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a b s t r a c t

In this manuscript, we prepared gold nanorods (Au-NRs) through “silver-assisted seeded

methodology” and studied their outermost layer using XPS spectroscopy and ab initio cal-

culations to compare the chemical states of the constituents of the metallic core. Sup-

porting first-principles calculations employing a relativistic, full-potential and all-electron

method, with augmented plane waves plus local orbitals as a basis set, ensure proper

treatment of the core electron states. Three significant findings can be reported. First, we

found that besides Au (0), there are two chemical states for silver, namely Ag (0) and Ag(I),

on the Au surface. Our results corroborate with recent results reported in the literature,

indicating that Ag monolayer can be oxidized to Ag(I) during the steps of centrifugation and

washing with diluted CTAB solution. Second, ab initio simulations showed that Ag atoms

have different binding energies, depending on their configuration in Au-NRs (whether

silver atoms are found on the surface or if they are spread in bulk as interstitial or sub-

stitutional defects). Third, theoretical studies showed that silver atoms located at
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interstitial sites could distort the crystalline structure, and, therefore, we do not expect

interstitial Ag to occur in Au-NRs.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Noble metal nanostructures have been the subject of sig-

nificant research in recent years. The interest in these ma-

terials is derived from new physicochemical properties

achieved at the nanoscale, such as variable optoelectronic

properties or maximization of the surface-to-volume ratio

[1,2]. Usually, metallic nanoparticles are obtained by treat-

ing metal salts with reducing agents in a medium contain-

ing capping ligands that bind to the metal surface [3]. The

capping ligands are crucial in forming and stabilizing

nanoparticles because they prevent disordered growth and

avoid agglomeration [4].

Gold nanorods (Au-NRs) are intriguing nanostructures that

have attracted much attention due to plasmonic optical

properties, which are very sensitive to their aspect ratio (i.e.,

length/diameter), dispersion, and homogeneity [5,6]. Local-

ized surface plasmon resonance (LSPR) originates from the

interaction between an incident electromagnetic radiation

with free electrons on the metallic surface [7]. When the

wavelength of light is much larger than nanoparticle size, the

electromagnetic field of the light induces a collective oscilla-

tion of the free electrons relative to the lattice of positive

nuclei. As a result, Au-NRs will exhibit intense light absorp-

tion and scattering at specific resonant wavelengths,

depending on the aspect ratio and dielectric environment [8].

Besides, Au-NRs can release heat to the media through

exposure to near-infrared radiation (NIR) [9]. These charac-

teristics make Au-NRs promising for various applications

such as bioanalytical essays, biomedical imaging, drug de-

livery, and photothermal therapy [5]. Single Au-NR can be

modeled as an elongated inorganic particle (i.e., distinct

length and diameter dimensions) surrounded by a dense layer

of organic molecules, generally cetyltrimethylammonium

bromide (CTAB). It is essential to notice that while the inor-

ganic particle is found in the nanoscale, with behavior and

properties inherent to this size regime, the organic ligand af-

fects the particle itself [10]. For instance, studies have shown

that CTAB exerts toxic effects on the cells. Thus, it makes

necessary to replace CTAB with another biocompatible shell

such as thiolated polyethylene glycol (PEG-SH) before in vivo

applications of Au-NRs [11,12].

Currently, the “silver-assisted seeded methodology” is the

most popular route to obtain Au-NRs in considerably high

yields. The synthesis is divided into two steps: firstly, CTAB

capping Au seeds with an average diameter of 2.0 nm are

prepared through reduction with sodium borohydride. In the

second step, the Au seeds are added to a growth solution

containing HAuCl4, CTAB, AgNO3, and a mild reducing agent

such as ascorbic acid. The final morphology concerning di-

mensions and aspect ratio can be regulated by varying the

concentration of silver nitrate [13,14].
Despite considerable advances in understanding the pro-

cesses of synthesis and formation of Au-NRs, the constitution

of the metallic core is still a point of scientific controversy

[15,16]. For example, in single-crystal rods obtained by “seed

methodology”, there is still a debate regarding the role of Ag in

the composition and structure of the metallic core. Two hy-

potheses describe the role of Ag depending on the oxidation

state of deposited silver, whether Ag(0) or Ag(I). For the case of

Ag(I), it is supposed that silver ions may form a complex with

Bromine on particular surface facets, preventing growth on

these facets [17,18]. In a second hypothesis, Ag(I) is preferen-

tially reduced onto higher energy surface facets of gold

through underpotential deposition (UPD), forming an Ag(0)

monolayer on the nanorods. More recently, Moreau and co-

workers proposed a new mechanism regarding the role of

trace Ag in the synthesis of Au nanorods. Accordingly, Ag

participates in the anisotropy of structure because it deposits

initially on the Au surface, making the length growth rate

exceeds the diameter growth rate. However, as the reaction

evolutes, Ag is progressively incorporated into the bulk of the

nanorods due to the subsequent deposition of gold atoms.

According to this proposal, in the final stages of the reaction,

most surface atoms are Au [15].

Here, we report our findings on the surface characteriza-

tion of Au-NRs using X-ray photoelectron spectroscopy (XPS)

to access the outermost layer of the metallic core. To com-

plement information regarding the contribution of different

Ag species on Au-NRs by experimental XPS, we carried out ab

initio calculations to simulate the chemical state of the

metallic core. Thus, based on XPS experimental data, we

compare the values of binding energy (BE) of the Au and Ag

components with the theoretical acquisition of BE using the

WIEN2k/VASP package. Important to note that computational

support was substantially simplified, considering only the

metallic core and the atoms behaving as in bulk. Small clus-

ters with approximately 50 metal atoms behave like large

molecules, while large ones with 300 or more atoms exhibit

characteristics of a bulk sample [19]. The main results

regarding the chemical environment of the metallic core of

Au-NRs obtained by “silver-assisted seeded methodology” are

presented below. Our results also suggest that silver coexists

on the outermost surface in two oxidation states, namely Ag0

and Agþ, in addition to metallic gold.

2. Experimental and theory

Hydrogen tetrachloroaurate (HAuCl4.3H2O, 99.999%), cetyl-

trimethylammonium bromide (CTAB, > 98.0%), sodium boro-

hydride (NaBH4), and ascorbic acid were purchased from

Aldrich. Silver nitrate (AgNO3, 99.999%) was obtained from

Merck. All chemicals were used as received without further

purification. Samples were prepared using deionized water
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(Millipore Milli-Q Water System), and whole glassware was

previously cleaned using aqua regia solution (3:1 HCl/HNO3).

Caution: aqua regia is a highly oxidizing solution and must be

handled with extreme care.

The synthetic route of preparing Au-NRs was based on a

two-step seed-mediate process following the methodology

described by Nikoobakht and El-Sayed [13]. Firstly, Au seeds

were synthesized by adding 5.0 mL of a 0.5 mmol L�1 solution

of HAuCl4 in 5.0 mL of a 200.0 mmol L�1 solution of CTAB.

Next, 600 mL of 10.0 mmol L�1 of an ice-cold NaBH4 was added

under vigorous agitation for 3 min. In the second part, Au-NRs

were prepared by adding 1.0 mmol of CTAB in 5.0 mL of

deionized water at 27e30 �C. Then, sequentially it was added

100 mL of 4.0 mmol L�1 of AgNO3, 5.0 mL of 1.0 mmol L�1 of

HAuCl4, and 100 mL ascorbic acid 78.8 mmol L�1. Finally, 12 mL

of the seed solution was gently added, resting it on the liquid

surface and keep undisturbed for about 12 h.

The absorbance spectrum of the solution containing Au-

NRs was acquired over a range from 350 to 1000 nm using a

UVeVis Rigol Ultra-3560 spectrophotometer. The particle

morphologies were analyzed using a Transmission Electron

Microscopy Tecnai G2-12- SpiritBiotwin FEI - 120 kV from

UFMG Electronic Microscopy Center. X-ray photoelectron

spectroscopy (XPS) was carried out using a Kratos Axis Ultra

DLD using a monochromatic Al Ka (1486.6 eV) X-ray source,

150 W, 10 mA and 15 kV. The survey spectrum was recorded

with a pass energy of 80 eV and 1 eV per step, and high-

resolution spectra were recorded with a pass energy of 40 eV

and 0.1 eV per step. The binding energy (BE) of the core level C

1s set at 284.8 eV was used for spectra calibration to

compensate for surface-charging effects. The elemental rela-

tive sensitivity factors (RSF) provided by the instrument's
manufacturer were used for elemental quantification. Casa

XPS (version 2.3.17) was employed for data treatment. For

sample preparation, Au-NRs were separated by centrifuga-

tion, then washed with diluted CTAB solution to remove the

excess of surfactant and unreacted gold and silver and sepa-

rated again by centrifugation. The detailed procedure for this

treatment is presented as follow: as-prepared Au-NRs solu-

tions were centrifuged for 2:30 h at 2000 rpm; after deposition

of the nanoparticles on the bottom of the centrifuge tube, the

supernatant was removed and subsequently 10 mL of diluted

1.0 mmol L�1 of CTAB solution was added, homogenized and

centrifuged again at 3000 rpm for at least at 2 h. After removal

of the supernatant, samples were transferred to an Eppendorf

vial and dried by lyophilization.

The theoretical modeling of gold crystal was analyzed

within the density functional theory (DFT), employing the

KohneSham equation and using the all-electron augmented

plane wave method with local orbitals as provided in the

WIEN2k package version 18.2 [20]. Bulk gold structures, either

defect-free or with Ag as defect were described by unit cells of

3 � 3 � 3 primitive cells. Atom configuration of Au was

[Xe]:4f14|core 5d106s1|val and configuration of Ag was [Kr]:|core
4d105s1|val, where the subscripts indicate if the orbitals are

treated as fully-relativistic core states or as valence states for

which the spin-orbit coupling is neglected. The experimental

lattice constant a¼ 4.0782�Awas used, and the ionic relaxation

was performed with VASP until forces on the atoms were

smaller than 8.0meV/�A [21,22]. For thesemetallic systems, the
PerdeweBurkeeErnzerhof (PBE) exchange-correlation func-

tional was chosen. The energy cutoff was determined by

Rmt∙Kmax ¼ 8, with the muffin-tin radius of Rmt ¼ 1.2 �A. The

wavefunctions were constructed with maximum azimuthal

number l ¼ 12 inside atomic spheres and with non-muffin-tin

matrix elements up to l ¼ 6. Silver defects in gold bulk struc-

tures were modeled with 3 � 3 � 3 face-centered primitive

cells. Silver surface adatom was described by an atom at the

three-fold hollow site of the Au [111] surface modeled with a

trilayer of 3� 3 hexagonal primitive cells. Sincemetals require

a reasonably accurate Fermi level, we used a k-meshes of

20 � 20 � M grid with M ¼ 20 for bulk and M ¼ 1 for the layer

structure. The binding energies were calculated utilizing the

Slater transition theory with ½ electron excitation to vacuum,

compensated by a corresponding background charge. For

more details about the computational model, check the Elec-

tronic Supplementary Information (ESI).
3. Results and discussion

Although Au-NRs obtained by “seedmethodology” have been

extensively studied since the initial works of Murphy and El-

Sayed groups [13,23,24], the chemical environment of the

metallic core still generates debate in the scientific commu-

nity. The modeling and characterization of this material

class (and other types of gold nanostructures) is challenging

because the modification of few experimental parameters,

such as the ratio of reactants and temperature of synthesis,

can lead to products with very distinct morphological char-

acteristics [25e27]. Additionally, chemical models are puz-

zling and often contrasting each other because the structure

of Au-NRs is elucidated in diverse media and using different

experimental tools, such as ultravioletevisible spectroscopy

(UVeVis), nuclear magnetic resonance (NMR), X-ray photo-

electron spectroscopy (XPS), transmission electrons micro-

scopy (TEM) or surface-assisted laser desorption/ionization

(SALDI-MS) and, therefore, a reliable figure of the system is

still sought [17,18,28]. Our research was motivated by recent

works published in the literature showing two different

proposals for the chemical state of silver in gold nanorods:

first, the suggestion of Moreau and co-workers [15] reporting

the internalization of Ag atoms into Au crystal during the

growth of nanorods; the second proposal was elaborated by

Ye et al. [16] suggesting the oxidation of silver surface

monolayer due to the desorption of the CTAB molecules

when the nanoparticles are rinsed with water or ethanol. In

this manuscript, XPS was used to determine the surface

chemistry of the outermost layer of Au-NRs in parallel with

ab initio calculations to increment information about the

binding energy of silver atoms (Ag0) in different configura-

tions (or chemical states) in gold crystals. The simulated

systems were bulk gold, either defect-free or with Ag as a

defect (Ag-on-Au site, i.e., substitutional defect, and Ag

interstitial defect in Au crystal) and silver surface adatom

over Au crystal.

Fig. 1a shows a typical UVeViseNIR spectrum and the

corresponding transmission electron micrography of Au-NRs

prepared by seed-methodology. As expected, the image

shows the Au-NRs absorption profile, which presents two

https://doi.org/10.1016/j.jmrt.2021.08.059
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Fig. 1 e (a) UVeViseNIR spectrum of an aqueous solution containing CTAB-capped Au-NRs. Inset: TEM micrography of

typical Au-NRs. (b) XPS survey spectrum of the Au-NRs.
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distinct plasmon bands associated with the anisotropy in the

structure: one corresponding to the transverse band (short

axis) at 520 nm and one corresponding to the longitudinal

band (long axis) at 757 nm. TEMmicrography presented in the

inset of Fig. 1 shows the typical rod-like structure of these NPs.

The nanoparticles aspect ratio was estimated to be 3.5 from

the UVeVis spectrum presented in Fig. 1a (check ESI for de-

tails) [29e31]. XPS is a powerful technique for characterization

and determination of surface chemistries of the (nano)mate-

rials. Owing to the inelastic scattering of the electrons in the

analyzed sample, the information obtained is regarding only

to the outermost surface layer in the range of 5e10 nm [32].

Analysis of the surface layer using XPS has been conducted to

the speciation of organic components and the metallic core of

Au-NRs. The wide scan XPS spectrum is presented in Fig. 1b.

As expected, it was detected the signals corresponding to

carbon, nitrogen, Bromine, gold and silver. These elements are

the chemical constituents of the CTAB bilayer and themetallic

core. Important to notice, it was not observed the signals

corresponding to chlorine in the sample, indicating that

centrifugation and redispersion of Au-NRs in 1.0 mmol L�1

CTAB solution was efficient in removing the excess of CTAB

and reactants in the samples. Additionally, the presence of

oxygen was observed. The oxygen is assigned to the presence

of adventitious carbonaceous compounds due to sample
Table 1 e Surface chemical composition of Au-NRs as obtained

Element regions Peak-Binding energy (eV) Suggested a

C 1s 284.8 CeH, Ce

285.6 CeN

286.3 �N�(CH3

287.8 Cadv ¼ O

N 1s 402.1 �Nþ

Br 3d5/2 67.0 Br �

Br 3d3/2 68.1

O 1s 532.1 CeO

Au 4f7/2 83.5 Au(0)

Au 4f5/2 87.2

Ag 3d5/2 368.2 Ag(0)

Ag 3d3/2 374.3

Ag 3d5/2 367.4 Ag(I)

Ag 3d3/2 373.4
handling under environmental conditions [33]. The high-

resolution spectra in the regions of the C 1s, N 1s, Br 3d, O

1s, Ag 3d and Au 4f were registered in order to determine the

atomic concentrations (%) and binding energies (eV) of the

elements.

Table 1 presents the surface composition of Au-NRs in

terms of relative atomic concentration (%) and binding en-

ergies (eV) determined by XPS. The components of the cationic

surfactant C, N and Br, presented atomic concentrations of

91.01, 3.77 and 3.11%, respectively. Oxygenwas observed in an

atomic concentration of 0.83%. The metal concentrations of

Au and Ag are 1.07 and 0.21%, respectively. The calculus of the

percentage of silver compared to gold is approximately 16% of

the metallic layer. This value is considerably higher than that

found by Liz-Marz�an and co-workers in a former XPS study

(around 9% of silver) [34]. Previous inductively couple plasma

spectroscopic (ICP) experiments carried out by Orendorff and

Murphy found values of silver percentage ranging from 2.5 to

4.5% of total metal concentration in nanorods [35]. The reason

for this difference in the amount of silver is still unclear.

However, given the complexity of the medium, with several

reactions co-occurring and several parameters that affect the

final product (such as temperature, pH and the ratio between

reagents), it may cause some lack of reproducibility between

the final products [36].
by high-resolution XPS spectra.

ttributions Surface concentration (at. %) Total (%)

C (C1) 63.2 91.0

(C2) 19.6

)3 (C3) 6.9

(C4) 1.3

3.8 3.8

1.8 3.1

1.3

0.8 0.8

1.1 1.1

0.03 0.2

0.2

100.0
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A large amount of silver in the rods can be rationalize

considering three different mechanisms of growth summa-

rized by Lohse and Murphy [37]. In the first mechanism, it

supposed that a silver(I) bromide complex (AgBr2
� or

CTA�BreAgþ) blocks the gold surface in the longitudinal fac-

ets, favoring the anisotropic growth of the rods. That is, the

silverebromide complex forms a stable surfactant bilayer

strongly adsorbed on the gold surface, which binds to partic-

ular faces of Au crystal. Thus, there is a prevent of the growth

on these faces, leading to elongation of the crystal. The second

mechanism assumes that Agþ ions change the shape of CTAB

micelles, from spherical to cylindrical, directing the formation

to Au nanorods. Finally, the third mechanism was proposed

by Liu and Guyot-Sionnest, suggesting that underpotential

deposition (UPD) of Ag(0) occur at different Au faces leading to

symmetry-breaking and thus, the rod formation [38]. Under-

potential deposition is a process that occurs through the for-

mation of a metal adlayer onto a more noble metal substrate.

That is, when a metal substrate is cathodically polarized, ions

of a less noble metal can be deposited coating the substrate

[39]. Specifically, the stabilization of an adsorbate layer is

higher when the substrate has open facets. Because of this,

the reduction of Ag adatoms on gold occur preferentially on

the higher energy crystal facets with more atoms to be coor-

dinated, i.e., [110] facets, followed by [100] and [111] facets,

respectively. It assumes that Ag adatoms act as strong binding

agent on longitudinal [110] facets, leading to one-dimensional

growth along [100] direction [35,40]. In this work, we adopted

themodel proposed by Liu and Guyot-Sionnest to analyse and
Fig. 2 e Deconvolution of high-resolution spectra of the elemen

and (f) Ag 3d. Open circles represent the CPS signal while the g
discuss the binding energies observed by XPS and to carried

out ab initio simulations.

Fig. 2aef show the high-resolution spectra of the constit-

uents of the gold nanorods. Fig. 2a shows the C 1s spectrum

that was deconvoluted into four components. The most

intense C 1s signal identified as C1 corresponding to carbon

bound to carbon or hydrogen at 284.8 eV, derived from the

aliphatic chain of CTAB. As aforementioned, all other values

of binding energy have been referenced for that specific

component. The first remark indicates a large percentage of

aliphatic carbon (63.2%), even after washed away part of CTAB

molecules in the preparation step. The signal at 285.6 eV

identified as C2 was assigned to carbon bound to an amine

[41]. These observations are consistent with previous reports

that C 1s can be resolved in two main components corre-

sponding to CeC and CeN bonding [42]. Important to notice

that the atomic ratio C1/N ¼ 63.19/3.77 ¼ 16.8 is close to the

atomic ratio C1/N ¼ 15 of the alkane chain and nitrogen of

CTAB. The concentration of the second observed carbon C2 is

19.6% and its ratio C2/N ¼ 19.64/3.77 ¼ 5.21, nearly to the

atomic ratio of de CTAB head charged group (4C/1N ¼ 4).

Finally, the components at higher energy C3 and C4 were

ascribed to carbon bound to nitrogen (H3CeNeC) at 286.3 eV

and a weak component near 287.8 eV attributed to adventi-

tious carbon (Cadv ¼ O) or amide group [41,43,44].

The N1s spectrum (Fig. 2b) was fitted in one component at

402.1 eV and that was ascribed to the protonated amine of the

surfactant head-group [45,46]. Bromine presented a doublet

peak corresponding to 3d5/2 and 3d3/2 at 67.0 and 68.1 eV,
ts in the regions (a) C 1s, (b) N 1s, (c) Br 3d, (d) O 1s, (e) Au 4f

reen line is the envelope.
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respectively (Fig. 2c) that can be associated to the bromide

anion in CTAB [45]. The O1s spectrum shown in Fig. 2d was

resolved in one component at 532.1 eV attributed to oxygen

bound to nitrogenated carbon.

The high-resolution gold spectrum in the Au 4f region is

shown in Fig. 2 (e). The Au 4f7/2 photoelectron peak is located

at 83.5 eV and 4f5/2 is located at 87.2 eV. Other experimental

parameters such as FWHM and spin-orbit split presented

values of 0.94 eV and D ¼ 3.7 eV. These binding energy values

are smaller than 84.0 eV and 87.0 eV for the Au 4f7/2 and Au 4f5/

2, respectively, usually ascribed to zerovalent gold [47]. From a

chemical perspective, the origin of these BE at lower energies

could be evidence of the interaction of surface gold with

different species (bromide anion, CTAþ and silver) accom-

modated on the crystal surface [41].

To gain insight into the chemical state of components in

the metallic core, we carried out computation experiments to

estimate the binding energies through the Slater transition

state with the WIEN2k package. The starting structure

considered for computation correspond to the bulk fcc Au

crystal. Initially, it was calculated the binding energy of Au

crystal, which presented the following values: 83.4 and 87.4 eV

for the doublets 4f7/2 and 4f5/2, respectively. As can be seen in

Table 2, theoretical binding energies are in excellent agree-

ment with experimental data obtained by XPS (i.e., 83.5 and

87.2 eV for the same Au 4f doublets) even bear in mind that

calculations were done considering Au bulk crystal and

ignoring the interactions with CTAB.

Our experimental results for the binding energy of silver

indicate the presence of two components, as shown in Fig. 2f.

The figure shows the XPS Ag 3d spectrum and the curve

fitting presents characteristic Ag 3d5/2 and Ag 3d3/2 peaks at

367.4 eV and 373.4 eV, respectively. Similar values were

observed by other research groups that attributed this

particular energy to the Ag(I) species [34]. Furthermore, in

addition to Ag(I) contribution, one additional doublet is

necessary to fit the envelope curve: a second Ag chemical

state with Ag 3d5/2 and Ag 3d3/2 peaks at 368.2 eV and

374.3 eV, respectively, attributed to zerovalent silver (Ag(0))
Table 2e XPS parameters of zerovalentmetallic elements
in Au-NRs in eV as obtained by experiments and ab initio
calculations.

Experimental Theory

Au 4f doublets

BE (eV) 83.5, 87.2 83.4, 87.4

FWHM (eV) 0.94 e

Spin-Orbit Split (eV) 3.7 4.0

Ag 3d doublets

BE (eV) 368.2, 374.3 365.5, 372.0 (surface)

366.5, 372.8 (interstitial)

365.8, 372.2

(substitutional)

FWHM (eV) 1.01 e

Spin-orbit split (eV) 6.0 6.5 (surface)

6.3 (interstitial)

6.4 (substitutional)
[48,49]. The most significant feature in the Ag 3d spectrum is

the large difference in the concentration between two silver

species in the nanorods: Ag(I) comprises 85.7% of the total

silver signal while Ag(0) comprises 14.3%, respectively. Based

on the XPS results for Ag(0), we decide to model some con-

figurations of silver atoms on a gold crystal. Firstly, the

binding energy of Ag adatom on an Au [111] crystal was

computed, and the values obtained were 365.5 and 372.0 eV

for the Ag 3d5/2 and Ag 3d3/2, respectively (Table 2). These

values are approximately 1.9 eV smaller than experimental

Ag(0) doublet (i.e., 368.2 and 374.3 eV), which is quite reliable

since we do not consider any chemical interactions with

CTAB. It should be mentioned that the binding energy of the

core electrons usually increases when the valence electrons

are involved in bonds (such as Ag and bromide bonds in the

Au-NRs) and, therefore, it is expected that BE obtained from

theory is smaller than experimental XPS [50].

In the case of Ag located in the inner of Au-NRs, knowledge

of different chemical configurations is a critical issue because

this information is not available through experimental XPS.

Therefore, calculations were performed to estimate the

binding energy of the Ag atoms in the inner of Au-NRs. As

mentioned in the previous section, the chemical state of sil-

ver in Au-NRs remains unclear and controversial. Moreau and

co-workers recently reported a new model to explain the

chemical state of silver in Au-NRs using a combination of

spectroscopic techniques such as X-ray absorption fine

structure (XAFS), X-ray fluorescence (XRF), and EDX-mapping

[15]. In accord with the authors, silver atoms are reduced by

under-potential deposition (UPD) on the surface of Au nano-

particles in the very early stages of nanorods formation.

During the step of anisotropic growth of nanoparticles, Ag(0)

adsorbs onto nanoparticles surface stabilizing the [110] fac-

ets, which leads to an elongation of nanoparticles with pref-

erential reduction of Au in the rod extremities. With the

progress of reaction time, Ag is incorporated to nanorod inner

due to subsequent deposition of Au atoms until reaction

completion (approximately 120 min). In our simulation, we

assume the presence of Ag as substitutional (i.e., Ag-on-Au

site) and interstitial defects in the crystalline lattice of gold.

Our theoretical studies revealed that Ag-on-Au sites are more

energetically favorable than interstitial Ag in the gold crystal

because the defect formation energy (that is, the difference

between the formation energy of an ideal crystal and a

defective one) is 0.6 eV higher in crystals with interstitial

defects (check Fig. S1a and b at ESI for details). This mean that

the interstitial Ag forces a disturbance on the gold lattice,

while substitutional Ag has almost no effect, as expected

since the two atom types have very similar atomic radii.

Therefore, from the defect formation energy data, interstitial

Ag is not expected in Au crystals. The calculated binding

energy for Ag 3d substitutional was 365.8 and 372.2 eV for 3d5/

2 and 3d3/2, respectively (see Table 2). Also, the calculated

binding energy for Ag 3d interstitial was found at 366.5 and

372.8 eV for 3d5/2 and 3d3/2, respectively. Unfortunately, no

experimental data are available to compare to these theo-

retical values of binding energy because the information of a

typical layer thickness measured by XPS is around 5e10 nm

[32]. Thus, also considering the surfactant bilayer, XPS is not

appropriate to infer whether Ag atoms are, in fact, spread to

https://doi.org/10.1016/j.jmrt.2021.08.059
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Scheme 1 e Schematic representation of an isolated Au-NR

and details of its outermost surface after washing with

diluted CTAB solution in air. Adventitious carbon (Cadv ¼ O)

species are not shown in this model.
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the bulk of Au-NRs and we cannot test the hypothesis of

Moreau and co-workers.

Consequently, our experiments lead us to conclude that

the two-chemical state for silver may be in accordance with

the hypothesis proposed by Ye and co-workers to explain the

oxidation of Ag(0) monolayer over Au-NRs [16]. In this paper,

the authors detected the presence of a silver surface layer on

Au-NRs. Monitoring the evolution of the plasmon scattering

signal, they noticed that the washing of CTAB from gold rods,

the silver layer initially protected by the surfactant CTAB, gets

oxidized as soon as CTAB desorbs due to a reduced concen-

tration in the flowing solution. In our experiments, it was

necessary to remove the excess surfactant from the Au-NRs

by washing the samples with a more diluted CTAB solution

to perform the XPS measurements. Therefore, during the

process of washing and handling of Au-NRs on-air, may be

occurred the oxidation of the Ag atoms on the crystal surface

as shown in the reactions below: [51,52].

2Ag0 þ 1
2
O2!Ag2O (1)

Ag2Oþ2Hþ#2Agþ þ H2O (2)

Since it was detected two chemical states for Ag, we as-

sume that this washing procedure may also lead to an

oxidation process of the silver layer, generating amixing Ag(0)

and Ag(I) species on the gold surface, as can be visualized in

Scheme 1.
4. Conclusion

In summary, we studied the outermost layer of Au-NRs using

XPS spectroscopy and ab initio calculations in order to get in-

sights regarding the chemical states of the constituents of the

metallic core. Three significant results can be extracted from

this paper. First, ab initio simulations showed that Ag atoms

might have different binding energies, depending on the

configuration of silver atoms in Au-NRs. Second, our XPS re-

sults indicate the presence of a mixed Ag(0)/Ag(I) species on

the surface of Au-NRs, corroboratingwith recent results in the

literature that shows that Ag(0) monolayer can be oxidized to

Ag(I) during the steps of centrifugation and washing with

diluted CTAB solution. Finally, our theoretical studies showed

that silver atoms located at interstitial sites could distort the
crystalline structure, and, therefore, this defect should be

unlikely to occur in Au-NRs. That is, an interstitial position

would imply a rather large relaxation and make the Au-NR

more unstable at high Ag concentrations.
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