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ABSTRACT Hybrid metal-semiconductor nanostructures are promising photocatalysts for a 

widespan of reactions. Determining the relationship of their geometry with catalytic efficiency is 

critical for optimization of the catalysts. In this work, Ag-CdS nanorods with five different lengths 

(from 25.0 nm to 106.5 nm) have been synthesized using a seed-mediated growth method. High-

resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy 

(EDS) studies confirmed that the formation of a metal tip and semiconductor body part and they 
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absorbs strongly and broadly in the UV and visible wavelength range. The nanorods have been 

employed as photocatalysts for methyl orange degradation and their catalytic efficiency exhibited 

length-dependence. Specifically, highest efficiency was observed in the rods of intermediate length 

(72.1 nm). Time-dependent photoluminescence decay revealed that the Ag-CdS rods with high 

catalytic efficiency have higher probability to go through charge-separation and recombination 

pathway than the rods with low catalytic efficiency. Understanding the physical processed in these 

hybrid structures provides insight into fine tuning their geometry to improve the charge transfer 

efficiency from metal to semiconductor domain. Thus, better hybrid nanomaterials can be designed 

and fabricated for photocatalytic and other applications. 

 

INTRODUCTION 

Semiconductor metal oxides and chalcogenides have been studied and applied as photocatalysts 

for more than five decades1,2.  During a photocatalytic reaction, an electron in the valence band of 

semiconductor is excited by light and moves into its conduction band, leaving a hole in the valence 

band. The excited electrons and holes subsequently diffuse to the surface of the semiconductor 

catalyst and are then consumed in  reduction or oxidation reactions.3 In order for the photocatalytic 

reaction to proceed,  the semiconductor has to efficiently absorb light and the energy level of its 

conduction band and valence band have to be appropriate considering the redox potential of the 

reactants and the type of reaction2. The most commonly used semiconductor photocatalyst is TiO2 

due to its good stability at different pHs, nontoxicity, and commercial availability4. However, it 

can only absorb ultraviolet light and a small portion of visible light (4-8% of the solar spectrum) 

due to its large band gap5. To increase light utilization efficiency,  a narrow bandgap 
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semiconductor is desired, which allows efficient absorption of visible light6,7. Moreover, charge 

transfer from the semiconductor to reactants has to compete with fast radiative and non-radiative 

recombination processes within the semiconductor8. These competing processes significantly 

lower the catalytic efficiency of semiconductors.  

An effective way to suppress rapid charge recombination in the semiconductors is to combine a 

semiconductor with a metal cocatalyst. In hybrid metal-semiconductor nanostructures, a Schottky 

barrier forms at the metal-semiconductor interface if the metal’s Fermi level is properly aligned 

with the semiconductor’s valence band and conduction band. Photoinduced charge separated state 

could form after excitation where the excited electron in the semiconductor domain migrates to 

the metal, leaving the hole in the semiconductor.  Because the Schottky barrier facilitates trapping 

of the photoexcited charge carriers9, this spatial separation of electrons and holes lengthens the 

lifetime of charge-separated states and therefore facilitate light-assisted oxidation/reduction 

reactions10,11.  This unique feature makes hybrid metal and semiconductor nanostructures attractive 

materials for photocatalysis. So far,  a number of hybrid metal-semiconductor nanostructures with 

various metal and semiconductor components have been designed and constructed10–14. In 

addition, the morphologies of them were fine-tuned to regulate their optical and electrical 

interactions, and their catalytic efficiency 12,15–18. For example, Amirav et al. demonstrated that in 

a CdSe/CdS-Pt nanorods system, longer rods produced higher hydrogen generation quantum yields 

than shorter ones due to superior spatial charge separation and reduced back recombination19.  It 

is critical to determine the impact of morphology of the nanomaterials on light-induced physical 

processes in hybrid nanostructures for efficient photocatalysts, solar cells, photoelectric devices, 

and biological labeling design20. 
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In an effort to understand how the length of metal-semiconductor nanorods affects their catalytic 

and optical properties, we synthesized Ag-CdS nanorods with five different lengths using a seed-

mediate growth method. High-resolution transmission electron microscopy (HRTEM) and energy 

dispersive X-ray spectroscopy (EDS) studies confirm that the nanorods are composed of a metal 

tip and an elongated semiconductor domain. The nanorods were employed as photocatalysts for 

methyl orange degradation. The catalytic performance of the nanorods depends on the rod length, 

but not in a monotonic manner. Steady state and time-dependent photoluminescence (PL) of the 

nanorods were collected and compared to that of rod-like CdS nanoparticles. A slow decay 

component was observed in the PL decays of the Ag-CdS nanorods but not in the rod-like CdS 

nanoparticles, due to the formation of a charge-separated state. We discovered that the proportion 

of photons emitted from the charge-separated state correlates to the catalytic efficiency of the Ag-

CdS nanorods.  

 

EXPERIMENTAL SECTION 

Chemicals and Materials 

Cadmium oxide (>99.99%), oleic acid (technical grade, 90%), 1-octadecene (ODE, technical 

grade, 90%), silver nitrate, sulfur powder, methyl orange, hexane and oleylamine (70%) were 

obtained from Sigma-Aldrich. Trioctylphosphine oxide (TOPO, ∼99%) was purchased from 

Fisher Scientific. Ethanol (200 proof) was purchased from J.T.Baker. All chemicals were used as 

obtained without any purification. 

Preparation of Ag Seeds and Post-Synthesis Size Selection  
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Ag seeds were prepared following published protocols with some minor changes21,22. Typically, 

10.0 mL of oleylamine and 400 mg of silver nitrate (2.35 mmol) were mixed and degassed for 15 

minutes at room temperature in a three-neck flask. The temperature of the mixture was then 

increased to 200 °C and maintained for 25 minutes. During this process, silver nitrate was reduced 

in the presence of oleylamine to form Ag nanoparticles. The reaction mixture was then cooled to 

80 °C. 5.0 mL of hexane and 30.0 mL of ethanol was added to the reaction mixture, followed by 

centrifugation for 5 minutes at 5000 rpm. The precipitate was collected and added into 15.0 mL of 

hexane. After sonication, the solution was centrifuged for 8 min at 7000 rpm. Following that, the 

precipitate was collected and 5.0 mL of hexane was added to it. The solution was then centrifuged 

at 5000 rpm for 5 minutes after sonication. Lastly, the precipitate was dispersed in hexane and the 

solution was filtered with a 0.22 µm Millipore syringe filter. The samples were kept in hexane 

until further usage (1.0 mg/mL). 

Synthesis of Hybrid Ag-CdS Nanorods 

Cadmium oleate was used as the cadmium precursor for the formation of CdS nanorods. The 

synthesis of 0.2 M Cadmium oleate solution referred to a previous literature23. Typically, cadmium 

oxide (0.2568 g, 0.002 mol), oleic acid (3.8 mL), TOPO (0.3 g), and ODE (6.2 mL) were mixed 

in a flask. The mixture was heated and degassed under vacuum until it reached 100 ℃. The mixture 

was then heated to 180 °C for 10 minutes under nitrogen flow to get a clear solution. Sulfur 

precursor solution of 0.2 M was made by dissolving 32 mg of sulfur powder (1 mmol) in 5 mL of 

oleylamine and sonication for 5 minutes. The sulfur precursor has to be prepared freshly prior to 

nanorod synthesis. The ratio of Cd and S precursors was kept to 1:1 for all the synthesis.   
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Ag-CdS nanorods with different lengths were obtained by the following protocol with varying 

ratios of Ag seeds to Cd and S precursors (see Figure 1). In a typical Ag-CdS nanorod synthesis, 

1.0 mL of Ag seeds solution (concentration of 1.0 mg/mL) were placed into a three-neck flask and 

dried using nitrogen flow. We then dissolved the Ag seeds into 5.0 mL of oleylamine. The mixture 

was loaded into a three-neck flask and degassed for 10 minutes at room temperature. The 

temperature was elevated to 160 ℃, and 0.5 mL sulfur and 0.5 mL cadmium precursors were 

injected at the same time. The reaction mixture was kept at 160 ℃ for 5 min under magnetic 

stirring and nitrogen protection. The solution was cooled to 80 °C and ethanol was added, followed 

by centrifugation at 6000 rpm for 2 minutes twice. The resulting precipitate was weighed and 

dispersed in hexane at 1.0 mg/mL concentration for further analysis. The protocol described here 

yielded Ag-CdS nanorods with an average length of 93.9 nm of the CdS domain as revealed by 

transmission electron microscopy (TEM). The length of the Ag-CdS can be controlled by varying 

the Ag:Cd(S) ratio, which will be discussed in detail later.   

Photocatalytic Methyl Orange Degradation  

The photocatalytic activity of the Ag-CdS nanorods for methyl orange degradation was evaluated 

as the following. Briefly, 1.5 mL (1.5 mg) of Ag-CdS nanorod sample in hexane was taken and 

mixed with 4.5 mL of ethanol, followed by centrifuging at 6000 rpm for 2 min. 1 mL of ethanol 

 

Figure 1. Illustration of the seed-mediated Ag-CdS nanorod synthesis. 
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was then added to the precipitate. The mixture was sonicated and transferred into a UV-plastic 

cuvette containing 2 mL of ethanol. The Ag-CdS nanorod ethanol solution was stirred under the 

radiation of a blue LED lamp (450-460 nm) for 30 minutes.  After irritation, 150 µL of 1.0 mM 

methyl orange ethanol solution was added into the cuvette and capped. The reaction mixture was 

radiated by the same blue LED lamp for desired durations. 100 µL of the mixture was taken for 

analysis each time at varied reaction times and added to 1.0 mL of ethanol. The nanorods were 

then removed by centrifugation at 6000 rpm for 5 minutes. The precipitate was discarded and the 

supernatant was analyzed by UV-vis spectroscopy.  

Characterization Instruments 

The absorption spectra of the nanorods and the reactants were measured using an ultraviolet-visible 

(UV-Vis) spectrometer (Cary 60, Agilent technologies). Photoluminescence spectra of the 

nanorods were measured with a Horiba Fluoromax Plus Fluorometer. Transmission electron 

microscopy (TEM) images, and high angle annular dark field microscopy-scanning transmission 

electron microscopy (HAADF-STEM) images were obtained using FEI-Talos microscope 

operated at an accelerating voltage of 200 kV. The energy dispersive X-ray spectroscopy (EDS) 

detector mounted to the FEI Talos microscope was used for elemental analysis. Fluorescence 

lifetime measurements were performed using a TCSPC system of a FLS1000 (Edinburgh 

Instruments) equipped with a TCSPC/MCS/counter module (TCC2), a Hamamatsu H10720-01P, 

and a pulsed 405 nm diode laser (EPL-405) as the excitation source with a pulse duration of 55 ps. 

Fitting of datasets was carried out using FAST (Edinburgh Instruments). 

 

RESULTS AND DISCUSSION 
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As illustrated in Figure 1, the hybrid Ag-CdS nanorods were synthesized via a two-step 

seed-mediated growth, where the diameter of the nanorods is dictated by the diameter of the Ag 

seeds. In order to obtain Ag seeds with good size uniformity, a post-synthesis size selection process 

 

Figure 2. TEM images, HAADF-STEM image and UV-vis spectra of Ag seeds and Ag-CdS 

nanorods. A) Ag seeds with a diameter of 13.2 ± 1.9 nm. B-F) Ag-CdS nanorods with a rod length 

of B) 25.0 ± 5.7 nm, C) 59.8 ± 15.4 nm, D) 72.1 ± 30.9 nm, E) 93.9 ± 10.4 nm, F) 106.5 ± 17.8 

nm. Figure 2G shows a typical HAADF-STEM elemental mapping image of the Ag-CdS 

nanorods with a rod length of 93.9 ± 10.4 nm. Figure 2H shows an elemental mapping image on 

a single nanorod. Ag is marked in red, while Cd in green and S in blue. All of the scale bars in 

Figure 2A to 2G are 100 nm. Scale bar in Figure 2H is 10 nm. I) UV-vis absorption spectrum of 

Ag seeds and hybrid Ag-CdS nanorods with five different lengths in hexane.  

 



 9 

was adopted after the Ag seeds were formed. Comparing the TEM images of Ag seeds before 

(Figure S1) and after size selection (Figure 2A), the relative standard distribution of the sizes of 

Ag seeds improved from 29.4% to 14.3%. The average diameter of the selected Ag seeds was 13.2 

± 1.9 nm and these seeds were used for the following Ag-CdS rod synthesis.  All of the Ag seeds 

used in the next step were from the same batch after size selection. 

In the second step, CdS nanorods were grown on the Ag seeds following the protocol 

detailed in the Experimental Section. The types of precursors, reaction time, and temperature were 

optimized to obtain hybrid Ag-CdS nanorods (see more details in SI). In order to control the length 

of the CdS domain, the ratio of the Ag:Cd(S) precursors were varied while keeping other reaction 

conditions the same. As shown in Table 1, the Ag:Cd(S) ratios were varied by tuning the amounts 

of the Ag seeds and Cd/S precursors. The moles of Cd and S were the same in all reactions. The 

final product was characterized by TEM and the rod lengths were carefully measured using ImageJ 

software. Note that the rod length discussed here is the length of the CdS domain only, which does 

not include the metal tip. The TEM and HAADF-STEM images of five samples were illustrated 

in Figure 2. The lengths of the CdS domain were measured to be B) 25.0 ± 5.7 nm, C) 59.8 ± 15.4 

nm, D) 72.1 ± 30.9 nm, E) 93.9 ± 10.4 nm, F) 106.5 ± 17.8 nm, respectively. Figure 2G and 2H 

showed typical HAADF-STEM elemental mapping image of the Ag-CdS nanorods with a rod 

length of 93.9 ± 10.4 nm at a larger scale (2G) and of a single rod (2I). Ag signal is strictly confined 

in the metal tip part, while the rod part consists of Cd and S. Note that in Table 1, the average rod 

length was determined based on samples synthesized in several batches under the same conditions.  

The variation in the CdS rod length of the final product within each synthesis and among different 

trials may arise from the variations in the crystal facets and surfaces of Ag seeds, the uncertainty 

in the mass of the Ag seeds from the balance, and the unavoidable variations in the reaction 
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temperature from the instruments.    Nevertheless, the method reported here allowed for the 

synthesis of Ag-CdS nanorods with various length; and the greater the Ag:Cd(S) ratio is, the 

shorter the rods are. 

Table 1 Rod-length control by tuning the Ag:Cd(S) ratio during the synthesis 

Ag seeds (mg) Cd/S precursor 
(mmol) 

Ag:Cd(S) ratio 
(mg/mmol) 

Average CdS 
nanorod length (nm) 

2.0 0.040 50 25.0 

2.0 0.048 42 59.8 

2.0 0.064 31 72.1 

1.0 0.060 17 93.9 

1.0 0.10 10 106.5 

 

 The normalized UV-Vis absorption spectra of the Ag seeds and hybrid Ag-CdS nanorods 

with five different lengths are shown in Figure 2I. The Ag seeds have a narrow and strong 

absorption peak around 410 nm. After the CdS were grown on the Ag seeds, the absorption band 

become broad due to the absorption of CdS. While absorption of the Ag seeds at ~ 410 nm is 

visible in the 25.0 nm rod sample; as rod length gets longer, the absorption of Ag becomes less 

distinguishable. The absorption of 93.9 nm and 106.5 nm sample is completely dominated by the 

absorption of CdS. Nevertheless, all of the samples have strong absorption in the 400-500 nm 

wavelength range; therefore, a 450-460 nm LED was used to excite the nanorods in the following 

photocatalysis experiments. 

 To evaluate the catalytic activities of the hybrid Ag-CdS nanorods, the nanorods were 

mixed with methyl orange in ethanol, and irradiated under the blue LED. UV-vis spectra of the 
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sample were taken at varying irradiation times. The concentration of methyl orange is proportional 

to the area of absorption band at ~ 450 nm.  Surprisingly, the absorbance of methyl orange did not 

change for the first 10 minutes of irradiation (Figure S2A). In order to examine the effect of light 

on the nanorods, the Ag-CdS nanorod ethanol solution without methyl orange was irradiated under 

the blue LED for up to 60 minutes. A color change in the solution was noticed after irradiation 

(Figure S3A) for all the rod samples tested. The absorbance of the Ag-CdS nanorods ethanol 

solution before and after 10 minutes irradiation exhibit some change, as evident from the UV-vis 

 

Figure 3. UV-vis spectra of Ag-CdS nanorods during the irradiation process A) rod length of 

93.9 nm and B) rod length of 59.8 nm. C) Elemental analysis of Ag-CdS nanorods with 93.9 

nm rod length using EDS. 
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spectra of two rod samples of different lengths in Figure 3A and 3B. The Ag-CdS nanorods of 93.9 

nm length before and after irradiation for varying time were analyzed using HAADF-STEM. The 

elemental distribution of the rod sample at varying irradiation times was determined from EDS 

mapping analysis (Figure 3C). While the ratio between O, Ag, Cd and S were almost the same 

throughout all the samples, we observed a significant carbon percentage drop after 10 minutes of 

irradiation. Since carbon in the sample is mainly from the ligands (oleylamine), the decrease in 

carbon percentage in conjunction with the aggregation of the nanorods suggests that the ligands 

have dissociated from the rod surface. Similar light-induced ligand dissociation from Cd based 

nanoparticles were observed in our earlier work24.  The ligand dissociation exposed the surface of 

the nanorods and made them more accessible for methyl orange. Therefore, the ~ 10 minutes 

“activation” phase for methyl orange is ascribed to ligand dissociation under irradiation. When the 

irradiation time was further increased, the degradation rate continued to increase for some samples 

and became stable at ~ 30 mins and beyond (see details in the SI). Thus, all the catalysts were pre-

irradiated for 30 mins before methyl orange addition to ensure that the degradation rates of 

nanorods with different lengths were not affected by the activation period.   
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 The photocatalytic performance for methyl orange degradation was tested for Ag-CdS 

nanorod samples of five different lengths, and each sample was tested for at least three times. All 

the nanorod samples were irradiated under blue LED for 30 mins before methyl orange addition. 

The mass of the catalysts and the reaction conditions were kept the same in all the experiments. 

After methyl orange addition, the mixture was irradiated under blue LED for varied time. 100 µL 

of solution was taken from the reaction mixture during the reaction and centrifuged to remove the 

 

Figure 4. A) Typical UV-vis absorption spectra of methyl orange at varying reaction time; B) 

pseudo first-order rate constant determination; and C) rate constant of methyl orange 

degradation using Ag-CdS nanorods with five different lengths as photocatalyst. 
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nanorods. The UV-vis spectra of the supernatant were taken and plotted. Figure 4A shows an 

example of the UV-Vis absorption spectra of methyl orange at varying reaction times. The 

absorbance of methyl orange clearly decreased over time, confirming its degradation. Degradation 

does not occur without light when methyl orange was mixed with the nanorods, or when it was 

irradiated without nanorods. Since the area of the absorbance peaks is proportional to methyl 

orange concentration, the area ratio of the peaks to that at 0-min was used to represent the changes 

in methyl orange concentration. As revealed in previous studies, methyl orange degradation is a 

pseudo first order process25,26 (Figure 4B).  Same procedure was repeated three times and an 

average rate and standard deviation was calculated ( 𝑙𝑙𝑙𝑙𝑙𝑙 𝐶𝐶0
𝐶𝐶

= 𝑘𝑘𝑘𝑘 ) and plotted in Figure 4C. 

Comparing the five samples, the rate constant was rod-length dependent, but not in a monotonic 

way. The lowest rate constant was observed in the sample of 25.0 nm. The rate then increased 

when the rod length became longer and decreased again.  The highest rate was observed in the 

72.1 nm nanorod sample, which is 0.95 min-1 on average. This value is 29 times higher than that 

of the 25.0 nm sample which showed an average rate constant of 0.032 min-1 (Figure 4C). These 

results show the photocatalytic activity of Ag-CdS nanorods is length-dependent, and the nanorods 

of intermediate lengths show the highest activities. Also, we have tested the photocatalytic 

performance of the nanorods by collecting the catalysts after reaction and reusing them for four 

cycles. We did not observe any significant activity drop within the four cycles, confirming that the 

nanorods are stable and reusable.    

 In order to understand the physical processes in the nanorods after photoexcitation, we 

acquired steady state photoluminescence (PL) and time-dependent PL decay of the nanorods in 

hexane (Figure 5). Rod-like CdS nanoparticles (diameter of 7.0 ± 1.2 nm and length of 16.0 ± 1.7 

nm) were also synthesized (see synthetic details in SI) and examined for comparison. Figure 5A 
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shows the PL spectra of rod-like CdS, and Ag-CdS nanorods with varying lengths excited at 400 

nm. The PL spectrum of the rod-like CdS nanoparticles has a peak at 492 nm due to the band-edge 

emission and a very weak and wide bump at 665 nm due to trap-state emission. The assignment 

of the peaks is based on the similar spectral features reported in CdS quantum dots27,28. For the 

Ag-CdS nanorods, the band-edge emission become indistinguishable. Instead, they exhibit a broad 

emission feature in the range of 470-750 nm, peaked at 536-583 nm.  We attribute this feature to 

three recombination processes illustrated in Figure 5C: exciton recombination, trap-state emission, 

and charge-separated state recombination. This emission feature is broader and more intense 

compared to the trap state emission of the rod-like CdS nanoparticles. One possible reason is that 

more traps formed during the longer nanorod growth. Moreover, since the length of the CdS 

domain in Ag-CdS nanorods is much longer than that of the rod-like CdS nanoparticles, excitons 

are less confined in the longitudinal direction of the rods, which would lower the bandgap 

according to quantum confinement in semiconductor nanocrystals29.  Thus, a red-shift in emission 

is expected. Lastly, the charge-separated state refers to the state where excited electron migrates 

from CdS to Ag, leaving the hole in CdS. Since the Fermi level of Ag is lower than the energy 

level of the conduction band of CdS21, the recombination of the charge separated state will also 

lead to red-shifted emission.  

 To further evaluate the broad emission feature of Ag-CdS nanorods, time-dependent PL 

decay of these samples were collected at the peak wavelength for each sample and shown in Figure 

5B. The PL decays were fitted with a commercial software FAST (Edinburgh Instruments) which 

calculates the PL lifetime distribution. The PL decay of rod-like CdS nanoparticles was well-fitted 

with a single exponential fitting with a lifetime of 0.82 ns. The PL decays of all the Ag-CdS 

nanorods have multiple components. For the samples with rod length of 25.0, 93.9 and 106.5 nm, 
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the decays are heavily weighted towards a fast decay component with a lifetime < 3 ns. But the 

samples with rod length of 59.8 and 72.1 nm have a significant slow component in their PL decays 

with a lifetime longer than 400 ns (see Tables S1-S5 for details of the fitting parameters). Although 

the fitting of the PL decays indicates that the physical processes in the Ag-CdS rods are complex, 

we attribute the major fast decay components (shaded in gray in Tables S1-S5) to the trap-state 

emission, since its lifetime is consistent with that of the rod-like CdS nanoparticles. Furthermore, 

the major slow decay components in the decays of 59.8 nm and 72.1 nm Ag-CdS nanorods (shaded 

in blue in Tables S1-S5) are attributed to the recombination of the charge-separated states, since 

the charge-separated states have been reported to be long-lived in metal-semiconductor 

 

 

Figure 5. A) Steady state photoluminescence (PL) spectra and B) time-dependent PL decay 

of the Ag-CdS nanorods with different lengths in hexane. C) Schematic illustration of the 

possible exciton recombination processes. 
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nanostructures30. Note that the slow decays were found in the PL decays of 25.0 nm and 93.9 nm 

Ag-CdS nanorods as well, but their contribution towards the total photon emission is much smaller. 

The PL decay fitting results suggest that when excited, the Ag-CdS-59.8 nm and Ag-CdS-72.1 nm 

nanorods have higher probability to go through a charge-transfer process where the electron moves 

from CdS to Ag than Ag-CdS nanorods of other lengths. Thus, higher charge-separated state 

emission was observed in these two samples.  

 Charge-separated states in metal-semiconductor nanostructures are critical for their 

photocatalytic performance. Charge transfer from semiconductor to metal competes with the 

recombination within the semiconductor domain. Due to the long-lived nature of the charge-

separated state, it is more likely for the charges to be extracted from the metal-semiconductor 

catalysts for photocatalytic reactions than the semiconductor alone. Previous studies showed that 

photocatalytic methyl orange degradation involved formation of superoxide anion radicals and 

hydroxyl radicals which would both degrade the dyes in subsequent reactions31,32. The protons and 

dissolved oxygen could accept electrons from the charge-separated state of the photocatalyst, 

leading to the formation of these radicals, which has been reported in previous work on hybrid 

nanorods33. Meanwhile, the holes can be consumed by ethanol. Thus, extraction of charges from 

the photocatalysts is crucial and consequently influences the catalytic activity. For the Ag-CdS 

nanorods with varying rod-length, the length impacts the exciton lifetime, trap states, and likely 

the possibility of charge-transfer as well. Although the charge-transfer process in metal-

semiconductor nanostructures typically happen at ultrafast time scale (picoseconds)30, it competes 

with charge-trapping and exciton recombination processes. The longer rod length leads to long 

exciton lifetime, slowing down exciton recombination. Meanwhile, longer rod length could also 

introduce more traps during growth, making trapping more likely to occur. The overall charge-
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transfer efficiency depends on the relative rates of charge-transfer, exciton recombination, and 

trapping, which does not lead to a monotonic increase in the charge-separated state emission of 

the Ag-CdS nanorods when increasing the rod length. Instead, the charge-separated state emission 

increases when the rod length increases from 25.0 nm to 59.8 nm then to 72.1 nm, and then 

decreases when rod length further increases to 93.9 and 106.5 nm. The trend agrees well with the 

photocatalytic efficiency of the nanorods (shown in Figure 4C).  These results demonstrated that 

the charge-separated state is critical for the efficiency of photocatalytic reactions. Thus, when 

designing photocatalyst, it is desired to devise the geometry to optimize the formation of charge-

separated states. 

 

CONCLUIONS 

Metal-semiconductor Ag-CdS hybrid nanorods of five different lengths were synthesized using a 

seed-mediated growth method. The Ag:Cd(S) ratio regulated the final CdS nanorod length in the 

hybrid nanostructures. The Ag-CdS nanorods were applied as photocatalysts for methyl orange 

degradation. The catalytic activity of the nanorods were dependent on the rod length. The sample 

of 72.1 nm nanorods exhibited an average rate constant of 0.95 min-1, which is 29 times higher 

than that of the 25.0 nm sample. Time-dependent PL decays revealed that charge-separated state 

emission was promoted in the 59.8 and 72.1 nm Ag-CdS nanorods, in which high efficiency was 

also observed. This phenomenon suggests that promoting charge-separated formation is critical 

for improving the efficiency of photocatalysts. Understanding the physical processes in these 

hybrid structures provides guidance on fine-tuning their morphology for photocatalytic 

applications. 
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Publications website at DOI: 

TEM images of nanostructures, optical images of Ag-CdS nanorods solution, catalytic 

performance evaluation, additional experimental details, other factors that impacted Ag-CdS 
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