
 

 

Silver-assisted synthesis of gold nanorods: the relation between silver additive and 

iodide impurities  

 

Sarah Jessl, Moritz Tebbe, Luca Guerrini, Andreas Fery,* Ramon A. Alvarez-Puebla* and 

Nicolas Pazos-Perez* 

 

S. Jessl, Dr. M. Tebbe, Prof. A. Fery, Dr. N. Pazos-Perez  

Department of Physical Chemistry II, University of Bayreuth Universitaetsstrasse 30, 

Bayreuth 95440 (Germany).  

E-mail: fery@ipfdd.de 

Dr. L. Guerrini, Prof. R. A. Alvarez-Puebla, Dr. N. Pazos-Perez  

Departamento de Quimica Fisica e Inorganica and EMaS, Universitat Rovira i Virgili Carrer 

de Marcel•lí Domingo s/n, 43007 Tarragona, Spain.  

E-mail: ramon.alvarez@urv.cat; nicolas.pazos@urv.cat 

Dr. L. Guerrini  

Institute of Physical Chemistry, Hamburg University. Grindelallee 117, 20146 Hamburg, 

Germany  

Prof. R. A. Alvarez-Puebla  

ICREA, Passeig Lluís Companys 23, 08010 Barcelona, Spain.  

S. Jessel  

Current address: Institute for Manufacturing, Department of Engineering, University of 

Cambridge, 17 Charles Babbage Road, Cambridge CB3 0FS, United Kingdom.  

Dr. M. Tebbe  

Current address: Department of Chemistry, University of Toronto, 80 St. George Street, 

Toronto, Ontario M5S 3H6, Canada.  

Prof. A. Fery  

Current address: Institute for Physical Chemistry and Polymer Physics, Leibniz-Institut für 

Polymerforschung Dresden e.V., 01069 Dresden, Germany and Chair of Physical Chemistry 

of Polymeric Materials, Technical University Dresden, 01069 Dresden, Germany. 

 

 

Keywords: gold nanorods, seed mediated growth, iodide and silver relation, plasmons, CTAB 

 

 

 

Seed-mediated methods employing cetyltrimethylammonium bromide (CTAB), as a 

surfactant, and silver salts, as additives, are the most common synthetic strategies for high 

yield productions of quality Au NRs. However, the mechanism of these reactions is not yet 

fully understood and, importantly, significant lab-to-lab reproducibility issues still affect these 

protocols. In this study, we demonstrate the direct correlation between the hidden content of 

iodide impurities in CTAB reagents, which can drastically differ from different suppliers or 

batches, and the optimal concentration of silver required to maximize the nanorods yield. As a 

result, high-quality nanorods can then be obtained at different iodide contents. We interpret 



 

 

these results base on the different concentrations of CTAB and CTAI complexes with Ag+ 

and Au+ metal ions in the growth solution, and their different binding affinity and reduction 

potential on distinct crystallographic planes. Notably, the exhaustive conversion of CTAI-Au+ 

to CTAI-Ag+ appears to be the key condition for maximizing the nanorod yield.  

 

1. Introduction 

Gold nanorods (Au NRs) are an interesting class of materials due to their unique size and 

shape dependent optical properties, with applications in electronics, optics, catalysis, 

diagnostics or therapy.[1-11] A wide variety of different synthetic protocols has been developed, 

including electro- and photo-chemical,[12-14] template assisted,[15-19] or seed-mediated 

methods.[20-23] Among all, those procedures based on wet chemistry are the most widely 

exploited due to their versatility, easiness, particle size and shape control, and upscaling 

possibilities.[20, 24-29]  

Most metals like gold tend to crystallize in highly symmetric face-centered cubic lattices 

forming cubes and cuboctahedron structures which often became facetted spheres to minimize 

their surface energy at the nanoscale level.[30-31] Therefore, chemical additives are necessary 

to direct the asymmetric growth of nanoparticles while imparting colloidal stability. [25, 32-35] 

Seed-mediated methods employing cetyltrimethylammonium bromide (CTAB) as the surface-

directing agent are the most common synthetic approaches for Au NRs.[20-21, 28, 36-38] Here, the 

use of preformed seeds results in improved mono-dispersity of the resulting particles, as the 

nucleation is separated from the asymmetric rod growth. Generally, the growth step is 

performed in the presence of CTAB, while gold seeds can be either prepared using citrate or 

CTAB as surface stabilizers. These two classes of seeds lead to Au NRs with very different 

crystallographic structures. Citrate-stabilized twinned seeds yield penta-twinned Au NRs with 

five {111} facets at both ends forming a pentagonal twinned prism and five {100} side facets 

that are arranged radially along the direction of elongation.[20, 27-28, 39-43] On the other hand, 

CTAB-capped seeds are single crystals,[21] and the asymmetric rod growth results in Au NRs 



 

 

with {100} facets (two) at both ends and eight side surfaces, four {110} and four {100} facets, 

with no stacking faults or twins.[44] The synthesis of penta-twinned Au NRs does not require 

any additional additives but normally provides low yields (thus, additional purification steps 

might be needed). Contrary, in the case of single crystal seeds, the addition of AgNO3 is 

required and allows for the efficient fabrication of Au NRs with yields up to 95%.[21, 30] 

Notably, improvements in the particle monodispersity and yield has been observed by 

addition of aromatic additives, such as phenol derivatives,[33, 38] or by using binary mixtures of 

different surfactants such as CTAB and sodium oleate (NaOL), or even bromide-free 

surfactants (like CTAC or trimethylstearylammonium chloride) in combination with 

NaOL.[45-46] Interestingly, bromide-free approaches can produce AuNRs even upon addition 

of NaI. However, as the iodide content was increased, Au NRs become more facetted (cuboid 

shape).  

Small-angle neutron scattering (SANS) and small angle X-ray scattering (SAXS),[47] have 

revealed the formation of a CTAB bilayer on the Au NR, where the inner layer is bound to the 

gold surface by the quaternary ammonium head group.[48] This bilayer is positively charged 

and the cationic head groups are facing the aqueous medium at the nanoparticle-solvent 

interface.[49-50] Based on these results, the mechanism of Au NR growth was initially 

described as the reduction of micellized gold ions at the seed surfaces when brought in close 

proximity via collisions in solution. These collisions determine the reaction rate and are 

spatially controlled by the electrical double layer (EDL). Since the bilayer packing density is 

lower near the tip due to its curvature, the probability for micelles to approach the tips is 

higher compared to the sides. Thus, an interpretation based on the faster deposition of gold at 

the points of highest curvature leading to self-catalyzed rod formation was suggested.[51] 

However, this mechanism fails to explain both the initial change of seed morphology and the 

function of silver ions. Later, a major role in the Au NR synthesis was attributed to surface 

halide ions. In particular, it was suggested that bromide ions preferentially adsorb on low-



 

 

index gold surfaces,[52-53] therefore inducing an initial symmetry break followed by different 

growth rates of different crystallographic facets resulting in monodisperse rods. [54-57] While 

this mechanism addresses the initial symmetry breaking of the seeds, it still does not account 

for the key role of the AgNO3 additive in the production of high-quality Au NRs. This lack of 

knowledge fueled a large number of basic studies aimed at bridging this gap. Nikoobakht et 

al.[21] suggested that AgBr is formed and adsorbed on the whole gold surface upon addition of 

AgNO3, thus restricting the growth of Au NRs. On the other hand, Sau et al. [30] proposed that 

the AgBr adsorption occurs preferably on specific metallic regions which, in turn, directs the 

asymmetric growth and improves the rod yield. However, the implication of AgBr in the 

formation of Au NRs is not clear in the first place. In fact, it is known that halide anions form 

stable salts with Ag+ (AgCl, AgBr, and AgI) having very low solubility constants (Ksp: 

1.8×10–10, 5.0×10–13, 8.5×10–17 respectively) and, thus, they should be expected to preferably 

precipitate rather than adsorb onto the gold surface. To this point, the selective adsorption of 

AgBr on different gold facets was attributed to the presence of CTAB and the consequent 

formation of a complex between the surfactant and AgBr.[5, 21, 28, 30]  

Currently, the most widely accepted mechanism relies on the underpotential deposition (UPD) 

of silver ions on the Au NR surface.[44] In this theory, a preferential deposition of a silver 

monolayer on the Au {110} facets is responsible for reducing the growth rate in those regions, 

therefore favoring the asymmetric gold growth in the [100] direction. [44] Other studies further 

confirmed the presence of about four monolayers of Ag on the final nanorods. [51, 58] This 

theory is also compatible with the formation of a AgBr-complex, which may be the reason for 

the lower reduction potential. However, while the selectivity of Ag+ to be preferentially 

reduced on certain crystallographic planes of Au has been proven and is widely accepted 

within the scientific community,[59-61] the in-depth understanding of the mechanism is yet to 

be achieved and several key questions remain unanswered. In this regard, major 

reproducibility issues have been reported by many groups [52, 62-65] which have been mainly 



 

 

related to inherent impurities present in CTAB,[62] and more specifically to the iodide 

content.[52, 64-66] In 2008, Korgel and co-workers[62] firstly revealed the remarkable importance 

of the CTAB source on the nanorod formation. The authors showed that spherical or rod 

particles are produced by using CTAB from different suppliers, and these different CTAB 

display slightly different binding strengths toward the seed particles, therefore influencing 

their growth rates during the growth step. At that time, they attributed the disruption of the 

nanorod formation in favor of spherical particles as the result of the presence of a very dilute 

impurity. Interestingly, in the same year, Millstone and co-workers[52] reported the unexpected 

presence of iodide on the surface of asymmetric gold nanoparticles produced with CTAB. In 

particular, they determined via inductively coupled plasma mass spectrometry (ICP-MS) the 

iodide content in several CTABs and investigated its impact on the fabrication of pentatwin 

Au NRs. While this approach is different from the silver-assisted method, it is noteworthy to 

highlight that particle morphologies have been observed to be highly dependent on the iodide 

content. Here, Au NRs yield increased with the iodide concentration until a certain threshold 

above which triangular and disk-like particles were preferentially obtained. The authors 

suggested that such dependence of nanoparticle morphology may be understood based on the 

preferential adsorption of iodide on the (111) crystal facets of Au.[52] On the other hand, 

Korgel and co-workers[63] reported that, when using the silver-assisted growth method, the 

presence of iodide as an impurity in the CTAB prevents the nanorod formation unless for very 

low iodide concentrations (i.e., for submonolayer coverage of the Au {111} surfaces). In this 

case, such nanorods can only be obtained with shorter aspect ratios. Similarly, Mirkin and co-

workers[52] described that the concentration of iodide can be adjusted to selectively prepare 

either rods, prisms or spheres. Ha et al.[64] used penta-twinned seeds to prepare Au NRs 

adding different amounts of halide ions in the growth solution, and reported a progressive 

reshaping of rods to prisms as the iodide concentration was increased. On the other hand, 

DuChene et. al.[65] investigated the influence of different halides as surfactant counterions 



 

 

(CTA-X; where X = Br, I, Cl) showing that, while bromide ions are essential for the Au NR 

formation, chloride and iodide inhibit their synthesis (spheres and prisms are preferentially 

formed, respectively). All these studies clearly demonstrate that halide ions are major factors 

in the synthesis of Au NRs, but they did not consider the role of Ag+-ions since only penta-

twined Au NRs (i.e., synthesis without addition of silver additive)  were investigated. However, 

due to the high binding affinity between Ag and halide anions, it is reasonable to expect that 

their impact on the rod preparation using silver-assisted methods would be significantly 

intertwined. However, the interconnected role of Ag+ and, especially, iodide ions has not been 

described so far, possibly because all previous works presented in the literature[5, 21, 28, 30, 44, 59] 

disregard a fundamental aspect: the inherent iodide concentration present as an impurity in 

CTAB. 

Herein, we demonstrate that the concentration of iodide ions in CTAB is directly related to 

the amount of AgNO3 required to optimize the synthesis of Au NRs. To do so, different 

batches of commercially available CTABs were acquired and their iodide content determined 

through ICP-MS. Notably, the iodide concentration not only proved to significantly vary from 

different suppliers, but also among batches provided by the same producer. As previously 

reported in the literature,[62] nanorod synthesis using identical synthetic protocol but different 

CTAB sources (i.e., different iodide contents) yielded very different sets of colloidal 

nanoparticles. Our results showed that by linearly adjusting the silver concentration with the 

iodide content, gold nanorods can be fabricated in good yields even for higher iodide 

content.[63] We suggest that the exhaustive conversion of CTAI-Au+ to CTAI-Ag+ is the first 

and major condition to be satisfied for improving the AuNRs yield, while the generation of 

CTAB-Ag+ plays a secondary but still relevant role. On the other hand, we associate the 

presence of an excess of CTAI-Ag+ content to (i) the reduction of the symmetry breaking 

efficiency for a progressively larger fraction of seeds at the early stage of the reaction and (ii) 

the subsequent depletion of the nanoparticle asymmetric growth. Our results provide new 



 

 

major insights into the synthesis of AuNRs via the silver-assisted approach while providing 

valuable tools for optimizing the fabrication of these unique plasmonic materials. 

 

2. Results and discussion 

CTAB from various batches were acquired from two different suppliers and analyzed by 

inductively coupled plasma emission spectroscopy coupled with mass spectrometry (ICP-MS) 

to determine their iodide content. The results, summarized in Table 1, reveal an extremely 

large variability in iodide concentration (from 0.20 to 555 mg kg-1). 

Four separate syntheses of Au NRs were performed via a seed-mediated method as previously 

reported,[21] employing fixed amounts of single crystal seeds, AgNO3 and CTAB in the 

growth solution but using different sources of the CTAB reagent (I- content: 0.48, 1.0, 1.48, 

and 1.99 mg kg-1). Each of the four syntheses was also repeated without adding silver salt. 

The extinction spectra of the resulting colloids (Figure S1) show marked differences. Overall, 

only gold nanoparticles prepared in the presence of silver ions displayed rod-like 

morphologies, but with large yield variability (from very poor to very good as seen in the 

different intensities of the longitudinal and transverse plasmon peaks shown in Figure S1) 

even though the same experimental conditions were applied to each colloidal synthesis. It is 

worth noting that this comparative study was performed using gold seeds prepared in the 

presence of the same CTAB reagent, corresponding to the one with the lowest iodide content 

(Merck, K93365042319, see Table 1). In this way, we removed the potential variability in Au 

NRs growth introduced by seeds with different crystallinity, while also minimizing the iodide 

introduced in the growth solution by the aliquot of seed particles. To test for the potential 

correlation between I- content and optimum Ag+ concentration, four distinct sets of Au NRs 

synthesis were carried out. For each set, a fixed amount of CTAB reagent (I- content: 0.48, 1.0, 

1.48, and 1.99 mg kg-1) was used to prepare the growth solution while AgNO3 concentration 

was varied over a broad range. The corresponding Au NR yield was estimated by calculating 



 

 

the extinction ratio between the longitudinal and transverse plasmon peaks (IL/IT, referred 

along the manuscript as “intensity ratio”). The rationale for this approximation is that 

spheroidal (and some cubic) particles are mostly formed as by-products of the nanorod 

synthesis, providing plasmon resonances that largely overlap that of the transverse band from 

Au NRs.  

Thus, large IL/IT ratios indicate a high Au NR yield with fewer spheroidal by-products 

contributing to the transverse mode. Figure 1A-D shows the extinction spectra of the 

different sets of colloids, while in Figure 2A the corresponding intensity ratios are plotted 

against the Ag+ content. These results clearly indicate that the quality of Au NRs synthesis 

rapidly improves as the Ag+ content is progressively incremented from zero until reaching an 

optimum concentration (corresponding to the intensity ratio maxima in Figure 2A, dots 

highlighted in yellow). 

Interestingly, AgNO3 concentrations exceeding the optimal threshold (see Figure S2 for 

further details) result in yield reduction. In accordance with the previous discussion, the 

extinction spectra in Figure 1 also show the emergence of a shoulder around 570 nm, 

corroborating that an excessive increase in AgNO3 concentration leads to the formation of a 

larger fraction of by-products (spheres and cubes) in addition to the general nanorod growth. 

The outcome of the optical characterization was further validated by TEM analysis of the 

obtained Au NRs (Figure 3A and Figure S3). Here, the percentages of rods, spheres, and 

cubes in each sample were estimated from several TEM images (at least 200 nanoparticles 

were evaluated for each analysis) and plotted in Figure 3B. Two common trends can be 

recognized: (i) the maximum relative content of Au NRs decreases for larger I- concentrations. 

Specifically, for the case of CTAB with 0.483 mg kg-1 iodide, the Au NRs fraction peaked up 

to ca. 90% yield, while significantly lower values are reached for higher iodide concentration 

(75% and 70% for 1.48 and 1.99 mg kg-1 iodide, respectively); and (ii) the Au NR yield for a 

given iodide concentration increases when the Ag+ content is raised up to a certain value, and 



 

 

then progressively declines. These findings are fully consistent with the results extracted from 

the optical analysis of colloidal suspensions. 

Extinction spectra in Figure 1 also reveal a strong dependency of the longitudinal surface 

plasmon resonance peak position on both, the silver and iodide content. For all iodide 

concentrations, the plasmon band undergoes a marked red-shift as the silver amount is 

initially increased (Figure 2B) in good agreement with previously reported works.[21, 44, 67] 

However, for larger silver contents, a gradual blue-shift of the longitudinal SPR is observed in 

the case of Au NRs synthesized with the lowest iodide content. This shift to lower 

wavelengths becomes progressively less evident as the iodide content in the sample increases. 

On the other hand, at any given silver concentration, the data reveal a general trend of blue-

shifting of the longitudinal SPR as the iodide content is increased. 

Optimal AgNO3 concentrations that provided maximum Au NR yields (Figure 2A, dots 

highlighted in yellow) and more red-shifted longitudinal SPR peak positions (Figure 2B, dots 

highlighted in green) are plotted in Figure 2C against the iodide content (here expressed both 

as mg kg-1 in the original CTAB reagent and as µM concentration in the growth solution). 

While maximum yield (yellow curve) shows a linear correlation between silver and iodide 

concentrations, the trend for longitudinal SPR peak position clearly diverges at higher iodide 

contents (green curve). This suggests that, in addition to the silver/iodide molar ratio, the 

absolute Ag+ + I- content (for a fixed seed concentration) may also play an important role in 

determining the final morphological properties of Au NRs. 

It is known that the longitudinal plasmon resonance of Au NRs shifts to higher wavelengths 

for increasing aspect ratios.[21, 44, 67] Thus, we also performed a TEM analysis of the 

morphological features of Au NRs to investigate the relation between the AgNO3 

concentration and changes in length (L), width (W) and aspect ratio (AR). Histograms of L, 

W and AR distributions of three classes of Au NRs (I- content: 0.48, 1.48 and 1.99 mg kg-1) 

obtained at four different silver concentrations are displayed in Figure S4-S6. 



 

 

Overall, the collected data suggests an increase in AR upon increasing the AgNO3  

concentration (especially for 1.48 and 1.99 mg kg-1 iodide content) mainly due to an extension 

of the rod length (Figure S7). This agrees with what was previously reported in other 

studies.[21, 44, 67] On the other hand, for Au NRs prepared with low residual iodide content 

(0.48 mg kg-1), the impact of the added amount of silver ions is limited and appears to 

qualitatively reproduce the trend observed for the longitudinal SPR peak position (i.e., a 

maximum of AR is achieved for an Ag+ concentration around 0.06-0.08 mM, followed by a 

decrease for larger silver contents, Figure S7). As for the Au NR yield, the TEM analysis of 

the dried colloids largely corroborate the findings of the optical characterization in suspension, 

while minor numerical deviations can be ascribed to the different sample size (TEM analysis 

investigate a much smaller number of nanoparticles, deposited in random areas, as compared 

to the average that extinction spectra provide). In addition to alterations in L, W and AR, the 

examination of the TEM images also suggest that the rod tips become less round and start 

developing corners as the iodide concentration is increased (see representative images in 

Figure S8). Notably, a similar trend was also observed by Murray and coworkers [34, 46] when 

using combinations of CTAB-NaOL or in bromide-free synthetic approaches. This is not 

surprising since these approaches are also silver-assisted and, for the bromide-free case, it is 

expected that halides of higher electronegativity, as bromide and iodide, are also present as 

impurities. 

The consistency of our findings was further tested over a much broader set of CTAB reagents 

at different iodide content. Specifically, 8 different CTABs (Table 1) and 6 mixtures of them 

(Table S1), were used to prepare growth solutions containing iodide concentrations ranging 

from 0.2 to 3.0 mg kg-1. For each of the 14 iodide contents, a set of diverse syntheses were 

performed using different amounts of AgNO3. Each of the Au NRs synthesis was repeated 

four times to assess reproducibility. 



 

 

The resulting IL/IT intensity ratios are expressed as colors in Figure 4. For the sake of 

graphical clarity, the corresponding standard deviations were not reported in the figure, but 

they can be found in the supplementary information (Figure S9-S11), Table 2 summarizes 

the data plotted in Figure 4 showing the concentrations of Ag needed to achieve a higher 

yield of Au NRs. The illustrated data fully agree with our previous results, demonstrating that 

Au NRs can be fabricated for all tested CTABs by proportionally adjusting the amount of 

AgNO3 to the iodide content. Nonetheless, as the iodide concentration becomes higher, the 

maximum achievable quality of the fabricated Au NRs diminishes. In fact, a maximum 

intensity ratio (up to 4.4, red dots in Figure 4) is obtained for iodide content in the 0.25-0.48 

mg kg-1 range, while it significantly drops to 1.6 for iodide-rich CTABs (iodide concentration 

> 1.5 mg kg-1). The diagram in Figure 4 can then be used as a master graph for calculating 

the necessary AgNO3 concentration required to produce Au NRs at high yields, for a given 

iodide content in the CTAB reagent (while CTAB concentration in the growth solution is 

fixed at 0.1 M).  

As a final control experiment, we repeated the study by using NaI as a direct source of iodide, 

to rule out the potential role of other factors, such as unknown impurities present in the CTAB. 

To this end, different amounts of 1 mM NaI stock solution were added to a fixed volume of 

0.1 M CTAB growth solution (with the lowest iodide content, 0.20 mg kg -1) to obtain final 

iodide concentrations of 0.5, 1.0, 1.5 and 2.0 mg kg-1 (Table S2). The resulting Au NR yields, 

expressed in terms of intensity ratio, of Au NRs fabricated in the presence of different 

amounts of AgNO3 are plotted in Figure 5 and compared with those obtained using different 

types of CTABs. Here, we can clearly appreciate that it is indeed the absolute iodide content 

and not unidentified matrix effects that shapes the morphological features of Au NRs at 

different AgNO3 concentrations. 

These findings, in conjunction with those previously reported, lay the foundation for a more 

comprehensive interpretation of the silver-assisted growth mechanism of Au NRs. For the 



 

 

sake of clarity, the crystallographic planes of Au NRs fabricated via the silver-assisted growth 

method are schematically visualized in Figure S12. 

Previously, it has been indicated that halide ions preferentially adsorb on low-indexed gold 

surfaces (Au(111), Au(110) and Au(100)), with binding energies that scale with their 

polarizability (I->Br->Cl->>F-).[53] In particular, iodide ions appear to preferentially bind to the 

{111} and {110} facets, thus enabling a faster growth in the [100] direction.[52-53, 64] Similarly, 

halide anions display a very high affinity for Ag+, again with binding affinities that decrease 

as I->Br->Cl-.[53] On the other hand, it has been shown that, in the synthesis of Au NRs, the 

addition of silver ions slows down the growth rates on {110} facets, promoting the 

preferential deposition of Au° at the (100) planes (the most energy favorable locations).[44] 

Computational analysis of the binding energies of single Ag atoms on Au facets further 

corroborates the preferential silver deposition on {110} vs. {100}.[68-69] As reported in the 

introduction, the commonly accepted UPD theory suggests that silver is preferentially reduced 

on specific crystallographic planes[59-61] at a growth rate which is much smaller than gold. 

This is consistent with the minimal fraction of Ag° eventually retained at the Au NRs 

particles.[51, 58] Interestingly, molecular dynamics simulations also highlight the impact of the 

diverse geometric coordination of CTAB molecules at different Au faces in determining the 

accessibility of ions from the bulk solution to the gold surface.[70-72]  

Taking all these considerations into account and combining it with our experimental results, 

we suggest the following mechanism (for the sake of clarity, Figure 6 and Figure S13 offers 

a schematic sketch of the discussed concepts). The addition of Au salt to CTAB solution (with 

a fixed internal iodide content) leads to the formation of the CTAB-Au+ complex[59, 61, 73] but 

also the corresponding CTAI-Au+. These complexes display different crystallographic 

preferences, imparted by the diverse halide anion, but similar reduction potentials (i.e., similar 

growth rates on different facets). Upon addition of silver, and due to the higher affinity of 

halides for silver than for gold, CTAI-Ag+ and CTAB-Ag+ begin to form faster than their 



 

 

corresponding Au complexes. This occurs to the detriment of CTAI-Au+ complexes because 

the iodide amount is limited. As shown in Figure 2C and Figure 4, the optimum Ag+ 

concentrations for maximum Au NR yield are directly determined by the initial amount of 

iodide in solution, and correspond to rather large Ag+/I- molar ratios (these values are 

approximately located within the 300 to 500 range). Overall, this suggests that the exhaustive 

conversion of CTAI-Au+ to CTAI-Ag+ is the first and major condition to be satisfied for 

improving the Au NR yield (Figure 6A). This can be explained in the following terms. While 

CTAI-Au+ and CTAI-Ag+ complexes retain similar preferential affinity for Au {110} facets 

imparted by the halide ion, the Ag+ complex display a higher reduction potential.[53] Such a 

significant energy gap lays the foundation for the initial symmetry breaking of the seeds and 

their asymmetric growth in the [100] direction. This implies that the presence of CTAI-Au+ 

restricts considerably the initial symmetry breaking and thus, the formation of Au NRs. 

Secondly, as it has been already reported,[59-61] the formation of CTAB-Ag+ is also a key 

factor in the Au NR formation as shown by the excess of Ag+ needed (compared to the I- 

concentrations present in the CTABs) in order to achieve the maximum NR yield. The reason 

for that can be interpreted as follows. First, Ag+ is consumed forming CTAI-Ag+, therefore, 

suppressing the unfavorable formation of CTAI-Au+. However, for very low I- content, the 

effectiveness in slowing down the growth rates on {110} facets is not sufficient and more Ag+ 

in the form of CTAB-Ag+ is required to block these facets. 

Notably, the drop in yield observed for Ag+ concentrations beyond optimal values suggests 

that the extent of CTAB-Ag+ formation also plays a relevant role in the final morphological 

features of the AuNRs, which is consistent with previous reports.[21] In particular, we attribute 

the negative impact on the quality of nanorods resulting from the generation of exceeding 

amounts of CTAB-Ag+ to the competition between this complex and CTAB-Au+ for binding 

to the (100) planes. This reduces the rate of asymmetric growth (Figure 6A), as clearly 

evidenced by the rapid loss in both yield and aspect ratio (Figure 2A and 2B). Regardless, the 



 

 

optimal Ag+ concentration for a given iodide content appears to be the major factor providing 

the best compromise between the efficient conversion of CTAI-Au+ to CTAI-Ag+ and the 

generation of proper amounts of CTAB-Ag+.  

In addition to the Ag+/I- molar ratio, as previously pointed out, also the absolute iodide 

concentration in the growth solution affects the particle growth. As the iodide content 

augments, progressively higher silver concentrations are required to approach the optimum 

reaction conditions (as intuitively illustrated in Figure 6A). This simultaneously leads to an 

increase in molar ratios between iodide (and therefore the correspondingly tuned Ag+ content) 

and seeds. Thus, a surplus of CTAI-Ag+ adds up to the excess of CTAB-Ag+ diminishing the 

degree of selective passivation via the unspecific deposition on other crystallographic planes 

(besides the (111) and (110)). Initially, this imposes a loss in symmetry breaking efficiency 

for a progressively larger fraction of seeds at the early stage of the particle growth, leading to 

a decrement of the maximum achievable Au NR yield (Figure 2A and 3B). Secondly, an 

excess of CTAI-Ag+ and CTAB-Ag+ can also deteriorate the subsequent asymmetric growth 

of the forming nanorods, imposing a further reduction of the AR. This interpretation is 

consistent with the results reported in Figure 2C: under low iodide content (≤ 1.00 mg kg-1), 

Au NR yield and AR are simultaneously optimized for the same silver concentration, while at 

higher iodide content (≥ 1.48 mg kg-1) different silver concentrations are required to either 

maximize one or the other condition. In the first scenario, both conditions (yield and NR 

morphology) are mainly determined by the symmetry breaking efficiency. In the second 

scenario, the excess of I- (and, thus, Ag+) also starts influencing the final nanorod morphology 

in the successive growth process (Figure 3A), while Au NR yield is only affected by the 

initial symmetry breaking event.  

These considerations also account for the impact of iodide and silver on the position of the 

longitudinal SPR. For a given iodide content, initial addition of Ag+ results in the generation 

of longer nanorods with higher AR (Figure S7), leading to a red-shift of the plasmon band, 



 

 

because of a more efficient passivation of the {111} and {110} surfaces promoted by the 

conversion of CTAI-Au+ to CTAI-Ag+. However, an increment of silver concentration 

beyond an optimal value simultaneously reduces the yield and facilitates the formation of 

thicker rods (blue-shift of the longitudinal plasmon band), as a consequence of an excess of 

CTAB-Ag+ that worsen the rate of asymmetric growth. On the other hand, the absolute iodide 

content plays a major role in determining the tunability of the plasmon feature, blue-shifting 

the wavelength range as the iodide concentration is increased (Figure 2B). In this case, the 

presence of exceeding amounts of CTAI-Ag+ induces the formation of thicker rods with a 

more pronounced rectangular shape (Figure S8). 

Finally, as free-iodide CTAB reagents are not commercially available, it was not possible to 

investigate in detail the role of iodide content in the 0 to ca. 0.20 mg kg -1 range and, thus, 

univocally assess if the presence of a sufficiently small amount of iodide is actually 

advantageous for the efficient synthesis of Au NRs. Nonetheless, we do notice that the data 

illustrated in Figure 4 show that a plateau in the intensity ratio is approached for iodide 

contents below ca. 0.4 mg kg-1, which may suggest that a further decrease of iodide 

concentration in the unexplored 0-0.20 mg kg-1 range would not be beneficial for improving 

the rod yield. These concepts are schematically resumed in Figure 6B. 

 

3. Conclusions 

In summary, we have demonstrated the unique correlation between the content of iodide 

impurities in CTAB reagents and the optimal concentration of Ag+ in the silver-assisted 

synthesis of Au NRs. The iodide content in different CTAB batches displays an extremely 

high variability, even for materials acquired from the same producer. The necessary amount 

of Ag+ to be added in the growth solution, to maximize the Au NR yield, scales linearly with 

the iodide content (and correspond to rather large Ag+/I- molar ratios). However, increasing 

the iodide concentration above a certain threshold value, results in a decrease of the maximum 



 

 

achievable Au NR yield. At the same time, the morphological features of the nanorods 

changed, showing a decrease of the aspect ratio as well as a transition of the tip geometry 

from round to cubic-like.  

These experimental evidence were combined with the data reported in the literature, and we 

propose the following interpretation. The exhaustive conversion of CTAI-Au+ to CTAI-Ag+ is 

the key condition to be fulfilled to achieve a maximum in Au NR yield. CTAI-Ag+ 

preferentially binds to Au {110} facets, as CTAI-Au+, but exhibits a higher reduction 

potential, which promotes initial symmetry breaking of the seeds and their asymmetric growth 

in the [100] direction. However, exceeding amounts of silver ions diminish the quality of the 

Au NR synthesis (both in yield and aspect ratio), as a result of the generation of large 

fractions of CTAB-Ag+ which compete with CTAB-Au+ binding to the (100) planes. On the 

other hand, the absolute iodide concentration plays also a major role in defining the 

morphological features of the gold nanoparticles. When the iodide content surpasses a certain 

threshold (ca. 0.4-0.5 mg kg-1, under our experimental conditions), a surplus of CTAI-Ag+ is 

generated which reduces the degree of selective passivation for specific planes, therefore 

depleting the symmetry breaking efficiency of the seeds. For very large iodide contents, the 

excess of CTAI-Ag+ also begins to extensively impoverish the second step of asymmetric 

growth of the Au NRs, leading to a further reduction of their aspect ratio.  

Our results provide new major insights into the synthesis of Au NRs via the silver-assisted 

synthesis approach: (i) the direct correlation between the residual iodide content in CTAB 

reagent and the required amount of AgNO3 additive to maximize the yield of Au NRs 

production has been revealed and described; and (ii) the dependence of the geometrical 

features of the particle (mainly, their tip extremities) from the absolute iodide (and, thus, 

silver) content has been elucidated. These results equip the scientific community with 

fundamental practical tools for a systematic and general protocol for the optimization of the 

silver-assisted growth method for the Au NRs production which can be potentially 



 

 

implemented in every lab. Moreover, it is expected that the unveiling of the tight relation 

between the iodide content and silver concentration as a major synthetic parameter in the 

nanorod preparation can also play an important role in other seeded-growth syntheses using 

halide-containing reagents, therefore paving the way for further improvements of particle 

tunability and lab-to-lab reproducibility. In particular, we believe that these findings will 

significantly simplify the route to the efficient synthesis of Au NRs, in particular facilitating 

those non-highly-specialized researchers in dealing with the fabrication of these unique 

plasmonic materials. 

 

4. Experimental Section  

Materials and methods: Ascorbic acid (AA, 99.5 %) and Hydrochloric acid (HCl, 37 %) were 

acquired from Grüssing, Germany. Cetyltrimethyl ammonium bromide (CTAB, 99.8 %) was 

purchased from two suppliers (Sigma-Aldrich and Merck) and acquired from different batches 

(batch numbers: 091M0156V, K91921142 432, K93093842 050, K93211442 211, 

K93258242 225, K93365042 319, K93377642 325). Sodium chloride (NaCl, 99.98 %) was 

obtained from Fisher Scientific, Germany. Gold(III)chloride trihydrate (HAuCl4, 99.9 %), 

silver nitrate (AgNO3, 99.9999%), sodium iodide (NaI, 99.999 %), and sodium borohydride 

(NaBH4, 99%) were bought from Sigma-Aldrich, Germany. All reactants were used without 

further purification. Milli-Q water (18 MΩ cm-1) was used in all aqueous solutions. All the 

glassware was cleaned with aqua regia prior experiments. 

Synthesis of gold nanorods: Gold nanorods of various aspect ratios were produced according 

to the previously reported seed-mediated procedure.[21] Briefly, seed particles were prepared 

by dissolving 0.18223 g CTAB in 4.7 mL of Milli-Q water thermostated at 32°C (0.1 M, 

CTAB). The solution was stirred at 700 rpm while an aliquot of a HAuCl4 solution was added 

to yield a final HAuCl4 concentration of 2.5 × 10-4 M. Upon HAuCl4 addition, the color of the 

solution changed from transparent to yellow. Subsequently, freshly prepared NaBH4 (300 μL, 



 

 

0.01 M) was quickly injected meanwhile the solution was energetically stirred (1200 rpm). 

After addition, the color immediately changed from yellow to light brown which darkened 

after several minutes. Stirring was continued for 1h at open atmosphere to allow the NaBH4 to 

decompose avoiding overpressure at 32°C to prevent CTAB crystallization. 

Next, a growth solution was prepared by dissolving CTAB in Milli-Q water (f.c. 0.1 M, 100 

mL). Subsequently, the solution was thermostated at 32°C. Followed by the addition of 

HAuCl4 (f.c. 2.5 × 10-4 M) leading to an orange color of the solution. After that, ascorbic acid 

(0.1 M, 374 µL) was added to the solution. An immediate change from orange to transparent 

was observed. Hydrochloric acid (0.1 M, 650 µL) was used to lower the pH to 3-4. After each 

addition of the different reagents, the reaction vessel was vigorously shaken. 

Next, the growth solution was divided into 10 mL aliquots and, to each of them, the calculated 

amount of AgNO3 was added. The final AgNO3 concentration ranged from 0.02 mM to 0.32 

mM, depending on the experiment. Finally, 100 μL of the as-prepared seeds were carefully 

added to the foam of the growth solution. Then the mixture was vigorously shaken and the 

bottles were left undisturbed at 32°C for 24 h. 

For TEM characterization of the Au NRs, the CTAB concentration was reduced from 0.1 M 

to approximately 0.001 M. This was done by centrifuging 1 mL of the as-prepared rods at 

9000 rpm for 20 minutes. The supernatant was removed and the rods were redispersed with 

additional 900 μL Milli-Q water. The whole process was repeated twice but, in the last step, 

the centrifugation was performed at 7000 rpm, and no water was added to increase the 

concentration of Au NR in solution. 

Iodide concentration studies: ICP-MS was used to determine the exact iodide concentration in 

each CTAB batch. Solutions of CTAB were prepared from batches with different internal 

iodide concentrations. Appropriate mixtures of CTAB solutions were prepared to tune the 

final iodide concentration. The exact iodide contents from the different CTAB batches and 

their mixtures are listed in Table 1 and Table S1 respectively. In a second study, different 



 

 

amounts of a 1 mM sodium iodide (NaI) stock solution were added to a 0.1 M surfactant 

growth solution prepared using the CTAB batch with the lowest internal iodide concentration 

(0.203 mg/kg). After that, the growth solutions were used immediately, or after one-day 

incubation, following the same procedure as previously described. A summary of the detailed 

parameters is displayed Table S2. 

Characterization: UV-VIS spectroscopy was recorded with a Specord 250 plus from Analytik 

Jena. Size and shape characterization of the nanoparticles was performed with transmission 

electron microscopy (TEM, Zeiss 902 operating at 80 kV). 
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Further TEM images, histograms, measurements of width, length and aspect ratio. Plots 
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Figure 1. Extinction spectra of Au NRs prepared by the silver-assisted seed-mediated method. 

All parameters were kept constant (including seed type) except for the AgNO3 concentrations 

and CTAB origin (batch and supplier). In this regard, four CTABs with different inherent 

iodide concentrations, ((A) 0.48, (B) 1.0, (C) 1.48, and (D) 1.99 mgkg-1) were used. 

 



 

 

 
Figure 2. (A) Calculated intensity ratios between the longitudinal and the transverse peak 

(IL/IT) versus AgNO3 concentration, for different iodide contents present in CTAB. (B) 

Longitudinal SPR peak position plotted vs. AgNO3 concentration, for different iodide 

contents. (C) Amounts of AgNO3 providing the maximum Au NR yield (highlighted in 

yellow) and more red-shifted longitudinal SPR (highlighted in green) for each iodide content. 

Note that the values in (A) and (B) were calculated from the UV-Vis spectra shown in Figure 

1, whereas data in (C) are the average values for different synthesis (n=4). 



 

 

 

 
Figure 3. (A) Representative TEM images of Au NRs fabricated from growth solutions with 

different iodide content (0.48, 1.48 and 1.99 mg kg-1) and optimized AgNO3 concentration 

(0.06, 0.13 and 0.16 mM). (B) Morphological distribution (rods, spheres, and cubes) of 

nanoparticles in the colloidal dispersions for different AgNO3 concentrations. 

 



 

 

 
Figure 4. Intensity ratios of Au NRs colloids obtained by tuning the AgNO3 concentration for 

different iodide contents in the CTABs and their mixtures. The color of the squares indicates 

the magnitude of the intensity ratio. 

 



 

 

 
Figure 5. Intensity ratio maxima for Au NRs colloids at different iodide contents (0.5, 1.0, 1.5, 

and 2.0 mg kg-1) against the Ag+ concentrations required to maximize the Au NR yield. The 

blue dots correspond to colloids with iodide content originating solely as an internal impurity 

of CTAB. The red dots are from colloidal syntheses using CTAB with the lowest iodide 

content and adding NaI as an external source of iodide. 

 



 

 

 
Figure 6. Schematic outline of (A) the optimal tuning of the Ag+ concentration for a fixed 

iodide content, and (B) effect of iodide content on Au NR yield and morphology for fixed 

amount of seeds and HAuCl4 concentration (Ag+ concentration is assumed to be the optimized 

value for each iodide content, as depicted in (A)). 

 

 

 

 

 

 

 



 

 

Table 1. List of CTAB reagents and corresponding suppliers, batches and iodide contents 

(determined by ICP-MS). 

Supplier Batch Nº Iodide Content 

(mg kg-1) 

Merck K93365042 319 0.20 

Merck K93377642 325 0.25 

Merck K93093842 050 0.31 

Merck K93365042 319 0.40 

Merck K93258242 225 0.48 

Sigma-Aldrich 091M0156V 1.00 

Sigma-Aldrich 091M0156V 1.48 

Sigma-Aldrich 091M0156V 1.99 

Merck K91921142 432 555 

 

 

 

Table 2. Shows the optimized values of [Ag] to obtain the maximum yield of Au NRs 

(intensity ratio) for each iodide content on the investigated CTABs. This table is summary of 

the data plotted in Figure 4. 

Iodide Content 

(mg kg-1) 

Optimized [Ag] 

(mM) 

Intensity 
Ratio (IR) 
Maximum 

IR 

Deviation 

0.20 0.06 ± 0.01 4.01 - 0.23 

0.25 0.06 ± 0.02 4.24 - 0.02 

0.31 0.06 ± 0.02 4.37 - 0.02 

0.40 0.08 ± 0.01 3.65 - 0.12 

0.48 0.07 ± 0.01 4.09 - 0.03 

0.58 0.08 ± 0.01 3.18 - 0.09 

0.64 0.08 ± 0.01 2.82 - 0.05 

0.76 0.08 ± 0.01 2.97 - 0.08 

0.94 0.09 ± 0.01 2.94 - 0.15 

1.00 0.09 ± 0.01 2.94 - 0.03 

1.48 0.13 ± 0.01 2.16 - 0.09 

1.68 0.14 ± 0.01 1.63 - 0.06 

1.99 0.16 ± 0.01 1.56 - 0.10 

2.96 0.28 ± 0.02 1.32 - 0.07 
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Unveiling the direct correlation between the (unpredictable) iodide content existing as an 

impurity in the CTAB reagent, and the silver amount required to maximize the fabrication of 

high-quality Au nanorods in high yields. 
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