding, enables the production of strongly coloured disper-
sions (see the inset of Fig. 4a). However, we observed through-
out the work that visible changes in the appearance of the

samples occurred over the course of several days following syn-
thesis. Fig. 7a shows the results of a systematic investigation of
this phenomenon for patches produced at a rather low value
of n* of 0.06 × 106. Here, the dipolar plasmon resonance peak
position is plotted over time for an as-prepared patchy particle
sample in one case and with 20 wt% sucrose added directly
after synthesis in the other. The addition of sucrose, first
established by Meincke and Klupp Taylor for gold–poly-
styrene26 and silver–silica patchy particles,47 emerged as the
most promising means to achieve long-term morphological
stability. The graph in Fig. 7a shows that over time, the main
dipole peak position shifts towards shorter wavelengths for
both the as-prepared and sucrose-containing samples.
However, the as-prepared sample shows a more significant
shift within the first few days. Additionally, assuming the
initial peak to be around 680 nm, by the time of the first
measurement, a few hours after synthesis, the resonance of
the as-prepared sample had already undergone a nearly 80 nm
blue shift. In comparison, the change in the patch resonance
position of the sucrose-containing sample is less pronounced.

To obtain information on the corresponding patch shapes,
we conducted STEM (Fig. 7a) and SEM (Fig. S13†) analysis of
our samples. Due to the rapid change in optical properties of
the non-stabilized sample and the challenge of observing the
patches in their as-prepared state by electron microscopy,
these measurements were made on patches that had already
been aged for a week. After this duration, the sample without

Fig. 7 (a) Dipolar resonance position plotted over time for a sucrose-stabilized and as-prepared patchy particle sample. Below the graph: STEM
micrographs of the corresponding samples after one week. The scale bar applies to both micrographs and represents 50 nm. (b) Comparison of the
extinction spectra after one week of the as-prepared (dotted black) and sucrose-stabilized (solid black) patchy particle samples and simulated
spectra of an elliptical (dotted green) and curved cone (solid green) patch with the same dimensions as the experimental samples. Below the graph:
3D models of the simulated curved cone (H = 10 nm, 0.6% coverage, rs = 4 nm, rw = 9 nm) and elliptical patches (H = 9.19 nm, 0.46% coverage, rs =
4 nm).
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sucrose exhibited elliptical, rounded patch shapes with a
contact angle to the polystyrene greater than 90° (see right
micrograph in Fig. 7a). In contrast, the sample with sucrose as
a stabilizer maintained patches with a rounded cone mor-
phology similar to their shape on the day of the synthesis (see
left micrograph in Fig. 7a and Fig. S13†).

To elucidate if the shape change during ageing determined
by electron microscopy corresponds to the observed spectral
change, our newly developed structure–property model was
applied. We performed FEM simulations for an elliptical (H =
9.19 nm, 0.46% coverage, rs = 4 nm) and a curved cone (H =
10 nm, 0.6% coverage, rs = 4 nm, rw = 9 nm) patch shape with
dimensions derived from the STEM measurements of the
samples. In the case of the as-prepared patches, the elliptical
model mentioned above was modified, to represent the higher
contact angle observed, by shifting the patch normal to the
polystyrene surface (see 3D models in Fig. 7b). Fig. 7b depicts
the experimentally determined extinction spectra of the as-pre-
pared and sucrose-stabilized patchy particle samples after one
week (black lines), where the resonance peak position of the
as-prepared, degraded sample is blue-shifted compared to the
stabilized sample. The simulations show good agreement with
the experimental data regarding the peak positions of the
spectra (green lines in Fig. 7b), indicating the morphological
change as the likely reason for the larger blue shift in samples
without added sucrose. As mentioned above, the differences in
the peak width between the experimental and simulated
spectra arise due to the latter ignoring the effect of patch size
distribution and electron surface dispersion.

Based on these experimental and simulated results, we con-
clude that in the absence of sucrose, patches become rounded
over time, leading to a blue shift of the resonance position.
While this can be postulated to arise from the rearrangement
of surface atoms in order to reduce interfacial energy, the exact
mechanism for the morphological changes and their hin-
drance by sucrose are currently under investigation.

4. Conclusion

This work demonstrates the scalable continuous flow synthesis
of dense gold-on-polystyrene patchy particles with widely
adjustable optical properties. It also shows how a newly devel-
oped structure–property relationship based on FEM simu-
lations can elucidate shape-related changes reflected in the
optical properties.

First, we showed that the addition of chloride ions enabled
the synthesis of gold patches with a dense morphology by
slowing down the redox reaction kinetics. However, this
approach also reduced the patch yield, the fraction of coated
particles in a sample. To address this, we introduced a low-
level seeding step. This involved the heterocoagulation of nega-
tively charged gold nanoparticles, synthesized by the reduction
of tetrachloroauric acid with sodium borohydride, with the cat-
ionic PS core particles. This, and the subsequent patch growth
reaction were realised in a double T-mixer continuous flow set-

up. By adjusting the metal precursor to seed ratio (n*), we
could control the patch size and, thereby, the optical pro-
perties. We found that the main dipolar peak position scales
linearly with the log of n* across the visible and near-infrared
range. This relationship holds true for different core particle
sizes and varied reaction conditions, shifting the LSPR peak
position to shorter wavelengths for higher chloride or lower
ascorbic acid concentrations.

Next, we developed a structure–property relationship for our
gold patchy particles. Using FEM electrodynamic simulations,
we tested different patch models, including constant thick-
ness, elliptical and curved cone patch shapes. We found that
the curved cone model fitted best to our experimentally
observed spectral data. Using this model, we investigated the
influence of individual shape parameters, such as coverage,
thickness, edge and tip curvature radius, on the resulting
optical properties. Here we could show that the trend observed
for the LSPR position-n* relationship can be replicated with
the model for a large range of patch coverages.

Finally, we used the developed structure–property relation-
ship to explain the change in the optical properties of our
patchy particle samples during post-synthesis ageing. We
observed a continuous blue shift in the resonance position of
the patches over several days, which could be mitigated by the
addition of sucrose. We used STEM and SEM analysis to visu-
ally confirm that the patch developed from a rounded cone to
a more elliptical shape for samples without sucrose addition.
By performing FEM simulations for these morphologies, we
confirmed that the observed blue shift in the plasmon reso-
nance position was indeed correlated with a rounding of the
patches.

This study presents a widely tunable synthesis of aniso-
tropic plasmonic nanoparticles, which can be easily scaled-up,
using high volume reservoirs or through numbering up, to
meet the requirements of applications, e.g. in sensing, label-
ling or catalysis. Moreover, our newly developed structure–
property relationship facilitates the study of inaccessible shape
parameters and reduces the necessary experimental time.
Current studies in our group make use of in situ kinetic
measurements and advanced electron microscopy (4D STEM)
in order to elucidate in more detail the patch growth mecha-
nism as well as the influence of the seed morphology on the
patch shape and size distribution. These are key steps towards
a process–structure–property relationship which will in future
be inverted to identify process conditions which lead to high
quality, narrowly distributed patches with a sharp LSPR peak
at an arbitrarily desired wavelength.
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