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ABSTRACT: The design of nanoparticles of desired sizes and shapes and 2D nanostructured
materials is challenging and important due to their unique physical and chemical properties. One
of the most common methods for the generation of metal nanoparticles is the wet synthetic
route in which metal ions are reduced and the formed particles are stabilized in the liquid phase.
Here we show a facile and powerful method to synthesize gold nanoparticles in a solid agarose
gel utilizing the diffusion of reagents using the Turkevich method at room temperature. Our
technique yields particles spatially separated by their sizes and shapes (spheres and plates) in the
gel column. We have achieved 4 orders of magnitude difference in the sizes of the synthesized
particles with a linearly increasing trend in the function of their spatial position. We have also
generated micrometer-sized nanoplates with triangle, truncated triangle, or hexagon shapes
attaining almost the length-to thickness ratio of 500, representing the magnificent power of the
reaction−diffusion assisted synthesis.

1. INTRODUCTION

The synthesis of metal nanoparticles (NPs) and their self-
assembly into nanostructured materials have gained much
attention in the past few decades due to their unique chemical,
optical, magnetic, and electronic properties.1−5 They have
been widely used in various applications ranging from
catalysis6−8 to nanomedicine9−13 to electronics.14−16 The
most common technique to prepare metal NPs is the wet
chemical synthesis method in a bulk phase, in which a metal
salt and reducing as well as stabilizing (capping) agents have
been used in the aqueous phase.17 The redox reaction
produces metal atoms from metal ions, and they form nuclei
(nucleation step), which can grow producing nanometer-sized
particles (growth step).18,19 The stabilizing agent adsorbing
onto the surface of the formed particles inhibits further particle
growth and produces a stable dispersion of NPs.20 The oldest
wet synthesis route to generate spherical gold nanoparticles
(AuNPs) is the Turkevich method.21 It is based on the
reduction of a gold salt by citrate at elevated temperature
(usually T > 70 °C), where citrate plays a role as a reducing
and stabilizing agent as well. This one-step method is simple
and highly reproducible; however, it has several drawbacks,
namely, the generated particles are mostly spherical with the
size ranging between 10 and 30 nm. To synthesize larger (or
smaller, sub-10 nm) spherical particles and other shapes (rod,
triangle, truncated triangle, and hexagon in 2D and polyhedral
shapesdecahedron, icosahedron, and tetrahedronin 3D)
additional growing steps (seed-mediated growth) and/or the
usage of additives (e.g., surfactants, macromolecules) are
needed.22−33 These additives adsorbing onto the specific

crystal plain inhibit the further crystal growth in this direction,
thus the growth occurs along preferential crystal plains
producing various nonspherical structures. Surfactants such
as cetyltrimethylammonium bromide (CTAB) and
cetyltrimethylammonium chloride (CTAC) adsorb on the
lowest energy {111} facets and suppress their growth, which in
turn directs and promotes the evolution of nanoplates.24,30

Usually to synthesize nanoplates with a size greater than 100
nm, seed-mediated growth methods have been used.34,35

Besides, one-step photochemical reduction methods were also
proposed in the literature.36,37 Generating both spherical
nanoparticles and micrometer-sized nanoplates in a predictable
size in a one-step method is challenging. Wet bulk methods
lack the ability to create NPs of various sizes and shapes
(particle libraries) by using fixed conditions without repetition
with a new set of experimental parameters.
Here we show a facile and powerful method to synthesize

AuNPs with various sizes and shapes in a single experiment at
room temperature, based on the Turkevich method, utilizing
the temporal change in the diffusive fluxes of the reagents in a
solid hydrogel matrix in a Liesegang-type experimental setup.38

In this setup, one reagent is homogeneously distributed in a
solid hydrogel (inner reagent) while the other reagent is placed
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on top of the gel column (outer reagent). The process is
governed by the reaction between the reagents and the
diffusion front of the outer reagent because its concentration is
1 or 2 orders of magnitude greater than that of the inner one.
The obtained library of nanoparticles contains spatially
separated spherical AuNPs with the size of 20−30 nm and
gold nanoplates (triangle, truncated triangle, and hexagon) of
sizes ranging from a few hundred nanometers to 70 μm.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Gold Nanoparticles in the Agarose

Hydrogel. The agarose powder (Sigma-Aldrich, Type I) was
dissolved in distilled water, and the mixture was continuously
stirred by using a magnetic stirrer (500 rpm) at 90 °C until
complete dissolution of the agarose (∼10−15 min). Then the
heating was switched off, while maintaining the continuous
stirring. When its temperature decreased to 60 °C, the room
temperature (22.0 ± 0.5 °C) solution of gold(III) chloride
trihydrate (HAuCl4·3H2O, Sigma-Aldrich) of various concen-
trations was added to the agarose solution, and after complete
homogenization, the solution was gently poured into test tubes
(inner diameter and length of 6.0 mm and 25.0 cm,
respectively), creating a gel column of 15 cm with the agarose
concentration of 0.1% m/v. The gelation process was
accomplished in a refrigerator at ∼5 °C. After gelation (∼24
h), the gel column was allowed to rest for 1 h at room
temperature, and then the citrate solution (sodium citrate
dihydrate, HOC(COONa)(CH2COONa)2·2H2O, Sigma-Al-
drich) was gently poured on top of the hydrogel column to
create a liquid layer of 10 cm above the solid gel column. All
experiments were performed at room temperature (22.0 ± 0.5
°C) usually for 4 weeks (see the Supporting Information,
Figure S1).
2.2. Transmission Electron Microscopy (TEM), Scan-

ning Electron Microscopy (SEM), and Atomic Force
Microscopy (AFM) Measurements. To study the morphol-
ogy of the nanoparticles, transmission electron microscopy
(TEM) measurements were performed by using a FEI Tecnai
G2 20 X-TWIN microscope with a tungsten cathode operated
at 200 kV. For TEM measurements, 10 μL of AuNP dispersion
was dropped on a grid (carbon film with 200 mesh copper
grids, CF200-Cu, Electron Microscopy Sciences, USA) and
dried at room temperature. The structures of the synthesized
AuNPs were examined by scanning electron microscopy
(SEM, Hitachi S-4700 microscope), applying a secondary
electron detector and 10 kV acceleration voltage. Energy
dispersive X-ray spectra were measured by using the Röntec
EDX detector at 15 keV. AuNPs were investigated by using a
Multimode Nanoscope IIIa atomic force microscope (AFM,
Digital Instruments, USA). The images were acquired in
tapping mode in air at room temperature by using a Si tip
cantilever (Veeco Nanoprobe Tips RTESPA model) with a
resonance frequency of 275−300 kHz. Height- and amplitude-
mode images were recorded simultaneously with 0.8 Hz scan
rate. Processing and analysis of the images were performed by
using the off-line software Nanoscope V614r1. The samples for
AFM were prepared by depositing a dilute dispersion of
AuNPs on glass holder and were left to dry at room
temperature.
2.3. Isolation of the Produced Gold Nanoparticles

from the Agarose Matrix. The AuNPs regions of the tubes
were divided into consecutive zones of 0.5 cm thickness. The
regions were extracted and washed three times with 1 mL of

hot DMF (N,N-dimethylformamide, Merck) and centrifuged
(20 min, 14500 rpm) to dissolve the gels and then redispersed
in 1 mL of ultrapure water.

2.4. Bulk Synthesis of Gold Nanoparticles Using
Agarose. The agarose powder (Sigma-Aldrich, Type I) was
dissolved in distilled water, and the mixture was continuously
stirred by using a magnetic stirrer (500 rpm) at 90 °C until
complete dissolution of the agarose (∼10−15 min). Then the
heating was switched off, while maintaining the continuous
stirring. When its temperature decreased to 60 °C, the room
temperature (22.0 ± 0.5 °C) solutions of gold(III) chloride
trihydrate (HAuCl4·3H2O, Sigma-Aldrich) and sodium citrate
dihydrate (HOC(COONa)(CH2COONa)2·2H2O, Sigma-Al-
drich) were added to the agarose solution. After complete
homogenization, the solution was gently transferred into glass
vials, and then those vials were sealed. The bulk synthesis was
performed at room temperature (22.0 ± 0.5 °C) for 1 week.

3. RESULTS AND DISCUSSION
In a typical experiment, the solid agarose gel column was
prepared in test tubes containing the prescribed concentration
of gold salt. After the gelation (∼24 h), a citrate solution was
gently poured on top of the hydrogel column with the length
of 15 cm (Figure S1). The concentration of the citrate was set
to be greater than that of the gold salt because excess of the
citrate is needed in the synthesis of AuNPs, and second, it
ensured that the formation of the particles occurred also at the
bottom part of the gel column. The agarose itself, as a
polysaccharide, can reduce Au3+ to Au0 and produce AuNPs at
elevated temperature (∼70−90 °C).39 Therefore, the agarose
concentration was reduced to the value at which no formation
of AuNPs was observed at room temperature, and the gel
matrix was solid enough to provide a medium for convection-
free mass transport of the reagents realized solely by diffusion.
Additionally, the gel matrix prevents the sedimentation of the
formed particles. To investigate the effect of the initial
concentration of the reagents on the characteristics of the
produced particles and macroscopic pattern structures, a set of
concentration pairs of Au(III) and citrate was tested (Figure
S2).
The citrate layered above the hydrogel column diffused in

the gel matrix containing Au(III). After 1 day of the process, a
dark red color appeared near the liquid−gel interface (junction
point of the reagents), indicating the formation of AuNPs due
to their prominent surface plasmon resonance (SPR). The
time of appearance of the AuNPs was significantly greater than
in the syntheses at elevated temperature (∼70−100 °C) since
the rate of the reduction is considerably slower at room
temperature than at elevated temperature. In time, as the
diffusion front of the citrate moved deeper into the gel matrix,
it caused the continuous formation of the AuNPs along the gel
column. Figure 1a shows a control experiment indicating no
formation of particles induced solely by the agarose gel matrix.
In the presence of citrate, however, reduction of Au(III)
occurred, producing AuNPs ordered in the macroscopic
patterns (Figure 1b,c). The pattern is characterized by a
continuous structure at a high salt concentration ([Au3+] = 10
mM); however, at lower concentrations periodic precipitation
structures appeared consisting of several well-separated bands
of AuNPs formed from a redox reaction. Interestingly, this
phenomenon is vividly manifested in the case of [Au3+] = 5
mM and [citrate] = 0.1 M (Figure S3). Similar patterns have
been observed in diffusion/coprecipitation systems in which a
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reaction of two water-soluble salts forming insoluble inorganic
precipitate coupled to the diffusion of the reagents in a solid
gel matrix leads to spatially periodic precipitation (Liesegang
phenomenon).38 It should be noted that similar behavior was
observed in the formation of metal−organic frameworks in a
gelled medium.40 The remarkable feature of our pattern
generated by a redox reaction is that the distance between the
two consecutive bands decreases along the gel column (Figure
S4). This is a very rarely observed revert periodic precipitation
as the usual trend is an increase of the distance between the
two consecutive bands in the band number.41 Revert periodic
precipitation occurs when the excess of invading ions (diffusing
from outside, e.g., silver ions) can be also efficiently adsorbed
on the surface of the formed particles (e.g., silver halides)
forming a charged double layer, thus electrostatically stabilizing
them and preventing further aggregation to form a
precipitate.42−44 Farther from the liquid−gel interface, the
excess of the stabilizing compound decreases due to the
diffusive nature of the front involving a decrease of the

stabilization capacity, thus facilitating the coagulation. This
results in the decrease in the distance between the two
consecutive bands as the band number increases. The
formation of revert periodic precipitation in our system can
be explained in a similar manner since the citrate is the particle
not only producing agent but also stabilizing the formed
AuNPs.
To characterize quantitatively the formed particles by size,

shape, and composition, transmission electron microscopy
(TEM), scanning electron microscopy (SEM) with energy
dispersive X-ray analysis (EDX), atomic force microscopy
(AFM), and optical microscopy were deployed. After 1 month
the gel was removed from the glass tube and cut into several
segments. The generated AuNPs were extracted from the gel
and transferred to the sample holder. Figure 2 shows the
characteristics of the formed AuNPs at various distances from
the liquid−gel interface. Near the interface (0−0.5 cm), only
spherical particles of the size of ∼20−30 nm formed;21 farther
from the liquid−gel interface, the size of the AuNPs became
greater and nanoplates (triangles, truncated triangles, and
hexagons) started to appear in the samples. With an increasing
distance from the liquid−gel interface, the probability of the
formation of nanoplates with various shapes increased. This
trend can be observed in other initial conditions of the
reagents as well (Figures S5 and S6).
On the basis of the detailed analysis of the particle size along

the gel column in the case of [Au3+] = 2 mM and [citrate] =
0.1 M, we observed a linear trend with an increasing
polydispersity of the samples (Figure 3a and Figure S7). A
similar tendency was found in other reaction−diffusion
systems having silver dichromate precipitate and zeolitic
imidazolate framework-8 (ZIF-8) crystals formed from the
coprecipitation of silver and dichromate ions and zinc ions and
2-methylimidazole organic linkers, respectively.40,45,46 The
increasing size of the particles can be explained by the
following arguments: the nucleation rate and its dependence
on the supersaturation. Near the liquid−gel interface, the
concentration of the citrate is the highest, thus providing the
highest supersaturation and nucleation rate of reduced gold
atoms generating a high number of nuclei. Therefore, here the
reagents are mostly consumed in the nucleation step, growth is
hindered, and thus small particles form. In addition to this, the
citrate adsorbs on the particle surface and suppresses further
growth as well. Farther from the interface the local citrate

Figure 1. Patterns generated by the synthesized AuNPs in an agarose
gel (0.1% m/v) column containing Au(III) ions after 4 weeks. The
solution of citrate was layered onto the gel column. (a) Control
experiment in the absence of the citrate solution, the agarose gel
contained gold salt with [Au3+] = 10 mM; no formation of AuNPs.
(b) Patterns in the agarose gel containing Au(III) ions with the
concentration of (i) [Au3+] = 0.5 mM, (ii) [Au3+] = 1 mM, (iii)
[Au3+] = 2 mM, (iv) [Au3+] = 5 mM, and (v) [Au3+] = 10 mM at
fixed citrate concentration ([citrate] = 0.1 M). (c) Patterns at fixed
Au(III) concentration in the agarose gel ([Au3+] = 2 mM), while the
concentration of the citrate was varied: (i) [citrate] = 0.01 M, (ii)
[citrate] = 0.1 M, and (iii) [citrate] = 1 M.

Figure 2. Synthesized AuNPs of various sizes and shapes in a reaction−diffusion process in an agarose hydrogel (0.1% m/v) containing
homogeneously distributed gold salt ([Au3+] = 2 mM), the citrate ([citrate] = 0.1 M) diffused from the outside (from the liquid phase placed on
top of the gel column).
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concentration is smaller due to the diffusive nature of the
citrate front. The supersaturation and nucleation rate decrease,
creating a smaller number of nuclei, and therefore the further
particle growth can be “fueled” by the counterdiffusion of the
reagents; i.e., the backward diffusion of Au(III) ions from the
ahead region of the forward propagating citrate-driven
reaction−diffusion front. Note that near the interface the
backward diffusion of Au(III) ions cannot occur becausedue
to the big initial concentration differencethe fast traveling
citrate front consumes all Au(III) ions in the wake of the front
by the redox reaction generating nuclei.

EDX experiments confirmed the formation of gold particles
with shapes of spheres and plates in the hydrogel matrix
(Figure S8). We investigated the average sizes and size
distribution of the AuNPs formed near the liquid−gel interface
(0−0.5 cm) at various initial concentrations of the reagents.
Figure S9 represents the corresponding size distributions, and
Figure 3b,c shows the dependence of the average particle size
on the concentrations of gold salt and citrate. It can be
concluded that the average size ranged between 20 and 30 nm,
which is a size range that can be obtained in the bulk
Turkevich method.21 Higher gold salt concentration at fixed

Figure 3. (a) Dependence of the average size of the synthesized AuNPs on their position in the hydrogel matrix measured from the liquid−gel
interface. (b) Dependence of the average size of AuNPs generated near the liquid−gel interface (0−0.5 cm gel segment measured form the liquid−
gel interface) on the gold salt concentration at fixed citrate concentration ([citrate] = 0.1 M) and (c) on the citrate concentration at fixed gold salt
concentration ([Au3+] = 2 mM).

Figure 4. (a) Optical photograph of the agarose gel in a glass test tube using reflected illumination; the appearance of the bulk optical property of
the gold can be vividly seen. (b) Optical micrographs of the generated nanoplates at the bottom part of the gel column (10−15 cm measured from
the liquid−gel interface) by using transmitted illumination: triangle, truncated triangle, and hexagon. (c) TEM micrographs of the nanoplates
extracted from the region of ∼4−8 cm measured from the liquid−gel interface.
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citrate concentration resulted in larger AuNPs (Figure 3b), and
an increased citrate concentration at fixed concentration of
Au(III) generated smaller particles (Figure 3c). This
observation is in good accordance with the general trend
observed in bulk synthesis of citrate-stabilized AuNPs; namely,
higher ratios of the citrate concentration to the Au(III)
concentration result in smaller AuNPs because citrate is a
stabilizing agent, and hence it prevents further crystal
growth.47−49 A similar trend can be noticed in the final sizes
of nanoplates. Lower citrate concentration allowed the
formation of larger nanoplates at a fixed concentration of the
Au(III) (Figure S6).
The biggest nanoplates found in the samples were ∼70 μm

in their sizes (at the bottom of the gel matrix, 10−15 cm)
(Figure 4), but the average size of the plates ranged between
10 and 30 μm. Interestingly, there is almost 4 orders of
magnitude difference between the smallest and biggest AuNPs
in one sample. Because of the presence of micrometer-sized
particles, the sample lost the nanoscale optical property,
namely the SPR, and became yellow, corresponding to the
optical property of the bulk gold (Figure 4). The thickness of
the nanoplates ranged between a few tens of nanometers (∼50
nm) to a few hundred nanometers based on SEM and AFM
measurements (Figure 5, Figures S10 and S11). The thickness-
to-length ratio in some cases approached 500, which
characterizes a unique nanothick 2D gold sheet (Figure 5
and Figures S11).

We exclude the photochemical route to contribute to the
formation of AuNPs (as hypothesized in the paper by
Pienpinijtham et al. on using starch-mediated photochemical
reduction to generate gold nanoplates37) because no particles
formed in the agarose gel in the absence of citrate even if the
highest concentration of the gold salt was used in the
experiments (10 mM, Figure 1a). Additionally, we performed
the formation of AuNPs in the gel matrix in the absence (dark)

and presence of the illumination and found no difference in the
samples (Figure S12).
We hypothesize that the mechanism of the formation of the

nanoplates is the following: near the interface the local
concentration of the citrate is high, causing fast nucleation and
efficient stabilization creating small spherical particles. Farther
from the liquid−gel interface, the nucleation rate slows down.
The polysaccharide (the component of the agarose gel)
adsorbs to the lowest surface energy {111} facets of the formed
particles and promotes the slow growth of plate-like particles.
Additionally, the slow backward diffusion (compared to the
nucleation event) of gold ions from the neighboring ahead
domain helps the slow particle growth. The porous gel matrix
prevents the sedimentation and aggregation of nanoplates by
van der Waals (vdW) forces, thus creating an optimal
condition for the generation of micrometer-sized gold plates.
The crystal growth to nucleation event ratio is higher at larger
distances which is also reflected by the linearly increasing
particle size (Figure 3a).
It should be noted that at the beginning of the process

(closer to the liquid−gel interface) small spherical particles
were formed, which might self-assembled into a banded
pattern. However, at the later stage (farther from the liquid−
gel interface), larger particles grew to have less ability to diffuse
due to their size and reaching the size of the pore of the
agarose gel (approximately a few hundred nanometers).50

Therefore, they could not generate zones and produced a
homogeneous distribution of the nanoplates in the gel.
To highlight the power of the synthesis of AuNPs in the

solid gel driven by reaction and diffusion, we performed bulk
experiments with identical initial concentrations to that of the
diffusion experiments. In these setups, the process was
completed within a few hours, forming dominantly black
precipitate, and in a few cases, the samples had red, purple, and
blue colors consisting of ∼20−30 nm spherical AuNPs without
the formation of nanoplates (Figure S13).
To illustrate the formation of AuNPs in a hydrogel, we have

developed a reaction−diffusion (RD) model incorporating
diffusion, nucleation, and particle growth. The mechanism of
the formation of nanoparticles is the following:

A B C+ → (1)

C C D+ → (2)

C D D+ → (3)

A B C D+ + → (4)

where A and B denote the reagents, citrate and Au3+,
respectively. C and D are the nuclei and formed NPs,
respectively. Equation 1 represents the formation of the nuclei.
The other steps show the successive transformations of nuclei
into NPs by nuclei−nuclei (eq 2), nuclei−NP aggregation (eq
3), and heterogeneous particle growth (eq 4). The system can
be described mathematically in one dimension (along the gel
column) by the following set of partial differential equations:

a
t

D
a

x
k ab k abcA

2

2 1 4
∂
∂

= ∂
∂

− −
(5)

b
t

D
b

x
k ab k abcB

2

2 1 4
∂
∂

= ∂
∂

− −
(6)

Figure 5. (a) SEM and (b−d) AFM micrographs of the nanoplates
extracted from the region of 10−15 cm measured from the liquid−gel
interface. (c, d) An enlarged part of a nanoplate indicated by a blue
box in (b).
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where a, b, c, and d are the concentrations of A, B, C, and D,
respectively. We introduced a quantity (nd) describing the
concentration of nuclei in the formed NPs (D); thus, the
number of the nuclei embedded in the NPs is n = nd/d. We can
derive two important quantities characterizing the NPs, namely
the radius (r) and the surface area (A) of the particles, which
are proportional to n1/3 and n2/3, respectively. We used
constant reaction rate coefficients for reactions represented by
eqs 1 and 2 (for details see the Supporting Information), but
the reaction rate for the nuclei−NP aggregation (eq 3) was
proportional to the surface area of the particles (k3 = 10−5 (1 +
10n2/3) (M s)−1). DA, DB, and DC are the diffusion coefficients
of the reagents and the nuclei in the gel. We assumed that the
formed NPs (D) do not diffuse in the gel matrix. Θ is the
Heaviside step function, and c* is the threshold concentration
of the formation of D by nuclei−nuclei aggregation. We
arbitrary set c* as a function of Au(III) concentration (b) in
the form of c* = c0* − b, where c0* is a constant because it
reflects the fact that at greater and lower concentrations of
Au(III) the same amount of citrate can stabilize less (lower
aggregation threshold) and more efficiently (greater aggrega-
tion threshold) of the formed AuNPs, respectively.
It should be noted that the reaction C + C→ D (eq 2) has a

threshold concentration, where nuclei aggregate to the
nanoparticle. Citrate (A) is not only a reducing but also a
stabilizing (capping) agent of the NPs. We hypothesized that
the nuclei are stabilized as well by citrate, and their aggregation
occurs only above a certain threshold concentration (eq 2). In
eqs 3 and 4, nuclei grow until they create a nanoparticle, which
processes are not hindered by the stabilizing effect of the
citrate. The diffusion coefficient of the reagents (DA = DB =
10−9 m2 s−1) is a typical value for small hydrated ions, while the
diffusion coefficient of the nuclei was chosen to be smaller (2
× 10−10 m2 s−1) since their size exceeds the size of small
hydrated ions. The kinetic constants were chosen arbitrarily; k1
is the largest rate constant (eq 1) since the reaction rate of the
reduction could be much greater than that of the aggregation
of two nuclei. The aggregation is a slower process because of
the reduced mobility of the nuclei and not every collision
results in aggregation since these nuclei are electrostatically
stabilized by citrate. The rate coefficient of the reaction C + D
→ D was proportional to the surface of the nanoparticles
because larger nanoparticles have a larger cross section. The
reaction rate, in this case, was significantly lower than the
chemical rate of the reduction (eq 1). With the typical set of
concentrations used in the simulation, the slowest process was
reaction A + B + C → D, which is a third-order reaction. The
initial and boundary conditions were set to represent the
experimental conditions, namely, a(t = 0, x) = c(t = 0, x) = d(t
= 0, x) = nd (t = 0, x) = 0, b(t = 0, x) = b0 (where b0 is the
initial concentration of B), and we used no-flux boundary
conditions at the end of the domain and Dirichlet boundary
conditions at the liquid−gel interface for all species. a(t, x = 0)
= 1 M, and b(t, x = 0) = c (t, x = 0) = d (t, x = 0) = nd (t, x =
0). The details of the numerical model and the simulations can
be found in the Supporting Information.

The simulation results of the reaction−diffusion model
provided a qualitative agreement with the results observed in
experiments (Figure 6, Figures S14 and S15). At high gold salt

concentration, we observed a continuous zone of the formed
AuNPs. However, when the concentration of Au(III) was
decreased, the generated AuNPs self-assembled into periodic
structures (Figure 1b). The size of the formed particles in the
model is linearly proportional to their position measured from
the liquid−gel interface, which is similar to the experiments
(Figures S14 and S15). It should be noted that our model
cannot capture the formation of nanoplates since we
considered only spherical particles in the model; however, it
shows that coupling diffusion to the reaction can provide
conditions differing from the bulk setup and generate larger
particles along the diffusion column. Interestingly, the
numerical model reproduced the general trend in the bulk
nucleation and growth scenario; namely, at low concentrations
of the reagents small number of particles was formed with
larger size. However, at greater concentrations of the reagents
(higher supersaturation) a huge number of particles was
formed with smaller size (Figure S16).

4. CONCLUSIONS
In summary, we have demonstrated a general and facile
method to synthesize AuNPs of various sizes (from ∼10 nm to
70 μm) and shapes (spherical, triangular, truncated triangular,
and hexagonal) separated spatially in a hydrogel matrix by their
average size utilizing the effect of the diffusion of the reagents
on the particle growth. The classical method to generate
AuNPs was extended spatially utilizing the interplay between
the chemical processes (including redox reaction, nucleation,
and particle growth) and diffusion of the reagents in a solid
hydrogel matrix. The main strength of our approach is that
almost a 4 orders of magnitude difference in the sizes of the
synthesized particles can be achieved in a single experiment
with a linearly increasing average size in the function of their
position in the gel matrix measured from the liquid−gel
interface. The dynamics of the formation of particles is
determined by the diffusion front of the reducing agent; its
mass flux is one of the main factors governing the number of
nuclei. These nuclei can grow, and their growth rate and final
size are predominantly driven by the rate of formation of the
nuclei and local influx of the Au(III) and formed nuclei from
the neighborhood. We have shown that the nucleation and

Figure 6. Results of the numerical simulations showing spatial
distribution of the concentration of nuclei in particles (nd): (a) b0 = 1
and (b) b0 = 0.1.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c08404
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08404/suppl_file/jp1c08404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08404/suppl_file/jp1c08404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08404/suppl_file/jp1c08404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08404/suppl_file/jp1c08404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08404/suppl_file/jp1c08404_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08404?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08404?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08404?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08404?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c08404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


particle growth can be controlled by the fluxes of the citrate
(invading from outside) and the Au(III) ions and nuclei
through the local velocity of the diffusion front. Because the
fluxes of the reagents and the nuclei strongly depend on the
position of the reaction front, controlling these fluxes either
spatially or temporally can provide flexible control in the
synthesis of NPs.
One of the main advantages of our approach is that various

shapes of AuNPs can be synthesized in a single process at
room temperature utilizing the coupling of reaction and
diffusion of the reagents. In addition to this, we have shown
that a redox reaction extended in space through diffusion can
generate periodic precipitation consisting of AuNPs of
different sizes and shapes. Our findings highlight the
universality of the periodic precipitation which has been
observed so far in coprecipitating systems involving the
reaction of ions forming a chemical precipitate. The most
striking feature of our setup is that we could synthesize
nanothick micrometer-sized plates of various shapes, where the
length-to thickness ratio approached 500. This finding
highlights the advantages of the synthesis utilizing diffusion
in a solid gel matrix. Namely, farther from the liquid−gel
interface, the diffusion slowly supplies the reagents generating
slow and continuous particle growth. In addition to this, the
gel matrix traps the formed plates and therefore prevents the
aggregation of these thin micrometer-sized plates by attractive
vdW interaction. In bulk liquid synthesis methods, these
individual micrometer-sized plates cannot be preserved
because these gold plates would stick together irreversibly
due to the enormous vdW forces acting between two
micrometer-sized plates. A future challenge would be to
grow these unique gold structures on a 2D template and use
them in microelectronics. This conductive material could have
unique physical and chemical properties similar to graphene
since the thickness is in nanoscale while the characteristic
length belongs to micrometer size domain having bulk material
properties.51 Moreover, we believe that controlling diffusion
over chemical reactions can be exploited in various applications
in material design and engineering.
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