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Abstract

A method for seeded growth of particles with uniform, smooth spherical shape, and narrow size distributions is presented.
By using formaldehyde (HCHO) as a reductant and without any stabilizer in an aqueous solution, gold nanoparticles with
sizes up to 220 nm were prepared at room temperature. The gold nanoparticles (diameter in the range of 1-3 nm) for the
first seeds are synthesized by the reduction of tetrachloroauric acid trihydrate (HAuCl,) with tetrakis (hydroxymethyl)
phosphonium chloride THPC (P(CH,OH),Cl). These seeds are dispersed in the gold plating solution at pH 9.0 in the pres-
ence of HCHO. Through multi-step seeding growth, their sizes are precisely controlled just by adjusting the ratio of gold
precursor to seeds. The obtained gold nanospheres are characterized by using transmission electron microscopy, a Zetasizer
Nano, and UV-VIS absorption spectroscopy. This approach has excellent reproducibility and can significantly improve the
monodispersity of nanospheres.
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Introduction

In recent decades, gold nanoparticles (GNPs) have been
attractive to many scientists in the world in different fields
from fundamental research to applied research, such as
photonics, electronics, catalysis, and biomedicine.!™ In
particular, GNPs conjugated with biological elements have
many applications in biology, such as labeling and imag-
ing,4 diagnosis, detection and treatment, > photothermal,ﬁ’7
and distribution of biological molecules.®® Also, GNPs have
recently been used in advanced applications in bone tissue
engineering'’ and virus detection.!!!?

Therefore, the synthesis of GNPs has been especially
studied. They can be synthesized by chemical methods by
reducing the gold cations to gold atoms in the presence of
a reducing agent. GNPs from 10 nm to 150 nm in diam-
eter were prepared in one step by using trisodium citrate to
reduce tetrachloroauric acid trihydrate (HAuCl4).l3‘16 How-
ever, the size and its distribution of the particles were not as
expected, and the shapes were non-uniform when preparing

larger particles. In recent years, preparing GNPs with seeded
growth approaches has been considered to be a highly effec-
tive method to create GNPs with different sizes and shapes.
In the pioneering work on the citrate reduction method,
Natan and co-workers reported a seeded growth using mild
reducing agents, such as trisodium citrate (Na;CcHsO,) to
prepare the GNPs up to 100 nm in diameter. However, the
limitation of this method is that gold nanorods can also
be formed as the second most common type of product in
addition to spheres.!” Another method has been reported by
Jana et al. using cetyltrimethylammonium bromide (CTAB)
as the stabilizer and sodium borohydride (NaBH,) as the
reductant to form GNPs from 5 nm to 40 nm in diameter. '8
With a similar idea using CTAB as the stabilizer, Murphy
and Liz-Marzan controlled the seeded growth to create
monodispersed GNPs up to 180 nm in diameter using ascor-
bic acid as the reducing agent.'” Despite the monodispersal,
these GNPs have CTAB as the surfactant cations, which
limits the possibility of functionalization. This restricts the
applicability of the GNPs in biomedicine. Recently, various
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sized GNPs have been synthesized by a chemical reduction
method with different solvent polarities.”” However, GNPs
with a diameter over 20 nm have an uneven size distribution
and low synthesis efficiency, while the shape of the particles
cannot be controlled. Several green methods to synthesize
GNPs without adding any chemicals to the HAuCl, precur-
sor have also been performed, but these only synthesized
small GNPs (less than 50 nm).>' >

Hence, the detection of an efficient method leading to all
the good features of the GNPs (like a large range of sizes,
good size distributions, and ease of modification of the surface
of the particles) is very necessary. In this study, we report a
simple approach to form spherical GNPs with variable diam-
eters ranging from 1 nm to 220 nm, monodispersed, and with
high uniformity and controlled concentration. In particular,
the GNPs can be easily functionalized because no CTAB mol-
ecules surround them in the growth. This method involves
two stages: (1) the synthesis of the Au seeds (the GNPs with
~ 1-2 nm in diameter), and (2) the synthesis of the GNPs with
variable sizes via an interparticle ripening process through
multi-step seeding growth. The seeded growth was progressed
by gold-plating solutions (GPS) using formaldehyde (HCHO)
as a reducing reagent. The pH of the solution and the ratio of
the gold precursor to the seeds ensured that the seeds were
developed continuously and uniformly, and that no new par-
ticles could be formed. The size and the concentration of the
particles can also be easily controlled by adjusting the ratio
of the gold precursors to the seeds.

Experimental Method
Materials

Tetrachloroauric acid trihydrate (HAuCl,. 3H,0, 99.9%),
trisodium citrate dihydrate (Na;C4Hs0,. 2H,0, 99%),
potassium carbonate (99%), tetrakis (hydroxymethyl) phos-
phonium chloride THPC (P(CH,0OH),Cl, 80% solution in
water), sodium hydroxide (NaOH, 99%), and HCHO (37%
solution in water) were purchased from Merck. Deionized
water was used in all the experiments. Glass containers were
cleaned and dried before use.

Synthesis of GNPs up to 220 nm in Diameter
Preparation of Au Seeds (THPC-GNPs)

The Au seeds, referred to as THPC-GNPs, were prepared
according to the procedure in the Ref. 25 0.2 mL NaOH
(1 M), 1.5 mL trisodium citrate (68 mM), and 0.5 mL THPC
(85 mM) were added to a reaction vessel containing 21 mL
water. After stirring for 5-10 min, 1 mL HAuCl, (25 mM)
was added to the solution. The formation of the THPC-GNPs
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was confirmed by the changing of the color from yellow
to dark brown. The average diameter of the THPC—-GNPs,
which were stored at 4 °C before use, was determined from a
transmission electron microscope (TEM; JEM 1011) image.

Preparation of Gold Plating Solutions (GPS)

The GPS must be prepared at least 3 days before the seeded
growth process. The pH of the GPS was adjusted to an opti-
mum value between 4.45 and 11.56 (value was recorded
3 days after fabrication) by changing the amount of potas-
sium carbonate dissolved in 100 mL water. This solution was
stirred for 10 min at room temperature, then 1.5 mL HAuCl,
(25 mM) is added. The initial light yellow solution gradually
becomes colorless after stirring for 2 h, which indicates the
formation of a gold hydroxide solution (the GPS), which was
stored for at least 3 days in a dark and cool area before use.

The Growth of Au Seeds

The size of the nanoparticles was estimated based on the
assumption that there were no by-products in any of the
growth steps, which means that the number of GNPs is equal
to the number of seeds. Therefore, it is possible to approxi-
mate the size of the GNPs by using known input parameters
in the following equation:

3
dl _ Vseed _ Vseed =>d
B - 2
dy Vops  Vieea + Vaps
)]
Vieed + Vi d V
— dl 3 seed GPS = -2 — 3 GPS +1
% d, %

seed seed

This equation is formulated under the condition that the
concentration of ions Au®* in the GPS equals that in the
seed solution. Therefore, to be more precise, the concen-
tration correction factor n, which is the ratio between the
concentration of ions of Au** in the GPS and that in the
seed solution, is added to the general case. Therefore, Eq. 1
is rewritten as follows:

d2 3 VGPS
— =3 -n+1 2
a=Vv. " @)

seed

where d, is the diameter of the GNPs after a growth step,
d, is the diameter of the seeds, Vpg is the volume of the
GPS, V.4 is the volume of the seed solution, and 7 is the
concentration ratio of Au®* in the GPS and in the seed solu-
tion. The parameter n is considered as the concentration
correction factor of the ions of Au** in the GPS and in the
seed solution.

A GPS with suitable pH was chosen to grow the Au
seeds. A volume of the seed solution was included in the
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GPS so that the volume ratio of GPS and seed solution sat-
isfied Eq. 2. At room temperature, the size of the seeds is
increased after each growth step in which the product of
the previous step will be used as the seeds for the following
growth step. In each step, the volume of the seeds is changed
while the volume of the GPS and the HCHO is fixed at 6 mL
and 5 uL, respectively. Namely, step 1: 4 mL of the Au seed
solution was injected into 6 mL of the GPS while stirring
(time delay ~ 5 min); then, we add 5 uLL of HCHO into that
solution to activate the reduced reaction. The stirring process
is continued until the solution is not discolored. The volumes
of the used seeds are 4 mL, 8 mL, 8 mL, 12 mL, 4 mL, 8 mL,
12 mL, and 16 mL in 8 initial steps, and 17 mL in the oth-
ers, respectively. The time of a growth step is approximately
30 min. It should be noted that this process is repeated until
the 20th step.

Characterization Methods

The absorption spectra were recorded on a Jasco V-570
UV-VIS/NIR spectrophotometer (200—1100 nm). The TEM
images of the GNPs were obtained on a JEOL JEM 1011
microscope at an acceleration voltage of 80 kV. The polydis-
persity index (PDI) values and the average sizes of the GNPs
were measured by a dynamic light scattering (DLS) tech-
nique with a scattering angle of 173° (Nano ZS; Malvern).

Results and Discussion

Survey of the Rate of the Reduction Reaction
of HCHO in GPSs with Different pH

Similar to the synthesis of nanogold directly from the
removal of Au3+! the seeded growth method also strongly
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Fig. 1 The absorption spectra of the GPSs with different pH values
obtained about 5 min after the reduction reaction without the seeds.
Inset the absorption spectra of the solutions recorded in the wave-
length range from 200 nm to 300 nm.

ion complexes, as reported in previous works.?®?” Thus, the
lower the absorption intensity of the solution in the ultra-
violet region, the faster the consumption rate of the gold ion
complexes in the solution. As shown in the inset of Fig. 1,
in the ultraviolet region, the absorption intensities of solu-
tions with pH < 6.59 and pH > 9.7 are much higher than
those with pH ranging from 8.3 to 9.4. These results indicate
that the reduction reaction rate and the number of Au atoms
formed in solutions with 8.3 < pH < 9.4 in the initial stage
is much faster and larger than those in solutions with other
pH values, respectively. This phenomenon is well known
and described clearly in Ref. 28, where the dependence of
the reduction reaction for HCHO on the pH of the GPS can
be expressed by Eq. 3:

2[AuCl,(OH),_,|” + 3HCHO — 2Au + 2xCl~ + 3HCOOH + 3H,0 + 2 = 20)OH~  (x=0—4) 3)

depends on the pH of the solution. Thus, the most important
part of this method is to control the pH of the GPS to ensure
that the seeds are developed uniformly. To find the pH value
of the GPS fitting for the seeded growth process, we have
investigated the effect of the pH of the GPS on the rate of
reduction reaction of gold ion complexes with HCHO which
occurs according to Eq. 3. The recorded pH values of the
GPSs (after 3 days of preparation) are 4.45, 6.59, 6.82, 8.30,
9.01, 9.40, 9.70, 9.80, 10.10, and 11.56. Figure 1 presents
the absorption spectra of the GPSs with different pH values,
which are obtained about 5 min after the reduction reac-
tion without the seeds. The absorbance in the 200-300 nm
ultraviolet region is mainly due to the contribution of gold

The seeded growth mechanism can be explained as fol-
lows: when the pH of the solution is below 8.3 (accord-
ing to the above survey), the rate of consumption of gold
ion complexes is slow, leading to the slow formation speed
of Au atoms. Therefore, in the first stage, the solution has
many gold ion complexes and the particle size distribution is
broadened. The formation of particles in these solutions can
be described through the following stages. Initially, the solu-
tion can form the new nucleus (Lamer burst nucleation?®?),
then a random combination (random attachment®’) occurs
with the seeds. Finally, the seeds grow by the “intraparticle
ripening” mechanism.?” Under the influence of [AuCl,]",
the new nucleus, which moves from one side to the other
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side, is prioritized on a crystal surface. This phenomenon
induces the development of incoherence and heterogeneity
of the seeds.

Figure 2 illustrates the growth of the seeds depending on
the pH of the GPS: when the pH of the solution increases,
the consumption rate of the gold ion complexes is fast (even
in the early stage of the reaction, the concentration of gold
ion complexes is very low). Consequently, the monomer
concentration in these stages of the reaction increases.
According to the Ostwald ripening mechanism,?**" the par-
ticles in the solution tend to change, so that the total surface
area of them is the smallest. Thus, large particles are more
stable than small particles. The small particles may clump
and even disappear in the solution. When the monomer con-
centration in the solution reaches the saturation state, the
monomers will condense on the surface of the large particles
continuously and homogeneously. Consequently, the larger
particles are formed uniformly in size and shape. However,
when the pH of GPS is above 9.7 ([OH™] > 5 x 107> M),
the reaction of HCHO with OH™, which is called the Can-
nizzaro, is given by:

2HCHO + 20H~ — HCOO™ + HCH,0~ + H,0 )

pHgps < 8.3
o s
® ®, HCHO &
. °*Gps o @&

Fig.2 The growth of the seeds depending on the pH of GPS.

8.3 <pHgps <9.4

Absorbance (a.u)

Therefore, when the pH is too high, Egs. 3 and 4 occur
simultaneously, and the reduction reaction occurs more
slowly. These results reduce the rate of formation of the
monomers in solution. Thus, the GPS with a pH value in
the range of 8.3-9.4 is suitable for the development of the
seeds. In our study, we used the GPS at pH 9.0 to grow the
small gold particles.

Seeded Growth Synthesis of GNPs of up to 220 nm

Figure 3 shows the TEM image and the UV-VIS absorp-
tion spectra of the gold seeds. The morphologic properties
of ultrafine GNPs are shown on the TEM image with the
magnification of X10,000. The size of the seeds is deter-
mined in a range of 1-2 nm. These seeds are also proved to
be relatively stable in the trisodium citrate dihydrate buffer
via UV-VIS spectra of the solution after 1 day and 30 days
(Fig. 3b).

These GNPs are used as the seeds to grow into larger
particles, as mentioned in the experimental section. Fig-
ure 4 shows the morphological characterization of GNPs
obtained after different growth steps. The size of the GNPs is
increased from 1 nm to 220 nm after the consecutive growth
steps to obtain GNPs with different diameters. In addition,
the optical properties of the GNPs solutions are measured by

pHgps>9.7

(d)
THPC-GNPs

— lday
—30 days

400 500

Wavelength (nm)

Fig.3 The TEM image of THPC—GNPs prepared in a trisodium citrate dihydrate buffer solution at 1 day after synthesis; scale bar 20 nm (a),
and plasmon absorption spectra of THPC—gold solution measured after (blue line) 1 day and (red line) 30 days of preparation (b).
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Fig.4 Transmission electron microscopy images of Au seed particles and those obtained after different growth steps.

UV-VIS spectroscopy, as illustrated in Fig. 5. In all cases,
it can be seen that the plasmon absorption spectra are sym-
metric, the respective wavelengths of absorbance maxima
are red-shifted, and the absorption intensity depends on the
respective wavelength as the Gaussian function (Fig. 5d).
Interestingly, the size of the GNPs, which is measured from
the TEM images after different growth steps, can be esti-
mated by Eq. 2. This suggests that the size of the GNPs can
be controlled by changing the ratio of the volume of the GPS
and the seed solution.

For the optical parameters, the size of the particles is
obtained from the TEM images, as well as being estimated
from Eq. 2, and the particle concentrations are listed in
Table I. It can be seen that the calculated particle size is in
good agreement with the measured results (TEM and DLS),
and that the measurements of particle size distributions indi-
cates that the GNPs are well dispersed, and that the particle
size distribution is convergent.

Conclusions

Using a simple method of seed-mediated growth, we success-
fully synthesized and investigated the optical properties of gold
nanospheres. The synthesized spherical GNPs are relatively
uniform and monodispersed, and different sizes of GNPs are
controlled in the range from 1 nm to 220 nm. The mechanism
of the synthesis approach is the use of HCHO as a reducing
agent to reduce Au** in gold hydroxide solution to Au atoms,
leading to the increase of seed size. Gold nanospheres with an
average diameter of about 1-2 nm dispersed in trisodium cit-
rate dihydrate solution were used as seeds for the first growth
step. Subsequent growth steps used the product of the previous
step as seeds to form larger GNPs. The seeds were grown in
the GPS solution with an optimum pH 9.0. The advantage of
this method is that the GNPs are made in room temperature
conditions, limiting the impact of temperature on the quality of
the samples. Another important point is that citrate-stabilized
GNPs allow the expansion of the well-known applicability,
especially in biological and biomedical applications.
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Fig.5 Plasmon absorption spectra of gold colloids obtained after different growth steps (a—c), and absorption maximum depending on the
respective wavelength fit under the Gaussian function (d).

Tablel Summary of sizes, concentrations, and optical properties of the GNPs obtained after different growth steps

Growth step Calculated SRP peak SRP peak OD Concentration (ml™") TEM diameter (nm)  Zetasizer PDI
diameter (nm) dipolar (nm) quadru-polar diameter (nm)

5 25.36 518 - 1.3 2.0x10" 25+ 1.8 28.54 0.3
7 30.56 520 - 14 1.1x10" 30 +2.0 30.59 0.2
9 46.88 527 - 17 3.0x10" 45 +2.5 48.36 0.2
11 70.15 547 - 19 09x10" 70 + 3.1 75.01 0.3
13 85.81 561 - 1.9  05x10" 85+3.3 90.20 0.3
14 94.91 570 - 1.8 04x10" 95+3.4 95.94 0.1
16 140.02 625 - 09 1.2x10° 143 +42 157.8 0.03
17 157.08 544 636 07 87x10% 155+ 4.2 160.3 0.08
19 192.15 559 732 05 47x10% 190 + 4.5 219.5 0.15
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