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Abstract 

The angle-resolved photoelectron spectroscopy of isolated silver sulfide nanoparticles was carried out 

by using velocity map imaging technique at the DESIRS beamline of SOLEIL synchrotron facility. The 

reported spectroscopy results were obtained after interaction of the synchrotron radiation with a 

polydisperse aerosol produced from aqueous dispersion of silver sulfide particles, approximately 16 nm 

in diameter. The photoelectron and UV-Vis-NIR absorption spectra were used to estimate the maximum 

energy of the valance- and the minimum energy of the conduction-band of the nanoparticles. With 

respect to the vacuum level, the obtained values were found to be 5.5±0.1 eV and 4.5±0.1 eV for the 

valence band maximum and conduction band minimum, respectively. The dependence of the 

asymmetry parameter on the electron energy along the silver sulfide valence band showed an onset of 

inelastic scattering at ~1 eV electron kinetic energy.  

Keywords: silver-sulfide nanoparticles; valence band structure; photoelectron spectroscopy; vacuum 

ultraviolet radiation  

 

Introduction 

Photoelectron spectroscopy of nanosystems isolated in the gas-phase is an essential method for the 

assessment of electronic structure of nanoparticles without the influence of a substrate [1, 2]. The 

method is based on the interaction of free-flying nanoparticles, focused into an aerosol beam few 

hundred micrometers in diameter under high vacuum conditions, with vacuum ultraviolet (VUV) [3, 4] or 

soft x-ray [5, 6] electromagnetic radiation. The interaction results in series of processes which can be 

well analyzed by using velocity map imaging (VMI), a technique which allows for simultaneous 

measurement of kinetic energy and angular (4 srad) distributions of low-kinetic energy photoelectrons 

[7, 8]. This technique also enables a facile differentiation between the electrons originating from the 

nanoparticles and gas-phase molecules, due to asymmetry of the signals with respect to the direction of 

the propagation of the incident radiation, because of so-called shadowing effect [9]. The removal of the 

contributions of the gas-phase molecules to the electron images was reported for the experiments 

conducted in photoelectron-photoion coincidence (PEPICO) detection scheme [4, 5]. So far, several 

nanosystems were investigated by VUV velocity map imaging photoemission spectroscopy (VUV VMI-
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PES). These include NaCl particles [9], gold nanoparticles [4], methylammonium lead bromide perovskite 

nanocrystals [5], charge transfer complexes based on colloidal TiO2 nanoparticles [10], and chiral 

nanosystems produced from serine aqueous solutions [11]. In this study, we report on the electron 

energy and angular distributions of the photoelectrons emitted from isolated silver sulfide nanoparticles 

(Ag2S NP). 

Silver sulfide is a narrow band gap semiconductor (~1 eV) that shows great promise for application in 

photovoltaic cells and in radiation detectors that operate in the near infrared domain [12]. On the other 

hand, due to their size-dependent absorption and fluorescence in the second near-infrared optical 

window (NIR-II), silver sulfide nanoparticles became important nanostructured probes for fluorescence 

and photoacoustic imaging of cells and tissues [13, 14]. Nanostructured Ag2S layers were also used as 

NIR absorbers to increase the efficiency of solar cells [15] or as sensitizers to TiO2 for photocatalytic 

hydrogen generation [16, 17]. In these applications, the efficiency of electronic processes of Ag2S NPs 

does not depend on the energy of the band gap only but also on their valence band structure, i.e. the 

alignment of HOMO/LUMO levels of Ag2S with the valence levels of other components in the 

investigated systems. Photoelectron spectroscopy is the typical method for determination of the energy 

levels in multicomponent solid systems. However, conventional photoelectron spectroscopy techniques 

measure the energies of the valence bands relative to the Fermi level. Information on the ionization 

energies of Ag2S referenced to the vacuum level is still very limited [18], whereas, to the best of our 

knowledge, there is no information in the literature on the isolated Ag2S NP. Therefore, in the present 

study, we report on the valence band structure of Ag2S NP by synchrotron radiation VUV VMI-PES.  

Experimental methods 

Materials 

Silver nitrate (AgNO3), trisodium citrate (Na-cit), sodium borohydride (NaBH4), and thioacetamide (TAA) 

were obtained from Sigma Aldrich and used as received. High purity water (18.2 M cm-1) was used in 

all synthetic procedures). 

Synthesis of Ag2S nanoparticles 

Batch aqueous solutions of AgNO3 (50 mM), Na-cit (38.8 mM) and TAA (0.1 M) were prepared 

Immediately before the synthesis.  To prepare Ag2S NP, 122 l of AgNO3 batch solution was mixed with 5 

ml of water followed by addition of 45 ml of solution containing 0.9 mg NaBH4 and 2.32 ml of Na-cit 

batch solution under vigorous stirring. The solution immediately turned yellow indicating the formation 

of silver nanoparticles. The solution was brought to boil under constant stirring and, subsequently, 30.5 

l of TAA batch solution was added and stirred for additional 10 minutes.   

Characterization of Ag2S nanoparticles 

Transmission electron microscopy (TEM) was carried out on a JEOL JEM-1400 instrument operating at 

120 kV. The size distribution of Ag2S nanoparticles was measured by dynamic light scattering (DLS) using 

a Nanotrac ULTRA (Microtrac) instrument. The UV-Vis-NIR absorption spectrum of Ag2S hydrocolloid was 

measured by a Shimadzu UV-2600 (Shimadzu Corporation, Japan) spectrophotometer in a 250-1300 nm 

range. 

VUV VMI-PES of isolated Ag2S nanoparticles 

The VUV VMI-PES experiments were performed on the SAPHIRS endstation [19] located on one of the 

monochromatized branches of the variable polarization undulator-based VUV beamline DESIRS [20] at 

Synchrotron SOLEIL. Details of the experimental procedures for conducting VUV VMI-PES measurements 



are given in Ref. [4].  Briefly, Ag2S aerosols were produced by atomization of the Ag2S hydrocolloid using 

a TSI 3076 constant output atomizer operating with 2.5 bars of argon as carrier gas. The aerosols were 

dried by a 2 m long diffusion drier filled with silica gel and introduced via a 200 µm limiting orifice into 

the aerodynamic lens. The aerodynamic lens focused the particle beam, via differential pumping stages, 

into the ionization chamber at ~10-8 mbar base pressure. The particle beam was crossed by a beam of 

circularly polarized synchrotron radiation (hv=8 eV and 11 eV, flux ~1012 photons/sec). Photoelectron 

images were detected by the velocity map imaging spectrometer [21]. The kinetic energy distribution, 

i.e. the photoelectron emission spectrum (PES), and the asymmetry and anisotropy of the angular 

distribution as a function of kinetic energy are obtained from the inverted photoelectron images using a 

modified version of the pBasex algorithm [4]. 

Results and Discussion 

Figure 1 shows the results of the characterization of as prepared Ag2S NP . The size and morphology of 

the nanoparticles were investigated by TEM (Figure 1a). The particles were ellipsoidal in shape and 

approximately 20 nm in size. The DLS measurements (Figure 1b) showed log-normal distribution of 

particle sizes with an average value of the hydrodynamic diameter of 16 nm. The UV-Vis-NIR spectrum 

of the Ag2S hydrocolloid showed typical monotonically decreasing behavior in the visible region [22, 23], 

and the onset of the absorption at 1240 nm (Eg=1 eV), which originates from valence to conduction band 

transitions. In addition, weak absorption bands at ~970 nm and ~1100 nm can be observed, which 

probably originate from the light absorption of much smaller Ag2S NPs. Unfortunately, we were not able 

to unambiguously prove the presence of smaller particles by TEM due to the low acceleration voltage of 

the instrument.  

 

Figure 1. Characterization of Ag2S NP: (a) TEM image, (b) particle size distribution measured by DLS, and 

(c) UV-vis absorption spectra of Ag2S hydrocolloid. 

The results of the VUV VMI-PES of Ag2S nanoparticles recorded at hv=11 eV photon energy are 

presented in Figure 2. The Ag2S particle beam consisted of Da~100 nm in size aerosol particles comprised 

of individual Ag2S primary nanoparticles, which was confirmed by complementary scanning mobility 

particle size and scanning electron microscopy measurements (not shown). As it was demonstrated in 

our previous study [4], due to the small size of the electron scattering length (=2-3 nm) in comparison 

to the photon attenuation depth (~20 nm) in the VUV domain, the size of the aerosol particles does 

not significantly affect the photoelectron energy distribution. However, since in this nanosystem <Da, 

more photoelectrons should be emitted from the particles on the directly irradiated side, leading to a 

forward/backward asymmetry in the photoelectron angular distribution [9]. Typical background-

corrected electron image (Figure 2a) shows a clear asymmetry in the direction of the photon beam 

propagation, thus confirming that the synchrotron radiation was probing the aerosol particles [9, 4, 10].  



  

Figure 2. (a) Background-corrected electron image. The arrow indicates the direction of the propagation 

of the synchrotron radiation. (b) Photoemission spectrum (green line) and asymmetry parameter  

dependence on the binding energy for Ag2S NP recorded at hv=11 eV. Inset: Photoemission spectrum of 

Ag2S NP recorded at hv=8 eV. The binding energies in (b) are referenced to the vacuum level. 

The photoemission spectrum and the dependence of the asymmetry parameter  on the electron 

binding energy are presented in Figure 2b. The PES of Ag2S NP shows a broad band that originates from 

hybridized Ag 4d and S 2p states [24]. The ionization energy of the Ag2S NP was investigated by using 8 

eV photon energy (inset to Figure 2), which enables a high precision measurement. The onset of the 

ionization, corresponding to the valence band maximum, was found to be IE=5.5±0.1 eV, which is in 

accordance with the previously reported value of 5.42 eV [18]. By comparing the experimental IE value 

with the band gap obtained from optical absorption (Figure 1c), we can estimate the energy of the 

minimum of the conduction band at 4.5±0.1 eV below the vacuum level. The asymmetry parameter , 

plotted in Figure 2b and defined as a ratio between the number of electrons emitted in forward and 

backward directions [9] for a given electron energy, shows nearly constant values between 10 eV and 11 

eV binding energy (0 - 1 eV kinetic energy). There is an increase in symmetry towards lower binding 

energies. This effect may occur as a consequence of a decrease in the total photoelectron count as the 

electron energy approaches the top of the valence band (5.5 eV) or due to emergence of the inelastic 

scattering processes in Ag2S NP for of the photoelectron kinetic energies higher than ~1 eV [4].  

Conclusion 

In summary, synchrotron radiation VUV VMI-PES study of isolated silver sulfide particles produced by 

atomization of hydrocolloid containing Ag2S NP 16 nm in size was performed.  The ionization energy of 

Ag2S NP was experimentally determined to be 5.5±0.1 eV with respect to the vacuum level. This value 

allowed for the estimation of energy of the minimum of the conduction band at 4.5±0.1 eV, using the 

value for the band gap of 1 eV obtained from the UV-Vis-NIR absorption spectroscopy. The angular 

distribution of the photoelectrons suggested that the inelastic processes take place in Ag2S for the 

photoelectrons with the kinetic energies higher than 1 eV. The results presented could be of significance 

for the future studies of charge transfer processes in hybrid nanostructures containing Ag2S NP, which 

can lead to more efficient nanoscale systems used for imaging of tissues, hydrogen production, and/or 

for light-absorbing materials in solar cells. 
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