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Abstract. Gold nanorods, as a type of anisotropic nanoparticles, require uniformity for their properties and
applications. Here, we demonstrate the successful preparation of well-dispersed and uniformly shaped GNRs
through a two-step seed-mediated growth method by separating the symmetry breaking of seeds from sub-
sequent growth. We determined that adding the first growth solution (Solution A) into the second growth
solution (Solution B) after 30 min was optimal, and monitored the growth progress by recording the growth
status every 30 min, observing that the growth of Solution A (150 min) and Solution B (210 min) essentially
ceased. Furthermore, by adjusting the seed quantity, silver ion content, and pH value of the growth solution in
each step, we could tune the wavelength of the localized surface plasmon resonance (LSPR) peak within the
range of 668 to 1020 nm. Additionally, the trend of overall electric field intensity variations were determined
through finite difference time domain (FDTD) simulations. We believe that this approach will further
facilitate practical applications of GNRs research, as these applications rely on the high uniformity of GNRs.

Keywords. Gold nanorods; two-step; seed-mediated; localized surface plasmon resonance.

GNRs profoundly affects their properties and appli-

Gold nanorods (GNRs) have garnered significant
attention due to their unique optical absorption spec-
trum characteristics and their enormous potential in
fields such as biomedical applications,'™ photother-
mal conversion,*® photonics,”” and optoelectronic
devices.'%'? Control of GNRs’ shape and size directly
influences their optical,">™"> electrical,'®™'® and mag-
netic properties,'>'??° thereby determining their
potential applications in optical imaging,*' > sen-
sors,>*2° drug delivery?’~*° and other fields. However,
the synthesis of GNRs faces challenges such as uni-
formity in shape, consistency in size, and controlla-
bility of optical properties.*** Particularly in GNR
synthesis, achieving the desired absorption spectrum
range often requires controlling their aspect ratio
(AR), which poses challenges in obtaining highly
uniform GNRs.** Moreover, the size distribution of

cations.” Therefore, developing an effective method
to prepare highly uniform GNRs while achieving
precise control over their shape and size is of signifi-
cant scientific and practical importance.

The uniformity of GNRs primarily encompasses three
aspects: shape, optical properties and size. In the context
of GNR synthesis, shape uniformity refers to the pro-
portion of nanoscale particles with rod-like shapes in the
final product.’® The higher the proportion of rod-like
particles in the product, the better the shape uniformity.
The second aspect is optical uniformity, which requires
the longitudinal localized surface plasmon resonance
(LSPR) absorption peak of GNRs to be as narrow as
possible, quantified by the full width at half maximum
(FWHM).”’ The efficiency of GNR samples in absorbing
monochromatic light is related to the width of their lon-
gitudinal LSPR absorption peak, which is crucial for
optical applications such as photothermal conversion and
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therapy. The FWHM of the longitudinal LSPR absorp-
tion peak mainly depends on the distribution of the aspect
ratio of GNRs rather than their absolute size. In other
words, GNR samples with narrow LSPR peaks do not
necessarily need to be monodisperse in size. The third
aspect is size uniformity, requiring the synthesized GNRs
to have identical dimensions for consistency. High size
uniformity is a prerequisite for precisely controlling the
shape and optical properties of GNRs.*® Size uniformity
is often accompanied by good optical uniformity, and as
size uniformity increases, the distribution of aspect ratios
of GNRs becomes narrower. In some applications, strict
requirements are placed on size uniformity, such as self-
assembling GNRs into large-scale two-dimensional
arrays as highly reproducible surface-enhanced Raman
scattering (SERS) substrates.””” Many studies are dedi-
cated to finding a synthesis method capable of mass-
producing GNRs while meeting the requirements for
shape, optical properties, and size uniformity. However,
in the existing methods, achieving precise control over
the shape and size of GNRs remains a challenging issue.

The two-step growth method is a primary approach
for synthesizing elongated GNRs or gold
nanowires.**™*? For instance, Liz-Marzan and group
separated the symmetry-breaking process from the
seeded growth process: first, they prepared small-sized
AuNRs with high yield in the presence of the surfactant
hexadecyltrimethylammonium bromide and n-decanol
(as a co-surfactant); then, these small-sized AuNRs
were used as seeds to grow high-quality AuNR colloids.
This approach resulted in uniform AuNR colloids with
narrow plasmonic absorption bands ranging from 600 to
1270 nm.>® Wang er al.*® synthesized nanorods and
nanowires ranging in length from 700 nm to 4.5 pm,
with the longest nanowires reaching up to 6 pm. These
nanowires maintained relatively thin average diameters
of 33-53 nm. Recent studies have shown that this
method can also be utilized for synthesizing nanopar-
ticles with improved uniformity. For example, through
two-step growth, uniform magnetic nanoparticles
(FesO4) and uniform gold nanospheres with sizes
ranging from 10 to 200 nm and a standard deviation
below 10% have been successfully synthesized.**
Murphy’s team has developed a multi-step growth
method for synthesizing pentatwinned GNRs with high
aspect ratios (> 10).* However, due to the lower seed
uniformity, the purity of the synthesized GNRs is also
relatively low, resulting in poorer uniformity. Inspired
by these achievements, we hypothesized that the two-
step growth method could also effectively enhance the
size uniformity of single-crystal GNRs.

Based on this concept, we propose a method for
synthesizing GNRs with improved uniformity using a

J. Chem. Sci. (2026) 138:15

two-step seed-mediated growth approach. Building on
the one-step growth method, we separate the
symmetry-breaking of seeds from the subsequent non-
uniform growth process, thereby conducting the growth
in two steps. By monitoring the growth time, we
determined the optimal growth time for adding the
solution from the first step (bottle A) into the solution
from the second step (bottle B), as well as the final
completion time for both steps. In each step, we
investigated the effects of varying seed volume, pH
value, and silver ion content on the tunability and
uniformity of the products. The optical properties and
size uniformity of the products after each growth step
were evaluated using UV-visible spectroscopy and
transmission electron microscopy (TEM). Experimental
results demonstrate a significant improvement in the
uniformity of the final products through the two-step
growth method. Additionally, by adjusting the tested
experimental parameters, the size and LSPR absorption
of the GNRs can be tuned across a wide range.

2. Experimental
2.1 Materials

All chemicals were obtained from commercial suppliers
and wused without further purification. Hexade-
cyltrimethylammonium bromide (CTAB, > 99.0%) was
purchased from TCI America. Chloroauric acid (HAuCly),
L-ascorbic acid (AA, > 99.99%) and hydrochloric acid
(HCl, 37 wt.% in water) were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. Silver nitrate
(AgNO3, > 99.8%), sodium oleate (NaOL, > 99.88%)
and sodium borohydride (NaBH,, > 98%) were pur-
chased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Ultrapure water (> 18.2 MQ) obtained from a
Milli-Q water system was used in all experiments. All
glassware were cleaned using freshly prepared aqua regia
(HCI:HNO;3 in a 3:1 ratio by volume) followed by rinsing
with copious amounts of water.

2.2 Preparation of the seeds solution

The seeds were prepared according to the method
reported in our previous literature.***’ Briefly,
0.25 mL of 10 mM HAuCl, solution was added to
10 mL of 0.1 M CTAB solution in a 20 mL vial. After
mixing the solution under stirring, 0.6 mL of an ice-
cold, freshly prepared aqueous NaBH, solution
(10 mM) was added all at once under vigorous stirring
for 1 min. The resulting solution was kept in an



J. Chem. Sci. (2026) 138:15

incubator at 30 °C and was used 30 min after its
preparation. The concentration of the finally prepared
seeds is 0.23 mM.

2.3 Two-step seed-mediated synthesis of GNRs:
Effects of varying growth times

2.3.1 Preparation of growth solutions A for two-step
growth (bottles A): A 30 mL vial was used to mix
9.5mL of 0.1 M CTAB, 4 mL of 50 mM NaOL,
1.25 mL of 10 mM HAuCl;, 09 mL of 4 mM
AgNO3;, and ultrapure water were mixed to make up
the total volume to 25 mL. The solution was stirred at
700 rpm for 90 min at 30 °C using a constant-
temperature magnetic stirrer, resulting in a colorless
solution. 0.105 mL of HCl was added to adjust the pH
of the solution, followed by slow stirring at 400 rpm
for 15 min. Then, 62.5 pL. of 64 mM AA solution was
added, and the mixture was vigorously stirred for 30 s.
Finally, 1.2 mL of seed solution was added to the vial,
which was then left to stand at 30 °C in a constant-
temperature magnetic stirrer for subsequent use.
Spectrum changes in bottle A were recorded every
30 min (from O to 300 min). The final concentration of
the seeds in bottle A is 11.04 pM.

2.3.2 Preparation of growth solutions B for two-step
growth (bottles B): A 30 mL vial was used to mix
95 mL of 0.1 M CTAB, 4 mL of 50 mM NaOL,
1.25 mL of 10 mM HAuCly;, 0.9 mL of 4 mM
AgNO3;, and ultrapure water were mixed to make up
the total volume to 25 mL. The solution was stirred at
700 rpm for 90 min at 30 °C using a constant-
temperature magnetic stirrer, resulting in a colorless
solution. 0.105 mL of HCI was added to adjust the pH
of the solution, followed by slow stirring at 400 rpm
for 15 min. Then, 62.5 pL of 64 mM AA solution was
added, and the mixture was vigorously stirred for 30 s.
Finally, every 30 min, 0.5 mL of the solution A was
added to each of the different vials, which were then
left to stand at 30 °C in a constant-temperature
magnetic stirrer. Spectrum changes in bottles B were
recorded every 30 min (from O to 300 min).

2.4 FDTD simulations

To simulate the electric field intensity of GNRs, we
employed the finite-difference time-domain FDTD
method available in the commercial software FDTD
Solution 8.19.1584 by Lumerical Solutions. We
injected a pulsed light wave in the wavelength range of
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400 to 1100 nm into a simulated box containing the
GNRs to mimic the interaction between propagating
plane waves and the nanorods. To accurately depict
the system, we created an appropriately sized virtual
boundary around the GNRs. The GNRs and the sur-
rounding medium within the boundary were divided
into a grid of 1 nm resolution to ensure simulation
accuracy. The dimensions of the GNRs were obtained
from the average values of TEM images. The refrac-
tive index of the surrounding medium was set to be
1.33 (water). This series of computations and simula-
tion work provided a solid theoretical foundation and
experimental data support for our research.

2.5 Characterizations

All extinction measurements were captured on a UV-
1900i spectrophotometer (SHIMADZU, Japan) with a
10.0 mm optical path, whereby a glass cuvette filled
with Milli-Q water was used as the reference. Trans-
mission electron microscopy (TEM) images were
captured on a HT-7700 microscope (HITACHI, Japan)
operating at 100.0 kV.

3. Results and discussion

3.1 Two-step growth method for synthesizing
GNRs

In the traditional two-step synthesis of GNRs, fresh
reactants were added to the original growth solution
after each step. In this experiment, a small portion of
the growth solution was transferred to a new growth
solution after each step to facilitate the subsequent
growth, as illustrated in Figure 1(a). The seeds were
prepared following the procedure outlined in a one-pot
synthesis literature, where HAuCly was reduced by
freshly prepared strong reducing agent, sodium boro-
hydride (NaBH,). GNRs growth solution utilized a
binary surfactant system composed of CTAB and
sodium oleate (NaOL). NaOL, a sodium salt of long-
chain unsaturated fatty acids, contains double bonds
enabling slow reduction of HAuCl, in the absence of
ascorbic acid (AA). In the seed-mediated growth
method for GNRs, NaOL serves as a surfactant to
regulate dimensional uniformity, monodispersity, and
longitudinal surface plasmon resonance (LSPR) char-
acteristics. Optimization of the NaOL-to-CTAB ratio
allowed synthesis of GNRs with tunable aspect ratios.
The first step of growth was accomplished by rapidly
introducing 1.2 mL of 0.23 mM seed solution into
growth solution (A). After incubation at 30 °C for
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(a) Schematic diagram of the two-step seed-mediated method for growing GNRs. (b) Comparison of

normalized extinction spectrum of GNRs grown via one-step and two-step methods.

30 min, 0.5 mL of the first-stage growth solution
(A) was transferred to fresh growth solution (B) and
thoroughly mixed. Compared with GNRs synthesized
via the conventional one-step seed-mediated method,
the two-step method-generated GNRs exhibited a red-
shifted longitudinal localized surface plasmon reso-
nance (LSPR) peak (from 754 to 830 nm), while the
transverse localized surface plasmon resonance
(TSPR) peak remained unchanged. Notably,
Figure 1(b) demonstrates that the LSPR-to-TSPR
(AL/AT) intensity ratio was significantly higher for
GNRs prepared by the two-step method (5.56) com-
pared to the one-step method (4.17). These results
clearly indicate that the two-step method improves
both the yield and uniformity of GNRs compared to
those obtained through the single-step approach.

To investigate the effect of adding solution from
bottle A into bottle B at different time points (every
30 min) on the growth process, GNRs were charac-
terized using visible-NIR extinction spectroscopy, as
shown in Supplementary Figure S1. It can be observed
from the figure that, except for when the solution from
bottle A was added at O min, there was almost no
generation of GNRs in the solution in bottle B after
12 h. However, when the solution from bottle A was

added at other time points (30—180 min), GNRs were
generated in the solution in bottle B after 12 h.
Additionally, the peak position and intensity of the
extinction peaks were relatively close at these time
points. Finally, through comprehensive analysis of the
extinction peak characteristics, including peak inten-
sity, FWHM, and the intensity ratio of A;/At (peak
value of the longitudinal peak/peak value of the
transverse peak) as shown in Supplementary Table S1,
the conclusion was drawn that adding the solution
from bottle A into the solution in bottle B at 30 min
resulted in the most ideal growth of GNRs. This
research finding indicates that the selection of time
points significantly influences the growth process of
GNRs, with a 30-minute interval performing optimally
under the experimental conditions. This short time
interval effectively reduces time while ensuring
quality.

During the growth process of solutions in bottle A
and bottle B, we also recorded their growth at different
time points (every 30 min), as shown in Figure 2. It
can be observed that throughout the entire growth
process, the extinction peaks of solutions in both
bottles gradually intensified, while the entire spectrum
exhibited a blue-shift trend. However, notably, the
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(a) Vis-NIR extinction spectrum of solution A during the growth process, (b) relationship between the peak

position and intensity of the LSPR peak in solution A and growth time, (¢) Vis-NIR extinction spectrum of solution B
during the growth process, (d) relationship between the peak position and intensity of the LSPR peak in solution B and
growth time, recorded at intervals of 30 min between 60-300 min.

stabilization time of the growth in solution A was
approximately 150 min, which was about 1 h earlier
than in solution B (approximately 210 min). Further-
more, when the growth of solution A nearly ceased, its
extinction peak intensity was approximately 0.8, lower
than that of solution B (approximately 1.2). This
indicates that the two-step method required a longer
growth duration than the one-step method, resulting in
GNRs with larger sizes and higher aspect ratios.
Additionally, when the growth time reached 300 min,
solution A exhibited an extinction spectrum full width
at half maximum (FWHM) of 123 nm, while solution
B showed a smaller FWHM of 119 nm, solution A’s
A /At (4.17) was notably lower than that of solution B
(5.56). In GNR spectra, smaller FWHM and larger A/
Ar correlate with higher product yield and superior

quality. These findings collectively demonstrate that
the two-step method outperforms the one-step method
in achieving both higher yield and better uniformity
for GNR synthesis.

3.2 Effects of seed quantity variation on GNRs
synthesis in the first step of two-step growth

In the two-step growth method, each individual step is
analogous to the common one-step seed-mediated
growth method. Hence, factors influencing GNRs
growth in the one-step method might similarly affect
the two-step method, such as seed volumes, silver
content, pH of the growth solution, etc. Therefore, as a
reference, after determining the optimal time interval
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of 30 min for adding Solution A to Solution B, we
initially investigated the influence of seed amount on
the product in the one-step growth (Solution A), as
shown in Supplementary Figure S2. As the seed
amount increased from 40 to 5120 pL, the LSPR peak
exhibited a red shift, followed by a blue shift as the
seed volume further increased. Studies on the kinetics
of GNRs growth suggest the existence of a longitu-
dinal growth preference during the initial growth stage
(Stage 1), which gradually diminishes later (Stage II),
resulting in an initial increase followed by a decrease
in the aspect ratio of GNRs during growth. This
observation can be explained as follows: At lower seed
concentrations, the ratio of gold ions to seeds is rela-
tively high, allowing each seed to elongate before
widening, thereby forming GNRs with larger aspect
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ratios. As the seed concentration increases (from 40 to
320 pL), the ratio of gold ions to seeds decreases,
causing both the length and width of the seeds to
decrease. However, the width decreases more signifi-
cantly because most gold ions are consumed during
elongation (Stage I), resulting in a reduction in the
final product size but an increase in the aspect ratio
(corresponding to the red shift of the LSPR peak).
As the seed concentration continues to increase
(from 320 to 2560 pL), the ratio of gold ions to seeds
further decreases. Due to the low ratio of gold ions to
seeds, seeds may not even complete the initial longi-
tudinal growth in Stage I, leading to a decrease in size
and aspect ratio (corresponding to the blue shift of the
LSPR peak). However, when the seed volume is
excessive (5120 pL), the ratio of gold ions to seeds
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Influence of different volumes of seeds (11.04 uM) on the synthesis of GNRs in the second step of two-step

growth. (a) Vis-NIR spectrum of the final products synthesized using different volumes of seeds: 40 pL (black), 80 pL
(red), 160 pL (green), 320 pL (blue), 640 uL (cyan), 1280 pL (magenta), 2560 uL (yellow), and 5120 pL (dark yellow);
(b—i) corresponding TEM images of the GNRs shown in (a) with increasing seed volumes from (b-i). All the scale bars are
200 nm. The average length and diameter of the GNRs are indicated on the top right corner of each image (units: nm).
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decreases further. With limited gold ions compared to
the abundant seeds, only few of seeds can grow into
GNRs (resulting in a very low peak in the LSPR
spectrum). This outcome highlights the significant
impact of seed amounts on the GNRs growth process.

3.3 Effects of seed quantity variation on GNRs
synthesis in the second step of two-step growth

Continuing, we have tested the effect of varying seed
quantities during the second-step growth process on
the final product. It is evident from the vis-NIR
spectrum (Figure 3) that as the seed quantity increased
from 40 to 5120 uL, the LSPR peak gradually red-
shifted, shifting from 656 to 844 nm, covering a broad
range from visible to near-infrared. In the two-step
growth, an initial blue shift followed by a red shift of
the LSPR peak with increasing seed quantity was
observed, which seems inconsistent with the results of
one-step growth. However, considering the dilution
effect when transferring the first-step growth solution
to the second-step growth solution, it still follows the
same trend observed in one-step growth.

In the two-step growth, despite transferring first-
step growth solutions (A) ranging from 40 to 5120 pL.
to the second-step growth Solution (B), they contained
only 0.8 to 102.4 pL of original seeds because the seed
solution was diluted by a factor of 50 when added to
the first-step growth solution (0.5 mL of Solution A
added to Solution B), falling within the range of seed
quantity (< 320 pL) that resulted in the red shift of the
LSPR peak in one-step growth. The obtained LSPR
peak positions, intensities, FWHM, and corresponding
A;p/Ar are listed in Table 1, where the overall FWHM
of the LSPR peak is much smaller than that obtained in
one-step growth (Supplementary Table S2), indicating
improved optical uniformity of GNRs through the two-
step growth. Representative TEM images of GNRs
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synthesized with different seed quantities in the sec-
ond step are shown in Figure 3(b-i), where all prod-
ucts exhibit highly uniform GNRs shapes and sizes.

As the seed quantity increased from 40 to 5120 pL,
there was almost no significant change in the length of
the GNRs (remaining at approximately 110 nm), while
the width decreased from 625+ 4.8nm to
21.3 &+ 2.8 nm. The decrease in width was highly
significant (295%) compared to almost no change in
length, resulting in an increase in aspect ratio from
1.8 £ 0.1 to 5.6 &= 0.7, consistent with the red shift of
the LSPR peak observed in the vis-NIR spectra (Fig-
ure 3). This result also aligns with the gradual
widening of GNRs in Stage II after completing Stage I
growth with increasing seed quantity, where insuffi-
cient gold ions are available to continue widening
GNRs after Stage I growth (manifested as width
reduction), thus gradually increasing the aspect ratio,
leading to the red shift of the LSPR peak.

Detailed statistical data on the length, width, and
aspect ratio of GNRs shown in Figure 3 are listed in
Table 1. According to the data in the table, it can be
observed that when the seed quantity is too low or too
high, the synthesized GNRs exhibit poor monodis-
persity. This observation was also verified by the TEM
images (Figure 3), where more impurities presented in
these cases. Therefore, controlling the seed quantity is
crucial for obtaining GNRs with good monodispersity
and desired properties. An appropriate amount of
seeds can effectively guide the growth of gold,
ensuring the quality of the obtained GNRs.

3.4 Effects of pH variation on GNRs synthesis
in the first step of two-step growth

According to previous studies,’®*” the pH value of the

growth solution was crucial for the uniformity of GNRs
in one-step synthesis. At low pH values (e.g., 1-2), the

Table 1. LSPR, FWHM, size, aspect ratio (AR) and aspect ratio along long axis (A;/Ar) of
GNRs synthesized using different volumes of seeds.

Seeds LSPR FWHM Length Width

(pL) (nm) (nm) (nm) (nm) AR Ar /At
40 668 166 110 £ 44 62.5 + 4.8 1.8 £ 0.1 1.11
80 688 115 113 £3.7 48 £ 4.3 24+ 0.3 1.45
160 691 100 1069 + 3 353 £35 3.1 +0.3 2.25
320 707 100 103.6 £+ 3.1 274+ 2.9 3.8+ 04 2.96
640 740 114 113 £49 257 £2.8 43 £ 0.5 3.68
1280 775 128 1079 + 3.8 2277 £2.7 4.8 £ 0.5 4.39
2560 812 159 110.5 + 3.5 22 £ 2.8 5.1 £0.6 4.27
5120 832 170 116.1 + 10.1 213 £28 5.6 + 0.7 4.25
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reduction reaction was slow, with gold atoms preferen-
tially depositing at the tips of seed particles, promoting
longitudinal growth and forming rod-like structures with
high aspect ratios; high pH values may induce lateral
facet growth, leading to increased nanorod diameters or
irregular morphologies. Therefore, it is necessary to
investigate its influence on the two-step growth process.
We first examined how the pH in the first step affects the
uniformity of GNRs, while keeping the pH value
unchanged in the second step. The results are shown in
Supplementary Figure S3. Except for instances at 25 and
50 pL where the higher pH values in the first step led to
overly rapid growth and consequently poorer quality of
synthesized GNRs, products synthesized at different pH
values exhibited similar extinction peaks. This indicates
that we obtained GNRs with similar aspect ratios,
implying that the variation in pH values in the first step
has limited influence on the final product. Throughout the
growth process, the spectra continuously red-shifted with
decreasing pH values, consistent with our observations in
one-step growth, where the LSPR peak initially red-
shifted as pH decreased. However, the overall spectra
fluctuation range was small, only oscillating between 800
and 850 nm, indicating that the second-step growth
eliminated the variations caused by pH in the first step,
even though the addition of HCl led to a red shift in the
longitudinal LSPR peak of GNRs. However, due to
dilution effects upon addition to the second step, the red
shift was only a few tens of nanometers. This result
suggests that the two-step method, while dynamically
controlling pH, eliminates fluctuations from the first step
through the second-step growth process, providing more
controllable conditions for obtaining stable and uniform
GNRs.

As HCI gradually increased, except for the influence
of 25 pL on the overall effect, changes in the LSPR
peak exhibited a certain trend. As shown in Supple-
mentary Figure S3, with increasing HCl addition
(except for the influence at 25 pL), the LSPR peak
exhibited a distinct trend: continuous red-shift (from
50 to 200 puL). The FWHM of GNRs showed a dif-
ferent pattern: initially decreasing with HCI addition
(from 50 to 75 pL), then increasing (from 70 to
150 pL), and finally decreasing continuously (from
150 to 200 pL). Additionally, the A;/At ratio
demonstrated a sequential variation: rising with HCl
addition (from 25 to 100 pL), declining (from 100 to
150 pL), and then increasing again (from 150 to
200 pL). These three parameters (peak, FWHM, A/
Ar) reflect the yield, size uniformity, and purity of the
GNRs (Supplementary Table S3). Overall, consider-
ing these trends, the addition of HCI in the first step
appears to reach an optimal state at 200 pL, providing
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favorable conditions for obtaining GNRs with high
yield, size uniformity, and purity.

3.5 Effects of pH variation on GNRs synthesis
in the second step of two-step growth

Furthermore, we investigated how the pH in the second
step affects the synthesis of GNRs while keeping the pH
in the first step constant (100 pL). The vis-NIR spectra
of the synthesized GNRs are shown in Figure 4, with
decreasing pH (increasing HCI dosage), the LSPR peak
of the final product gradually red-shifted from 644 to
1020 nm, consistent with observations in conventional
one-step growth. This phenomenon arises because the
gradual pH decrease elevates H concentration in the
solution, inhibiting ascorbic acid (AA) hydrolysis and
slowing the reaction rate. The reduced reaction rate
favors anisotropic growth over homogeneous nucle-
ation, leading GNRs to predominantly elongate axially
and increasing their aspect ratio.

During this process, the FWHM exhibited a gradual
increase from 50 to 200 pL. Simultaneously, the
A;/Ar ratio initially rose (25-125 pL) and then
declined (125-200 pL) with HCIl addition. By syn-
thesizing peak position, FWHM, and A;/Ar ratio
trends, the optimal pH for the two-step method aligns
with the previously reported optimal pH (100 pL) for
one-step synthesis (Table 2). These findings demon-
strate that pH regulation effectively modulates GNR
size and optical properties, offering a versatile strategy
for tailoring GNRs to specific applications.

3.6 Effects of silver ion concentration variation
on GNRs synthesis in the first step of two-step
growth

To explore the role of silver ions in the two-step growth of
GNRs, we separately investigated the effects of silver ion
concentration in the first and second steps on the final
product. A 30 mL vial was used to mix 9.5 mL 0.1 M
CTAB, 4 mL 50 mM NaOL, 1.25 mL 10 mM HAuCly,
0.9 mL of 4 mM AgNO;, and ultrapure water were
mixed to make up the total volume to 25 mL. Initially, the
silver ion concentration in the second step was fixed
(0.9 mL), while the silver ion quantity in the first step was
varied (0-1.8 mL). Supplementary Figure S4 illustrates
the vis-NIR spectrum of the final products after two-step
growth. When there were no silver ions in the first step,
even in the presence of silver ions in the second step, the
final products remained close to spherical (with only one
peak at 560 nm). However, when silver ions were
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Figure 4. UV-Vis extinction spectrum (a) and the corresponding changes in LSPR peak wavelength and intensity (b), full
width at half maximum (FWHM) (¢), and A; /At (d) with variations in the HC1 (37 wt.% in water) of solution in bottle B.

Table 2. Vis-NIR extinction spectrum data of the solution
in bottle B under different pH values.

HCI (uL) Peak (nm) Intensity FWHM (nm) A;/Ar
25 646 0.466 — 1.3
50 696 0.686 96 2.4
75 744 0.918 105 3.8
100 822 1.15 125 5.3
125 879 1.18 141 6
150 918 1.26 160 5.9
175 965 1.13 189 5.3
200 1016 1.05 218 4.9

presented in the first step, the final products were all
nanorods. It is known from the literature based on
extensive TEM investigation that symmetry breaking of
isotropic seeds take place early in the synthesis of
AuNRs.***’ As shown in Supplementary Table S4, as
the silver ion concentration in the first step increased

(0—1.8 mL), the aspect ratio of GNRs initially increased
and then decreased, reflected in the vis-NIR spectra by a
red shift in the LSPR (0—1.2 mL) followed by a blue shift
(1.2-1.8 mL). Since silver ions play a crucial role in
breaking the symmetry of the seeds during the growth of
GNRs, and the critical size of symmetrically broken
seeds is closely related to the concentration of silver ions
in the growth solution, when the silver ion concentration
is too high, they accelerate the symmetry breaking of seed
particles, resulting in the formation of shorter and wider
GNRs, thus reducing the aspect ratio.””

3.7 Effects of silver ion concentration variation
on GNRs synthesis in the second step of two-step
growth

Next, we tested the effect of silver ion concentration in
the second step (0-3 mL) while keeping the silver ion
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solution in bottle B.

concentration in the first step unchanged (0.9 mL), and
the results were shown in Figure 5. When no silver
ions were presented in the second step, the product
was similar to the final product obtained from the first
step alone (with only one peak at 536 nm). As the
silver ion concentration increased gradually from 0.3
to 1.2 mL, and then from 1.2 to 2.1 mL, the vis-NIR
spectra results were similar as those obtained by
adjusting the silver ion concentration in the first step.
By comparing the results of changing the silver ion
concentration in the first and second steps, we can
draw the following conclusions. Firstly, silver ions are
not only crucial for the early-stage symmetry breaking
of seed growth but also affect the subsequent growth
leading to the formation of large GNRs. In the absence

of silver ions in the second growth step, the product
reverts to a spherical shape after the symmetry-
breaking event. Secondly, the regulation of the aspect
ratio of GNRs by silver ions is not a linear change; too
much or too little silver ions can lead to a decrease in
the monodispersity of the grown GNRs (increased
FWHM). Considering the peak, FWHM, and A;/At
ratio together, the optimal silver nitrate concentration
in the second step of the two-step method should be
1.2 mL, consistent with the requirement in the first
step. Considering the peak, FWHM, and A[/Ar ratio
together (Table 3), the optimal silver nitrate concen-
tration in the first step of the two-step method should
be 1.2 mL. The quantities of seeds, pH, and silver ions
were adjusted in the first and second steps



J. Chem. Sci. (2026) 138:15

Page 11 of 14

15

Table 3. Vis-NIR extinction spectra data of the solution in bottle B under different silver ion

concentrations.

AgNO; (mL) Peak (nm) Intensity FWHM (nm) A /At
0 539 0.32 156 —
0.3 656 0.61 124 2
0.6 758 0.89 142 3.1
0.9 885 1.07 164 4.2
1.2 916 1.61 127 7.2
1.5 890 1.61 113 6.5
1.8 858 1.42 111 6.4
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Figure 6. Electric field intensity maps obtained from simulations of GNRs with different sizes.

respectively, with the experimental data detailed in
Supplementary Tables S6 and S7.

3.8 Finite-difference time-domain (FDTD)
simulations

The FDTD simulations were employed to compute the
electric field intensity of GNRs with different dimen-
sions. The simulations were conducted using the
commercial software Lumerical Solutions. Symmetric
(in the X-axis direction) and anti-symmetric (in the
Z-axis direction) boundary conditions were applied,
with perfect boundary conditions in the Z-direction. A
plane wave source was chosen as the light source, and
the wavelength range of the simulation was set from
400 to 1100 nm. Supplementary Figure S5 illustrates
the extinction spectrum of individual GNRs calculated
based on the experimental measured dimensions in
Supplementary Table S1. As the aspect ratio of the
GNRs increases, the LSPR peak gradually red-shifts,

consistent with the experimental results. Figure 6
depicts the electric field intensity maps of GNRs with
different sizes, indicating the formation of electro-
magnetic hotspots near the tips of the nanorods. The
study reveals that the electric field intensity of GNRs
exhibits a trend of initially increasing and then
decreasing as the aspect ratio of the nanorods gradu-
ally increases, as shown in Supplementary Table S5.

4. Conclusions

In conclusion, we developed a two-step seed-mediated
synthesis method to successfully prepare well-dis-
persed and uniformly shaped GNRs with tunable
LSPRs ranging from 668 to 1020 nm. In terms of
optimization of growth conditions, we determined that
the best conditions were to perform the first step of the
synthesis for 30 min before the second step of the
synthesis. We also recorded the growth progression of
the A-vial solution and the B-vial solution at
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30-minute intervals over a 300-minute period,
clarifying the point at which growth essentially stops
for both steps. We investigated the effects of seed
volume, pH, and silver content on GNR growth. The
optimal conditions were determined to be adding
1280 pL of seed solution to bottle A and adding
0.5 mL of solution from bottle A to bottle B. The two-
step synthesis was performed in the same manner. In
the two-step synthesis, changing the pH in the second
step was more effective in changing the morphology
of GNRS because only a small amount of the solution
from the first step was used in the second step of the
two-step synthesis. Changes in the silver ion content in
the two steps also affected the LSPR peak of the
GNRs, with the peak shifting red initially and then
blue. This may be attributed to the acceleration of the
symmetry breaking of seed particles due to silver ions
exceeding the critical concentration, resulting in the
formation of shorter and wider GNRs, reducing the
aspect ratio. Through FDTD simulations, the rela-
tionship between the aspect ratio variation of the
GNRs and the extinction spectra as well as the electric
field intensity were investigated. The simulated results
demonstrated that as the aspect ratio of the GNRs
increased, their LSPRs gradually redshifted, while the
electric field intensity exhibited a trend of initially
increasing and then decreasing. Therefore, preparing
GNRs with an appropriate aspect ratio is an effective
means to enhance the electric field intensity of the
GNRs. Due to the similarity in synthesis methods, this
two-step approach is expected to be applicable to the
synthesis of other shapes of gold nanoparticles, such as
triangles, cubes, tetrahedrons, and bipyramids.
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