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ABSTRACT 

Recently Ag-Ag2S hybrid nanostructures have attracted a great deal of attention due to 

their enhanced chemical and thermal stability, in addition to their morphology- and composition-

dependent tunable local surface plasmon resonances. Although Ag-Ag2S nanostructures can be 

synthesized via sulfidation of as-prepared anisotropic Ag nanoparticles, this process is poorly 

understood, often leading to materials with anomalous compositions, sizes, and shapes, and 

consequently, optical properties. In this work we use theory and experiment to investigate the 

structural and plasmonic evolution of Ag-Ag2S nanoprisms during the sulfidation of Ag 

precursors. The previously observed red-shifted extinction of the Ag-Ag2S hybrid nanoprism as 

sulfidation occurs contradicts theoretical predictions, indicating that the reaction does not just 

occur at the prism tips as previously speculated. 

Our experiments show that sulfidation can induce either blue- or red-shifts in the 

extinction of the dipole plasmon mode, depending on reaction conditions. By elucidating the 

correlation with the final structure and morphology of the synthesized Ag-Ag2S nanoprisms, we 

find that, depending on the reaction conditions, sulfidation occurs on the prism tips and/or the 

(111) surfaces, leading to a core(Ag)-anisotropic shell(Ag2S)  prism nanostructure. Additionally, 

we demonstrate that the direction of the shift in the dipole plasmon is a function of the relative 

amounts of Ag2S at the prism tips and Ag2S shell thickness around the prism. 
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Binary nanoparticle structures of well-defined shape, size and composition have attracted 

significant attention due to synergistic properties that arise from the interactions between the 

individual components.
1-6

 Promising examples of such nanostructures include metal-

semiconductor hybrid nanocrystals, in which metallic and semiconductor components are 

coupled synthetically to produce physical properties that transcend those associated with 

structures comprised of their individual components.
7-16

 In particular, these hybrid nanostructures 

allow for the coupling of quantum confinement effects for excitons in the semiconducting 

portion
17

 and shape-dependent localized plasmon excitation in the metallic portion,
18

 which leads 

to the optimization of plasmon enhanced emission or absorption for applications in electronic 

and solar devices,
19,20

 as well as in photocatalysis.
21

 

Over the past decade, considerable progress has been made in the synthesis of noble 

metal-semiconductor heterodimer nanostructures, including Au-CdSe,
7,15,22

 Ag-ZnO,
23

 Pt-

CdS,
24,25

 Au-Ag2S,
26

 Ag-Cu2O
27

 and Ag-Ag2S.
1-3

 Although the majority of such heterodimers are 

synthesized by growing a shell of the noble metal onto the semiconductor components, in the 

case of silver nanoparticles, it is possible to chemically convert portions of anisotropic silver 

nanostructures to the corresponding semiconductor material (Ag2S, Ag2Se, Ag2Te),
28,29

 thus 

allowing for the synthesis of hybrid structures beyond the conventional uniform core-shell motif. 

Of the known Ag-based hybrid nanostructures, Ag-Ag2S is of particular interest due to the 

unique properties of Ag2S.
28-31

 Specifically, Ag2S is a direct narrow-band-gap semiconductor (1 

eV), and also an effective superionic conductor, in which Ag
+
 has considerable mobility in a 

cationic vacancy-rich phase.
30,31

 In addition, due to its high optical absorption coefficient, 

chemical stability and efficient photoluminescence, Ag2S has been used in solar cells,
32,33

 as well 
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as a photocatalyst,
34-36

 biosensor,
3
 antibacterial material,

2
 photoconductor,

22
 IR detector,

37
 

superionic conductor
38-40

 and bioimaging agent.
41-43

  

Because of the potential of these hybrid nanomaterials, recently, the synthesis and 

characterization of such systems has been extensively investigated.
3,44,45

 Fang and coworkers 

studied the sulfidation of Ag nanocubes both experimentally and theoretically.
44

 Importantly, 

they were able to elucidate a correlation between the structure and plasmonic properties of the 

nanocubes during the sulfidation reaction. Additionally, Zeng et al. demonstrated a new 

approach to the corner-site-selective sulfidation of Ag nanoprisms and nanocubes.
45

 They 

showed that as the sulfidation process takes place: i) the triangular shape is essentially 

unchanged with the Ag-to-Ag2S conversion starting nearly exclusively from the corners, and ii) 

the in-plane dipole plasmon peak red shifts continuously. The authors speculated that the red-

shift was a result of the higher dielectric constant of Ag2S, but no experimental evidence to 

support this claim was provided. Previous studies
46,47

 showed that truncation of the triangular 

corner leads to blue-shifting of the in-plane dipole plasmon peak, which seemingly conflicts with 

the large red-shifting reported by Zeng et al.
45

 One possible explanation for this contradiction is 

that the observed red-shifting is caused by the high-refractive-index Ag2S at the prism tips 

(where n + ki ≈ 3.1 + 0.8i), which overwhelms the expected blue-shifting from corner truncation. 

Another possibility is that the interface between the metal (Ag) and semiconductor (Ag2S) in the 

nanoparticle may give rise to a new plasmonic state associated with additional carriers in the 

semiconductor that dominates the spectrum.  Therefore, in order to explain these intriguing 

physical phenomena, we have sought to elucidate the chemical and physical contributions to the 

photophysical properties of Ag-Ag2S hybrid nanoprisms. 
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By using multiple characterization techniques, in addition to theoretical calculations, we 

have studied the correlation between morphology, composition, and LSPR wavelength for the 

triangular Ag nanoprisms after various degrees of sulfidation. This study shows that in addition 

to sulfidation occurring at the prism tips, the reaction also proceeds on the triangular flat surfaces 

of the prisms, leading to a core-anisotropic shell Ag-Ag2S nanoprism structure (i.e., the Ag2S 

thickness is different on different surfaces of the Ag core; as shown in Scheme 1D), in which the 

plasmon can be blue- or red-shifted depending on morphological changes that can be tailored by 

reaction conditions. This work provides a new fundamental understanding of the sulfidation of 

anisotropic Ag nanoprisms, and more generally suggests a reaction pathway for making 

anisotropic nanoscale systems that may have applications in such areas as electronics, solar 

energy conversion,  and photocatalysis.  

Results and discussion 

For this study, triangular silver nanoprism precursors with tailorable LSPR wavelengths 

were prepared through a plasmon-mediated photochemical route.
48-51

 Sulfidation of the Ag 

nanostructures was realized by reacting the Ag nanoprism precursors with aqueous sodium 

polysulfide (Na2Sx), similar to the methodology outlined by Zeng et al.
45

 Specifically, an 

aqueous solution of Na2Sx was added in precise amounts to a dispersion of Ag nanoprisms. The 

sulfidation reaction was monitored by recording extinction spectra of the reaction solution, 

monitoring Na2Sx concentration and reaction time. 

Since the plasmonic spectral properties of metal nanocrystals are known to be affected by 

the nanocrystal size, shape, composition, and environment, the different spectra recorded during 

the sulfidation process provides important information pertaining to the morphological 

characteristics of the resulting particles. Namely, we have observed that in contrast with previous 
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studies,
45

 by using different concentrations of Na2Sx during the sulfidation of Ag nanoprisms, we 

can control spectral shifts of the dipolar LSPR band of the resulting Ag-Ag2S hybrid nanoprisms. 

Based on the empirical data gathered, we have attributed the observed sulfidation products to 

three distinct chemical pathways involving low, intermediate, and high Sx
2−

 concentrations. 

 

 

 

 

 

 

Scheme 1. (A-C) Proposed pathway of sulfidation processes as a function of Na2Sx 

concentration: (A) C < 30 µM (B) 30 µM < C < 100 µM (C) C > 150 µM. (D) Nanoprisms’ side 

view used to illustrate the change in height of hybrid nanoprisms for panel C. The top scheme 

defines the sulfidized section (SS) parameter, which is a radial ratio of Ag2S and Ag from the tip 

of nanoprism to its center (ab/ac). (E) Diffusion sites of Sx
2−

 in the C > 150 µM range at the 

interface of Ag and Ag2S are illustrated by the black arrows.  
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I: Low Sx
2−

 Concentration  

Surprisingly, we found that when the sulfidation was carried out with lower Na2Sx 

concentrations (C <30 µM), the spectral evolution of the hybrid nanoprism behaves differently 

(blue-shifts) from when high concentrations of Na2Sx (C >150 µM) are used (Figure 1A). At low 

concentrations, the LSPR band of the prism blue-shifts after addition of Na2Sx, which is a 

behavior not observed in earlier work.
45

 Sx
2−

 oxidizes the Ag nanoprisms, leading to rounding 

and truncation of the tips of each nanoprism (Figure 1C). The etching of the prism tips as 

opposed to the faces of the prism is due to the high stability of the (111) planes relative to atoms 

in the sharp tips and edges of the nanoprisms.   

II: Intermediate Sx
2−

 Concentration  

Extinction spectra and TEM images of the particles (Figure 1D and F) at intermediate 

concentrations (30 < C < 100 µM) similarly show that blue-shifts and nanoprism truncation still 

occurs, but not to the extent at which it occurs in the low concentration regime. Interestingly, 

after the reaction, the truncated nanoprisms have a greater tendency to aggregate and form stacks 

which is not typical for the Ag nanoprisms stabilized with BSPP and trisodium citrate as the 

capping agent.  

The silver ions in solution, which are the product of silver nanoprisms being etched and 

truncated, will react with the sulfide ions in the intermediate concentration range (as the 

concentration of sulfur ions is higher than the low concentration case) and create sub-10 nm 

spherical Ag2S nanoparticles (Figure 1F). We found that these sub-10 nm nanoparticles will not 

form in higher concentrations of sulfur. This is because in higher concentrations of sulfur the 

etching and truncation of nanoprisms will not be as intense as in low and intermediate 
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concentration regimes, and therefore, there is not enough silver ions in the solution to initiate 

formation of the sub-10 nm spherical Ag2S nanoparticles. 

III: High Sx
2−

 Concentration  

At higher concentrations (C >150 µM) of Na2Sx, the LSPR peak corresponding to the 

longest excitation wavelength (in-plane dipole mode according to previous works)
46,47

 shows 

clear red-shifting. The experimental extinction spectra acquired for the sulfidation reaction at 

these concentrations show that the dipole resonance exhibits large red-shifts (~170 nm) and a 

rapid drop in extinction from 0.84 to 0.11 (Figure 2A,B). This spectral evolution occurred  
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Figure 1. (A) Spectral changes over the course of sulfidation of the Ag nanoprisms at an overall 

Na2Sx concentration below 30 µM (low concentration). Each spectrum is taken after addition of 

successive doses of Na2Sx to reach a concentration of ~2 µM in the reaction vessel. STEM 

images of: (B) The initial triangular nanoprism, and (C) Nanodisc products obtained after the 

sulfidation reaction. The inset is a magnified circular nanodisc from the same batch of sample. 

(D) Extinction spectra at the intermediate concentration regime (30 < C < 100 µM). STEM 

images of: (E) Slow-dried nanoparticles without any modification show their high tendency to 

agglomerate in the form of stacks which is not common for silver nanoprisms stabilized with 

trisodium citrate and BSPP, and (F) Sub-10 nm spherical Ag2S nanoparticles observed in the 

intermediate concentration range.  
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within 5 min of the reaction being started. After ~10 min, the reaction slows down, but still 

continues as indicated by changes in the absorption of the Ag-Ag2S nanoprisms. After 18 h, the 

red-shifting peak of Ag-Ag2S nanoprisms at ~820 nm, gradually disappears and the intensity 

plateaus, revealing the complete conversion of all metallic Ag to Ag2S (Figure S1A). Sulfidation 

products collected at 0, 1, 2 and 5 min of the reaction were characterized by UV-Vis 

spectroscopy, scanning transmission electron microscopy (STEM), elemental mapping and X-ray 

photoelectron spectroscopy (XPS). 

STEM images of particles show that the nanostructures remain triangular with smooth 

facets during the course of sulfidation in the high concentration range. A considerable amount of 

Ag in each nanostructure is converted into Ag2S within the first 5 min of the reaction. In the 

STEM images (Figure 3A-C), the contrast observed between the tips and center of the nanoprism 

products suggests that Ag is converted to silver sulfide at the tips. With increasing reaction time, 

the sulfidized regions are enlarged and extended from the three tips toward the center of the 

nanoprism. To accurately quantify Ag2S conversion, in addition to nanoprism dimensions we 

define another parameter, the sulfidized section (SS), which is a radial ratio of Ag2S and Ag from 

the tip of nanoprism to its center (Scheme 1D). The SS value for three sulfidation stages of the 

experiments (1, 2 and 5 min) were measured and averaged, yielding SS = 17.9, 36.7, and 49.7%. 

These values were obtained by measuring at least 50 nanoprisms that were both triangular in 

shape and had a Ag-Ag2S boundary parallel to the bases of the Ag nanoprism. Note that the 

hexagonal, disc-shape nanoparticles are not counted due to the complexity of the measurement 

and non-site-selective diffusion of Sx
2− 

in those morphologies. 

Elemental mapping was then performed to reveal the composition changes during 

sulfidation (Figure 3D-F). Sulfur is clearly detected at the three tips of the nanoprism, 
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Figure 2. (A-B) Experimental and (C-D) calculated extinction spectra over the course of Ag 

nanoprism sulfidation at a Sx
2−

 concentration greater than 150 µM. The arrows show the 

direction of spectra shifting. (A) Representative extinction spectra of the reaction mixture 

recorded at 0, 1, 2 and 5 min. To reveal more clearly the spectral changes during the sulfidation 

process, the peak positions vs. intensity is plotted in the inset. (B) Normalized spectra of panel A. 

(C) Calculated extinction spectra over the course of sulfidation (with increasing the SS value) for 

the tip-converted model shows a blue-shift trend, which is the opposite trend in comparison to 

the experimental data mentioned in panel A and B above. (D) Calculated extinction spectra over 

the course of sulfidation of the Ag nanoprism considering the core-anisotropic shell model. This 

shows the dipole LSPR for each stage of sulfidation at 680, 734, 801 and 827 nm for Ag2S shell 

thicknesses of 0, 0.6, 1.35 and 1.55 nm, respectively.  
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confirming again that sulfidation is initiated at the highly reactive tips of the Ag nanoprisms. The 

tips and vertices of the nanoprisms are obvious locations for initiation of sulfidation. In general 

at the sharp vertices, the Ag atoms have a smaller coordination number, and are less capped by 

stabilizing molecules, which makes them more prone to reaction with halides, oxygen, and sulfur 

containing species in solution.  

Note that the molar volume of Ag2S is 69.9% higher than Ag (34.3 cm
3
/mol versus 10.3 

cm
3
/mol), which makes the Ag2S tip volume on average 69.9% larger in volume than the original 

Ag portion of each nanoprism after the reaction. For small nanoprisms (~50 nm) expansion of 

the Ag2S tips is not observable under TEM (Figure 3A, M), consistent with a previous report,
45

 

which might be due to the instability of silver chalcogenides under the electron beam.
52

 

However, when we characterized the nanoprisms with AFM, both small  (<100 nm) and large 

nanoparticles (~200 nm) showed a larger height profile at the tips indicating the Ag2S phase 

expansion (Figure 3G-L).   
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Figure 3. (A-C) TEM images of the Ag-Ag2S hybrid nanoprisms obtained after the sulfidation reaction 

has progressed for: (A) 1, (B) 2 and (C) 5 min. The scale bar for panel A, B and C is 50 nm as illustrated 

in panel C. The dark region in the center corresponds to Ag, while the gray regions at the tips correspond 

to Ag2S. The inset in panel A is a side view of an Ag-Ag2S nanoprism. (D-F) Elemental maps (Red = S, 

blue = Ag) recorded on a single Ag-Ag2S nanoprism. (G-I) AFM image, 3D model and height profile of a 

~50 nm Ag-Ag2S nanoprism show the increase in height on the tips of the nanoparticle. (J-L) AFM 

image, 3D model and height profile of an Ag-Ag2S hybrid nanostructure with ~200 nm edge-length 

shows 10 nm height differences between the Ag and Ag2S components. (M) STEM images of the side 

view of the Ag-Ag2S hybrid nanoprism do not reveal any height difference between the Ag and Ag2S 

parts for the small size (<100 nm) nanoprisms. 
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Computational Modeling of Sulfidation and Oxidative Etching  

To clarify the role played by sulfidation of the Ag tips in the LSPR shifting, Discrete 

Dipole Approximation (DDA) simulations were performed for the Ag-Ag2S nanoprisms using 

dimensions similar to those measured for these particles.  

We first calculated the extinction spectrum of bare Ag nanoprisms, based on 

experimentally determined size parameters (Figure S1) similar to our previous studies.
46

 The 

average edge-length (L) of the fully formed triangular Ag nanoprisms was 51±10 nm, the 

average prism thickness (H) was 7±1 nm and the corner of the triangle was found to be rounded 

with a radius (R) of 6±0.5 nm (Figure S1D), as determined by TEM. Within the range of 

wavelengths considered here, three LSPR peaks can be observed, which can be assigned (starting 

at the longest wavelength) to the in-plane dipole mode, the in-plane quadrupole mode and the 

out-of-plane quadrupole mode according to previous studies.
46,47,53-57

 The calculated spectrum of 

pure nanoprisms (Figure S1C) is in good agreement with the experimental UV-Vis spectrum 

(Figure S1B), which confirms the accuracy of the measured dimensional parameters.  

The SS value increases during the sulfidation process both by increasing Na2Sx 

concentration or reaction time. The radius (R) for tip rounding is fixed at its initial value (i.e., 

that of the bare Ag nanoprism) in all simulations due to its minor change after sulfidation (in the 

high concentration regime) and also its minor influence on the LSPR wavelength once the tips 

are sulfidized. 

In the next step the effect of changing the L, H and SS parameters is theoretically studied, 

as these parameters respectively represent three different possible morphology pathways: i) edge 

conversion, ii) top and bottom facet conversion and iii) tip conversion of Ag nanoprisms into 

Ag2S (Figure 4A- C respectively). As a computational control, the same structural changes were 
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considered for a pure silver nanoprism by substitution of the Ag2S component with vacuum 

(Figure S2). 

The growth of Ag2S at the tips observed in the experiment was imitated by increasing the 

SS value defined above. As illustrated in Figure S2C, truncation of the prism tips for a bare 

silver prism blue-shifts the dipole LSPR peak. The experimentally observed growth of Ag2S at 

the tips was then modeled by replacing the tips with Ag2S rather than vacuum and with 

increasing the SS value. The spectral evolution is illustrated in Figure 2C and 4C with different 

SS. In spite of the larger index of the Ag2S, this does not change the blue-shifting trend 

mentioned above. Thus, the experimentally observed red-shifting generated during the 

sulfidation process should not be attributed to sulfidation itself, and, therefore, suggests that 

some unknown or omitted morphological change in the Ag nanoprism is responsible for the 

observed red-shifting. 

To explore the origin of the red-shifting, we studied the influence of reducing the edge 

length (L) and thickness (H) of the Ag component (due to Ag2S conversion), both of which may 

occur during the sulfidation process. It was found computationally that conversion of either the 

edges or the top and bottom facets of the Ag component can lead to red-shifting (Figure 4A- B). 

Note that the morphological change in Figure 4A is not synthetically feasible due to the 

anisotropic nature of the silver nanoprism, but top and bottom facet and tip conversion (Figure 

4B-C, respectively) are probable, and have been observed in our experiments. 

Interestingly, our calculations suggest that the shift of the dipolar LSPR is more sensitive 

to absolute changes in prism thickness rather than the edge length. For instance, as shown in 

Figure 4B, in order to achieve a red-shift of 150 nm, an approximately 25 nm (or 50%) Ag2S 

conversion in edge length of the Ag component is needed. While only ~2 nm (or 30%) Ag2S 
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conversion on top and bottom facets is required. This difference is revealed only if during the 

design of the computational model we consider the two structural size parameters (L and H) 

separately, and consider it as an anisotropic change in the vertical vs. horizontal direction instead 

of an isotropic Ag2S shell formation. The nature of this anisotropic behavior is due to differences 

in the sulfidation rate on different facets on the silver nanoprism. 

Based on our computational analysis we hypothesize that a decrease in thickness of the 

Ag component (i.e., replacing a few atomic layers of (111) on the top and bottom of the silver 

prism with Ag2S layers) is the most likely explanation for the observed red-shifting of the 

nanoprisms during sulfidation.  
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Figure 4. Calculated extinction spectra of a partially sulfidized Ag triangular prism on the edges, 

on the top and bottom facets and on the three tips. (A) Reduction in L generated by formation of 

triangular Ag2S frame around the edges of silver component. (B) Reduction in H associated with 

formation of a Ag2S-Ag-Ag2S sandwich. (C) Increase in the SS value associated with conversion 

of tips to Ag2S. Figure 4C is similar to Figure 2C and duplicated here only for better comparison 

purposes to panel A and B above. Relative values of Ag2S conversion (S or SS) are given in the 

insets, considering a silver nanoprism with average edge length, height and tip curvature of 51, 7 

and 6 nm, respectively, (collected from experimental data) with no Ag2S at the tip of the 

nanoprism.   
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Experimental Characterization of the LSPR Red-Shift 

To investigate our proposed pathway for the observed red-shifting as a consequence of 

high polysulfide concentration, we performed extensive TEM and XPS studies of the nanoprism 

structures. As the TEM measurements in Figure 5A-B indicate, the overall structure of each 

nanoprism is still crystalline after sulfidation, with the Ag2S lattice structure at the tips of the 

nanoprism being clearly observable at higher magnification (Figure 5C). The fast Fourier 

transform (FFT) of the Ag2S component is determined to be along the [4-11] zone axis of the 

Ag2S crystal, but the (111) silver lattice was not recognizable in the HRTEM image even with 

different tilt angles. Interestingly, we found that the silver component of the Ag-Ag2S nanoprism 

is not sensitive to high concentrations of H2O2  (37%), even though pure silver nanoprisms are 

etched rapidly under such conditions.
51

 After introduction of 37% H2O2 to Ag-Ag2S nanoprisms, 

many of the particles are completely intact and maintain their triangular morphology (Figure 

S3A-B), which is indirect evidence for the existence of a thin Ag2S layer on (111) facets of the 

nanoprisms. In addition, there are tiny pieces of broken particles, which also indicates that the 

Ag2S passivation layer is very thin and also contains imperfections; this is consistent with the 

known porosity of Ag2S.
58

 

In order to probe the reactivity of the (111) facets of the Ag nanoprism with Sx
2−

, we 

synthesized edge-gold-coated silver nanoprisms (GSNP) according to the protocol introduced in 

earlier work.
59

 These edge-gold-coated silver nanoprisms prevent diffusion of Sx
2−

 from tip and 

edge sites of the silver nanoprism. Surprisingly, we found that the sulfidation still occurs, but at a 

slightly lower rate as compared to bare Ag prisms. In GSNPs, since the gold nanoframe prevents 

the 69.9% expansion during transformation of Ag to Ag2S, the final nanostructures are not 
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uniform and there are signs of collapse and cracking due to residual stress as depicted in Figures 

S3C-F. 

 

Figure 5. (A-B) Low magnification and single particle TEM image of a typical Ag-Ag2S 

nanoprism (within high concentration Na2Sx) at t = 1 min. Selected area diffraction pattern of the 

entire Ag-Ag2S nanoprism shows a 6-fold hexagonal symmetry belonging to the silver 

component. (C) High resolution TEM image shows the Ag-Ag2S nanoprism (taken from the red 

square box in panel B), which is along the [4-11] zone axis of Ag2S and the [111] zone axis of 

the Ag component. Inset shows the FFT of the Ag2S component.  
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The XPS etching experiment could not be performed on the samples prepared at low Sx
2−

 

concentrations due to the small amount of sulfur in the particles. On the other hand, in the high 

concentration regime, since localized Ag2S crystals are formed at the tips of the prisms, signals 

from the rest of the particles are not distinguishable and cannot confirm the existence of Ag2S 

shell on the particles. Therefore, XPS etching analysis was carried out for particles made at 

intermediate polysulfide concentrations to probe the existence of the ultrathin Ag2S layer as it 

was below the EDX detection limit. 

When these triangular nanocrystals are sputtered with Ar
+
 ions, the sulfur amount 

decreases after each etching step, thus confirming the core-isotropic shell morphology of the Ag-

Ag2S nanoprisms in the intermediate polysulfide concentration regime (Figures 6 and S4). This 

reinforces the notion of the existence of an ultrathin Ag2S layer around a nanoprism. Based on 

experimental evidence and the simulations mentioned above, we conclude that the proper model 

for the Ag-Ag2S hybrid system studied by Zeng et al.,
45

 which is equal to the high polysulfide 

concentration case in our study, is a core (Ag) and anisotropic shell (Ag2S) structure, in which 

the Ag2S is thicker at the tips compared to the rest of the triangular facets. 

Core-Anisotropic Shell Computational Model 

Taking this new core-anisotropic shell model into account, new DDA simulations were 

performed with actual nanoprism dimensions to model the spectral evolution observed during the 

ensemble experiments. A uniform Ag2S shell was assumed in the simulations, with an Ag2S 

thickness that has been varied to optimize agreement with experiment since the exact thickness 

of the Ag2S layer cannot be measured accurately in the experiment.  
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Figure 6. (A) X-ray photoelectron spectroscopy analysis of an Ag-Ag2S nanoprism. Survey scan 

and high resolution scan related to (B) Ag3d and (C) S2p. (D) Plot of atomic percentage of Ag 

versus number of sputtering events shows an increase in the Ag concentration on the nanoprism 

surface with sequential Ar
+ 

sputtering. This data is consistent with the TEM observation in which 

the Ag2S exists in the outermost layers of the Ag nanoprisms.  
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From Figure 2D it is clear that this model shows a red-shifting trend that closely matches 

the experimental results (Figure 2A), thereby corroborating our core-anisotropic shell model. 

The experimental SS values used in the DDA calculations (Figure 2D) show that the degree of 

tip conversion increases during the course of sulfidation. The same increasing trend of Ag2S 

thickness on the (111) surface applies due to diffusion of extra sulfur ions in cracks between the 

Ag2S on the (111) facets on top and bottom surfaces of the nanoprisms.  

For sulfidation of the nanoprism in Figure 4C, we found that SS = 0, 18, 37 and 46%, fits 

the empirical data accurately. These SS values correspond to an Ag2S shell thicknesses of 0, 0.6, 

1.35 and 1.55 nm, which are approximately equivalent to 0, 3, 6 and 7 layers of reacted Ag atom 

layers on the (111) facets of the Ag nanoprism, respectively.  

A phenomenon seen in both the experimental and calculated extinction spectra is the 

appearance of a new shoulder around 700 nm for SS = 46% (Figure- 2B,D, respectively). The 

theoretical calculation
60

 indicates that this "shoulder" is actually a new SPR peak, which has 

been broadened due to interface damping (e.g., change in the dielectric function arising from 

surface scattering of free electrons near metal surface, an effect which has been considered in the 

current simulation). Our analysis suggests that this new LSPR peak, together with a peak around 

850 nm, arises from plasmon hybridization induced by the dielectric substrate (Ag2S corners), 

which is similar to the case of Ag nanocubes sitting on a glass substrate as studied by Schatz and 

Xia and co-workers,
61,62

 and by Nordlander and co-workers.
63

 

The calculated electric field distribution around the nanoprism is shown in Figure 7 for 

both the bare Ag nanoprism (SS = 0%, Figures 7A-F) and the Ag-Ag2S hybrid structures with SS 

= 18% (Figure 7G-I). By examining the top-viewed near-field distribution of the pure Ag prism, 
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the in-plane dipole (Figures 7B-C) and quadrupole (Figure 7E-F) plasmonic mode can easily be 

identified. 

 

 

 

 

 

 

 

 

Figure 7. Near-field distribution calculated at different incident polarizations for (A-F) a pure 

silver nanoprism and (G-I) a Ag-Ag2S hybrid nanoprism with SS = 18%. The near-field maps for 

the other SS values are reported in Figure S5-S9 in the Supporting Information. 
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One of the most promising applications of the current Ag-Ag2S hybrid nanostructure is in 

plasmon-enhanced photocatalysis,
64-66

 in which plasmon resonance excitation amplifies light 

absorption in the semiconductor region. As can be seen in Figure 7H-I, the in-plane dipole mode 

of the hexagonal silver core, which has the strongest extinction for the Ag-Ag2S hybrid 

nanoprism, shows significant field enhancement in the Ag2S tips. This suggests the possibility of 

efficient generation of electron-hole pairs in Ag2S. One thing to note is that the "hot-spots" with 

the highest electric field intensity are located not only at the sharp tips of the on-resonance Ag 

hexagonal core, but also at the off-resonance Ag2S corners. This indicates a strong 

electromagnetic interaction between these two adjacent components. Electric field distributions 

of the Ag-Ag2S nanoprism at SS = 0, 18, 37 and 46% are animated using finite-difference time-

domain (FDTD) as a function of wavelength in movies 1-4 in the Supporting Information.  

By controlling the thickness of the nanoprisms and also adjusting the sulfidized section 

(SS), it is possible to not only fine-tune the interface size between the metal and semiconductor 

component, but also engineer both components’ size and shape to reach maximum spectra 

overlap in this hybrid metal-semiconductor nanoprism. Near-field distributions calculated for 

other SS values are reported in Figure- S5-9.  

Asymmetric Ag-Ag2S Hybrid Nanoprisms 

Silver nanoprisms have 3-fold rotational symmetry (C3), but if one or two of the three tips 

is converted to a secondary phase (e.g., a semiconductor such as Ag2S) the rotational symmetry 

is lowered to C2. By applying this asymmetric design to Ag-Ag2S hybrid structures, Ag-Ag2S 

heterodimers can be created. This is achieved by using Na2S instead of Na2Sx in the synthesis. 
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Figure 8. (A-D) TEM and STEM images of one-tip Ag-Ag2S heterostructure obtained after the 

sulfidation reaction with Na2S. (E) STEM images of two-tip Ag-Ag2S heterostructures. There is 

a relatively small amount of Ag2S on the third tip, which makes the sulfidation asymmetric. (F) 

UV-Vis spectra changes over the course of sulfidation of the ensemble Ag nanoprism by syringe 

pump infusion of 1 mM Na2S at a rate of 5 mL/h. 
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One-tip and two-tip Ag-Ag2S nanoprisms are depicted in Figure 8A-D and Figure 8E, 

respectively. As shown in Figure 8F the LSPR band of the Ag-Ag2S nanoprisms red-shifts and 

the optical density decreases during the sulfidation process, similar to the symmetric conversion. 

However, the red-shift observed in one-tip and two-tip Ag-Ag2S nanoprism conversion is smaller 

than what was observed in the symmetric case (Figure 2A). This asymmetric Ag2S structure 

would likely alter the overall electronic structure, and thus, LSPR features of the Ag prisms, 

which may result in novel properties that symmetric prisms do not possess.
67

  

Conclusion  

We have elucidated the sulfidation process of Ag nanoprisms by combining experimental 

results, structural characterization and DDA calculations, leading to a new model that explains 

the LSPR evolution of the Ag-Ag2S nanostructure during the reaction. This approach can serve 

as a model example to bridge two important families of inorganic nanostructures (i.e., metals and 

semiconductors) to create new hybrid nanostructure with novel properties. 

The progressive red- or blue-shifting of the dipole mode and the intensity evolution of the 

other plasmon modes are correlated with the structural changes during sulfidation, and the 

different behavior as a function of concentrations that can be inferred with the assistance of 

extensive DDA calculations (using dielectric functions for Ag and Ag2S that are known from 

experiment, with no additional parameters needed). We also showed that, by using a Na2S 

precursor, sulfidation can be controlled to make novel asymmetric Ag-Ag2S nanoprisms. Given 

parallel reaction profiles, the results gained from our study can be extended to the preparation of 

other complex hybrid structures, including Ag-Ag2Se and Au-Ag2Te nanoprisms and other 

anisotropic metal-semiconductor nanostructures with rationally designed morphologies.  
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Materials and Methods  

Preparation of Ag Nanoprism 

The silver nanoprism preparation was carried out using a modified protocol based on 

previous reports
50,51,68,69

 which is explained in the Supporting Information.  

 Preparation of edge gold-Coated Silver Nanoprisms (GSNPs) 

The edge gold-coated silver nanoprisms (GSNPs) were synthesized by using our 

published protocol
51,59,70

 with some modifications which is explained in details in the Supporting 

Information. 

Sulfidation Reaction 

The Na2Sx solution was prepared by reacting aqueous Na2S with sulfur powder according 

to a modified protocol reported by Jie et al.
45

 In a typical process, 16 mg of sulfur powder was 

mixed and sonicated with 5.8 mL of 50 mM Na2S aqueous solution for 60 min. The final 

concentration of sulfur should be around 135.4 mM in the final solution. This solution was 

heated in an oven held at 80 C for more than 12 h before use. In a typical process, 1-25 µL of the 

Na2Sx solution was added to 5 mL of the aqueous suspension of silver nanoprisms under 

vigorous stirring at room temperature. The concentration of silver nanoprism is estimated to be 

~180 µM. The reaction was quenched at a specific time point by centrifugation of the solution at 

14,000 rpm for 3 min following by re-dispersing in Nanopure water. 

X-Ray Photoelectron Spectroscopy (XPS) Analysis  

XPS was conducted with a Thermo Scientific ESCA Lab 250Xi XPS with a 

monochromatic KR Al X-ray line using an aluminum anode (1486.6 eV) at 225 W. The probe 

size was 500 μm in diameter, nominally elliptical in cross-section. A charge neutralization flood 

gun (Ar
+
 ions) was used to compensate for local electrostatic fields on the Ag-Ag2S nanodisc 
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particles with homogenous Ag2S shell. Samples for XPS are prepared by drop-casting solutions 

of Ag nanoprisms on a PEI functionalized SiO2 substrate to force them to lay down on the 

substrate and avoid agglomeration upon drying. A dwell time of 100 ms and 5 scans of C, 10 

scans of Ag and S are used in our study. 

Discrete Dipole Approximation (DDA) Simulations 

We employ DDSCAT,
71

 an open-source code based on the Discrete Dipole 

Approximation (DDA).
72-75

 The Gutkowicz-Krusin and Draine lattice dispersion relation (GKD-

LDR)
76

 was adopted to relate the macroscopic dielectric function of the bulk material to the 

microscopic polarizability of the dipoles. The optical constants for Ag are from a compilation by 

Lynch and Hunter,
77

 and that for Ag2S is from Bennett and co-workers.
78

 Ag2S in the lattice 

work was studied using silver tarnish, and it was found that although Ag2S is transparent at 

wavelengths longer than 1.4 μm, in the visible it a somewhat lossy semiconductor, with n + ik ≈ 

3.1 + 0.8i near 500 nm.  

The interband transition of Ag2S is not ignored in this study. As described above, 

empirical optical constants from previous experiments were adopted in our theoretical 

simulation, which capture the interband transition effect of Ag2S to the extinction spectrum. The 

Ag2S’s absorption is located in the visible range, consistent with what is shown in the literature. 

However, in this experiment, Ag2S acts mostly as an optical-inactive high-refractive-index 

medium and its contribution to the extinction spectrum is almost negligible, due to much 

stronger interaction between the metallic (Ag) component and the electromagnetic field. 

The surface scattering effect was included by adjusting the Drude damping term ϒ 

following the "1/R" law, where R is the effective mean free path of electron.
79

 Various models 

for the calculation of R have been proposed;
80,81

 but this work follows the method adopted in an 
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earlier paper
57

 by this group where the prism thickness is excluded from the evaluation as surface 

scattering was found to be coherent for the flat surfaces of the prisms. A water environment was 

assumed, with a refractive index of 1.33. The calculated extinction spectra were averaged over 

the three principal polarization directions before being compared with experimental UV-Vis 

spectra. The near-field of the triangular prism was calculated using a method proposed by Flatau 

and Draine.
75

  

The structural parameters used in nanoprism modeling were derived from TEM 

measurements. The prism thickness H was taken to be 7 nm. The triangular face has an average 

side length L = 51 nm, and the three corners were observed to be rounded off with a radius R = 6 

nm. In the DDA calculations, the nanoprism was represented by a cubic array of point dipoles 

with inter-dipole spacing of 0.4 nm. Convergence tests showed that this value can guarantee a 

reasonable balance between numerical accuracy and computational cost.  

The coordinate system describing the polarization of the incident electric field is defined 

such that each coordinate axis is along one principle axis of the prism, e.g., the x-axis is along the 

threefold symmetry axis of prism, the y-axis along one bisector of the triangular face. 
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Supporting Information. DDA simulation results and spectroscopic data for a wider range of 

particles and additional electron microscopy images. This material is available free of charge via 

the Internet at http://pubs.acs.org 
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Evolution of the structure and extinction spectra of Ag nanoprisms during the sulfidation process 

is investigated theoretically and experimentally. Surprisingly, it was found that Ag2S can form 

both on the tips and on the triangular (111) surfaces of the prisms, leading to a core-anisotropic 

shell Ag-A2S nanoprism structure in which the plasmon can blue- or red-shift. Interestingly, the 

"hot-spots" with highest electric field intensity are located not only at the tips of the on-

resonance Ag hexagonal core but also at the off-resonance Ag2S tips, indicating strong 

electromagnetic interaction between the Ag and Ag2S components. 

 

 

 

 

 

 

 

 

 

 

 

 

 


