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Using coulometric titration, the nonstoichiometry of micro- and nanocrystalline -Ag2+S (low-

temperature phase) is studied as a function of particle size and temperature. The samples are prepared 

by mechanical ball milling and by precipitation using reverse micelles to obtain particles with narrow 

size distribution. The nonstoichiometry, the thermodynamic factor, the energy for the formation of 

electron-hole defects and the concentration of the quasi-free electrons are computed, and the electronic 

conductivity is measured. 
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1. INTRODUCTION 

A considerable interest in the study of the wide homogeneity range of mixed conductors such 

as silver sulfide is due to their possible applications as heterogeneous catalysts, storage devices and 

their potential in energy conversion. Silver sulfide has a preponderant electronic and super ionic 

conductivity, due to the random distribution of Ag
+
-ions in the crystal lattice of the material. In 1953, 

Carl Wagner made the first investigation of the conduction mechanism and introduced coulometric 

titration to analyze nonstoichiometry of the bulkier Ag2S [1]. Thereafter the defect chemistry and 

transport properties of single and polycrystalline Ag2S at different temperatures were studied. 

It has been shown that the enhancement of interface impacts the physical and chemical 

properties of nanomaterials in comparison to bulk materials. Nanomaterials exhibit fast transport 

properties due to the novel and short reaction pathways that lead to new modes for the transport of 

charge, mass, and chemical or energy transformation processes [2]. They possess enhanced surface 

reactivity due to the higher number of surface atoms with unsatisfied bonds in comparison to the bulk 

material. The high surface free energy and large surface defects of nanomaterials affect their chemical 

reactivity, phase stability, and structural transformations, which in turn influence the electrochemical 
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and catalytic activities of materials. Such phenomena associated with size have been observed in TiO2, 

Al2O3, nano-Fe2O3 and nano-CeO2 systems [2, 3]. Nanomaterials have significantly enhanced 

mechanical strength and structural integrity. The underlying mechanisms for their mechanical 

robustness are yet to be fully investigated [4–7]. Some of the disadvantages of nanostructured 

materials are the high production cost and undesired side reactions, such as the formation of 

agglomerates. Recently it has also been shown that a nano-particulate catalyst of a polymer electrolyte 

membrane (PEM) fuel cell suffers from thermodynamic instability under electric field [8].  

The latest reviews [2, 9] highlight the remaining challenges, opportunities, in situ characteri-

zation techniques and the major roles of reactive nanomaterials for Li ion and Li air batteries. 

Generally, a better understanding of electrochemical properties of nanomaterials can be exploited for a 

new direction in designing new tailor-made energy storage electrode materials. This can offer 

significant performance improvements in both fuel cell and Li-battery applications. 

So far the characterization of the nonstoichiometry () of nanomaterials by coulometric titration 

has only been performed by the group of Tuller et al. [10]. They showed that the enhancement of 

nonstoichiometry (phase width)  of nano CeO2- (particle size of 10 nm  = 10
-3

 to 10
-4

) in 

comparison to the bulk CeO2- ( = 10
-9

) at the temperature of 455 °C and the partial oxygen pressure 

PO2 of 0.21x10
-5

 bars was much larger than expected by Chiang [11] and that  is proportional to 2/1

2



OP , 

while the electron conductivity e  was proportional to 6/1

2



OP . The activation energy obtained from the 

electron conductivity measurement and the standard enthalpy of defect formation of nano- CeO2- were 

lower at 1.3 eV and 2.4 eV, respectively, in comparison to the bulk material [12].  

The theoretical background and technical applications of coulometric titration are given in [13-

16]. This paper focuses on the introduction and discussion of the empirical results of coulometric 

titration of the micro- and nanocrystalline low temperature silver sulfide material, fabricated by 

techniques mentioned above.   

 

 

 

2. EXPERIMENTAL 

2.1. Synthesis of micro- and nanocrystalline Ag2S  

-Ag2S was prepared by one-dimensional growth from the elements (sulfur from Merck, 

99.9%, and silver rod from Fluka, 99.99%) in a glass tube at a temperature of about 400°C. A 

cylindrical coarse-grained Ag2S rod (length = 2 cm and width = 0.5 cm) was obtained with an average 

growth rate of ca. 10 mm/day. During cooling to room temperature, the transformation from the -

phase (cubic) to the low temperature -phase (monoclinic) takes place at 176 °C. In order to adjust a 

defined silver activity, the crystal was equilibrated with a silver metal rod at 100 °C for three weeks. 

At high temperatures there are tremendous defects that originate from the phase transformation ofthe 

high temperature -Ag2+S to the low temperature -Ag2+S. This is normally accompanied by a 

significant change of the density of the material [17]. Finally, nanocrystalline -Ag2S particles were 

produced by mechanical ball milling.  
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Alternatively, monodispersed nanocrystalline -Ag2S particles were prepared by using a 

reverse micelle technique. 6.2x10
-3

 g of Na2S and 42.3x10
-2

 g of Ag (AOT) were added to 2 beakers 

filled with a solution of the surfactant (0.1M Na(AOT) in 100 ml heptane and 9 ml distilled H2O). The 

contents of these two beakers were mixed together by stirring. The nanocrystalline Ag2S was then 

stabilized using 1µl dodecanethiol per 1ml of the solution. The nanocrystalline -Ag2S prepared by the 

reverse micelle technique was characterized by TEM, and monodisperse nanoparticles with an average 

particle size of 2.6 nm were found. Note, that the nanoparticles were stabilized by dodecanethiol, 

which later had a negative impact on the electric conductivity of the compacted material. The 

characterization of the size distribution of nano -Ag2S particles produced by mechanical ball milling 

was performed by SEM and X-ray diffraction (XRD). The estimation of the average crystallite size 

using Scherrer´s equation- assuming spherical particles- resulted in average particle sizes of 3m and 

28.1 nm, respectively.  

 

2.2. Coulometric titration setup  

A tube furnace with a temperature control of 1°C was used for heating. The coulometric 

titration was performed using a Jaissle Model 1000T-B potentiostat. A Keithley 2000 voltmeter was 

used to measure the electromotive force (emf) E (, T). For coulometric titration, the different silver 

sulfide powders were pressed to pellets of 1 cm diameter and 3 mm thickness. Coulometric titration 

was performed within a solid state galvanic cell as shown in Eq. (1). Silver could be added to or 

removed from the silver sulfide sample in order change the deviation  from stoichiometry of the -

Ag2+S specimen. The solid electrolyte RbAg4I5 is a pure Ag
+
 ion conductor (0.25 S/cm at 25°C) at 

low temperatures. Between the silver and the RbAg4I5 a thin layer of a two-phase mixture of silver and 

RbAg4I5 was formed which increased the exchange current density of the silver electrode interface, 

and which improved the stability of the electromotive force E (, T) [17]. 

 

Ag|RbAg4I5 Ag2+S Pt                   (1) 

 

Silver removal from -Ag2+S specimen was always performed at 200 °C, where silver sulfide 

shows sufficiently high silver mobility. Titration of the -Ag2+S specimen was performed at 73°C and 

150°C, below the phase transformation temperature (176°C). Removing silver out of the-Ag2+S 

specimen was done under potentiostatic mode up to E (, T) = 0.2 V. Higher emf´s lead to the 

decomposition of-Ag2+S by loss of sulfur. Silver was added stepwise into the -Ag2+S specimen in 

galvanostatic mode until the -Ag2+S specimen was in equilibrium with silver at E (, T) = 0 V.  The 

titration current I, time t and the electromotive force E (, T) were recorded after each step of adding 

silver into the -Ag2+S specimen. Fig. 1 presents a sketch of the experimental setup used for 

coulometric titration.  
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Figure 1. Experimental setup for coulometric titration. 

 

2.3. Electronic conductivity  

The electronic conductivity of the pressed silver sulfide pellets was determined in an 

experimental setup as shown in Fig. 2 by a two-electrode DC measurement. To achieve good contact 

of the specimen with both platinum electrodes, the surface of the silver sulfide pellet was brushed with 

platinum paste and pressed between the platinum electrodes. The specific conductivity of the specimen 

was calculated by assuming negligible interface resistance and negligible ionic conductivity as  

 

 

σe = 1/ ρ = d/(Rcell ⋅ A)                         (2) 

 

where ρ, A and d are the specific resistance (resistivity), cross section area and the thickness of the 

specimen, respectively. 

 

 
 

Figure 2. Experimental setup for the electron conductivity measurement of silver sulfide. 
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3. RESULTS  

3.1. Coulometric titration of -Ag2+S 

The change in silver excess, i.e. the nonstoichiometry change  achieved by a galvanostatic 

step, has been calculated by equation (3): 

     tI
VF

V

SAg

m

2
  z

Δδ                       (3) 

with I, t, Vm, VAg2S and F as the constant titration current, titration time, the molar volume of 

silver sulfide (34 cm
3
 mol

-1
), the volume of the specimen and the Faraday constant (96485 C mol

-1
), 

respectively.  

The electromotive force E (, T) of the galvanic cell is in equilibrium directly related to the 

silver activity aAg in -Ag2+S specimen: 

 
*( )

 ( , ) ln
 

Ag Ag

Ag

RT
E T a

F F

 



          (4) 

where µ
*

Ag, µAg, aAg, T and R denote the chemical potential of pure silver metal as reference, 

the chemical potential of silver in -Ag2+S, the silver activity in silver sulfide, and the absolute 

temperature and gas constant, respectively. According to Korte [18] the relation between electromotive 

force E (, T) and the silver excess in -Ag2+S can be determined from its defect thermodynamics. 

A typical coulometric titration curve was obtained by plotting E (, T) vs.  and fitting it with 

the arc hyperbolic sine )1ln( 2  xxy . The results extracted by fitting the titration curve are the 

absolute nonstoichiometry , the electromotive force E* (T) at the stoichiometric point, the equilibrium 

constant Ke for the electron-hole formation, and the Frenkel constant Kf [17, 18].  

According to the activity of sulfur (as= 1 and aAg = 0.01) and silver (aAg= 1 and as = 0.001) at 

equilibrium with silver sulfide at 300 °C, small changes of silver concentration can dramatically 

change the activity of silver in the specimen [19]. Although the concentration of silver excess (= 

2.5x10
-3

 at 300°C) is minimal, its influence on the activity of silver in the specimen can be quite 

significant. This in turn has an impact on the electromotive force E (, T) of the solid state galvanic 

cell according to equation (4). 

In Figure 3 representative titration results showing E (, T) vs. time under galvanostatic mode 

at 150°C of silver addition in micro- and nanocrystalline -Ag2+S specimen are given. The titration 

started at E (, T) = 0.2 V (where silver sulfide is in equilibrium with sulfur) and ended at E (, T) = 0 

V (where silver sulfide is in equilibrium with silver). As shown in Figure 3, the total titration time of 

nanocrystalline silver sulfide (275 min) was much longer than for the microcrystalline silver sulfide 

(100 min), and the decay of E (, T) during the titration of the nanocrystalline-specimen is shallower 

than that of the microcrystalline material. This has come to state, due to the coating of the 

nanocrystalline by dodecanethiol, which forms strong bonding to stabilize the nanocrystalline particles 

during the synthesis of the 2.6 nm sized silver sulfide by reverse micelle technique. To achieve 

equilibrium after each titration step, a waiting time of 5 and 15 minutes for micro- and nanocrystalline 

samples was chosen. 
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Figure 3. E (, T) vs. time during coulometric titration of nano- and micro-sized -Ag2+S  

 

Fig. 4 shows coulometric titration curves of nano- and micro-crystalline -Ag2+S recorded at a 

temperature of 150 °C. The results clearly show that the phase width decreases with the particle size.  

The phase width of the particles obtained by the inverse micelle technique (2.6 nm) is much larger than 

the phase width of ball-milled material (3 µm).  
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Figure 4. Coulometric titration results of micro-and nanocrystalline Ag2+S at 150 °C. 

 

Fig. 5 shows the titration curves of micro- and nanocrystalline -Ag2+S produced by 

mechanical ball milling and measured at temperatures of 73 °C and 157 °C, respectively. Whereas the 

titration curve of the microcrystalline material changes only slightly with temperature, the titration 

curve of the nanocrystalline material changes significantly with temperature.   
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Figure 5. Titration curves of micro- and nanocrystalline -Ag2S at different temperatures. 

 

As seen in Figure 5, the titration curves for the nanocrystalline samples become wider and span 

a larger range of composition. From the coulometric titration curve we can evaluate the 

thermodynamic factor (dlnaAg/dlncAg), which is the slope line of the titration curve, and which shows a 

maximum at the stoichiometric point ( = 0) [21]:  

 

ln 2

ln

Ag

TAg T

d a F dE

d c RT d

   
        

             (5)                                                                                                            

 

In Fig. 6 a plot of the thermodynamic factor (dlnaAg/dlncAg) versus nonstoichiometry  of 3µm 

and 28.1 nm silver sulfide particles at 73°C and 157°C is shown. As expected, the nanocrystalline 

samples show a broad and relatively flat curve for the thermodynamic factor.  
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Figure 6. The thermodynamic factor versus the nonstoichiometry  of micro- and nanocrystalline 

silver sulfide at 73°C and 157°C. 
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Using the titration data we have also evaluated the equilibrium constant Ke for the formation of 

electron-hole pairs. According to the Van’t Hoff equation (6) the temperature dependence of Ke is 

related to the reaction enthalpy H°e for the formation of the electron-hole defects.   

 



















e
xp,

e

2

e ln Δ

T

K

RT

H
                                     (6)  

 

Fig. 7 shows a graph of ln Ke versus 1/T [K]. From the slope of the graph, H°e of 28.1 nm 

sized Ag2S (3.7 kJmol
-1

) is calculated. This value is considerably smaller than the 100 kJ mol
-1

 value
 

for bulk-Ag2S reported by Korte [16]. The data are insufficient and can therefore not be fitted 

reasonably. 
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Figure 7. From the slope of ln Ke vs. 1/T [K] the H°e can be determined. 

 

To estimate the charge storage capacity and the conductivity of the samples, the concentration 

of the quasi-free electrons of the sample was calculated. According to Rickert [19], equation (7) can be 

used to calculate the concentration n
 

of quasi-free electrons, assuming that the concentration of 

electron holes can be neglected. This can be realized when the silver sulfide sample with defined 

length and volume is at equilibrium with a silver electrode. In this case the silver sulfide sample is 

enriched with silver. Therefore the chemical potential of silver µAg in the sample and silver metal is the 

same and E (, T) = 0. In table 1 the concentrations of quasi-free electrons of 3 µm and 2.6 nm sized 

Ag2S particles as function of temperature and 
•
 are presented.  

 

  δ
V

L
n

m

                                (7) 
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where: n

 cm

-3
 is the quasi-free electron concentration, 

 
the nonstoichiometry of silver sulfide, in 

which silver sulfide is at equilibrium with silver metal (E (, T) = 0),  Vm volume and L the length of 

the specimen, respectively. 

The concentration of the quasi-free electrons n• cm
-3 

is increased and decreased with temperature and 

particle size, respectively. 

 

 

Table 1. The computed concentration of quasi-free electrons n

 cm

-3
 as the function of particle size 

and temperature in which silver sulfide sample is at equilibrium with silver 
•
.  

 

3 m sized Ag2S 
 
 n


[cm

-3
] at 


 

73 °C 4.0810
-7

 3.2210
19

 

126 °C 6.9610
-7

 5.4910
19

 

   

2.6 nm sized Ag2S   

73 °C 2.5110
-6

 1.9910
20

 

126 °C 3.0610
-4

 2.4210
22

 

 

3.2. Results of electron conductivity measurements 

Table 2. Electron conductivity of micro- and nanocrystalline silver sulfide as the function of particle 

size and temperature. 

 

 

Temperature/°C 

σe/Scm
-1

 

 

of 3µm sized Ag2S 

σe/Scm
-1

 

 

of 28.1 nm sized Ag2S 

σe/Scm
-1 

 

of 2.6 nm sized Ag2S
 

73 °C 2.64 ⋅10
−2

 3.66 ⋅10
−2

 3.30 ⋅10
−3

 

126 °C 4.59 ⋅10
−2

 8.40 ⋅10
−2

 2.57 ⋅10
−2

 

150 °C 5.46 ⋅10
−2

 9.24 ⋅10
−2

 6.40 ⋅10
−2

 

 

Table 2 presents the results for the electronic conductivity of silver sulfide at different 

temperatures and particle sizes. Notice that the three samples investigated here were prepared by 

different techniques (see part 2.1.). Nanocrystallines of 3µm and 28.6 nm sized -Ag2S were prepared 

from their elements at high temperature and atomized from bulk to micro-and nanocrystalline by 

mechanical ball milling. These two samples were free of any organic coatings. Vice versa, the 2.6 nm 

sized nanocrystalline -Ag2S were prepared by the reverse micelle technique and stabilized using 

dodecanethiol. Due to a large surface area and high grain boundaries of nanocrystalline materials, a 

much higher electron conductivity from the 2.6 nm sized silver sulfide than microcrystalline silver 

sulfide is expected. Unfortunately, the electron conductivity of the 2.6 nm sized silver sulfide was 

comparable to the other two samples. The mismatch of the theoretical expectation and experimental 
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result can be explained by the fact that the 2.6 nm sized silver sulfide were coated by dodecanethiol, 

which adversely affected the conductivity of the sample.  

 

 

4. DISCUSSION 

Two different synthesis techniques were used to control the particle size distribution of silver 

sulfide material. The -Ag2S were prepared at high temperature from its elements and afterwards 

downsized from bulk to 3µm and 28.6 nm by mechanical ball milling. The 2.6 nm sized silver sulfide 

particles were prepared by using a reverse micelle technique during a reaction of sodium sulfide with 

Ag (AOT) in an emulation of heptane, H2O and surfactant. The obtained nanocrystalline Ag2S were 

then stabilized using 1µl dodecanethiol per 1ml of the solution. 

Using coulometric titration, the nonstoichiometry of micro- and nanocrystalline -Ag2+S were 

studied as a function of particle size and temperature. Additionally, the electron conductivity of the 

samples was measured to compare the size effect on their electrochemical properties. The 

nonstoichiometry, the thermodynamic factor, the energy for the formation of electron-hole defects and 

the concentration of the quasi-free electrons were calculated or obtained from the results of the 

coulometric titration data. 

The results of coulometric titration of silver sulfide as a function of their particle size and temperature 

indicated that some of the specimens show an enhancement or broadness of the nonstoichiometry 

dependent on their particle size and temperature. The maximum of the thermodynamic factor 

decreased with increasing temperature and decreasing particle size. The standard reaction enthalpy 

decreased with downsizing of the particle size. 

The enhancement of the electronic conductivity as a function of the particle size and temperature, as 

found in the relevant literature, was verified. The enhancement of the electronic conductivity with 

decreasing particle size was observed. Nevertheless, the poor electron conductivity of the 2.6 nm sized 

silver sulfide can be explained by the stable strong bonding of the nanoparticles with dodecanethiol, 

which was used to stabilize the nanoparticles after synthesis.  

 

 

 

5. CONCLUSIONS 

We succeeded in applying the coulometric titration technique to samples prepared from 

stabilized nanoparticles. The time for equilibration of the nanoparticle-based samples increases 

compared to microcrystalline samples, indicating the huge surface area and the enhanced grain 

boundaries in the nanocrystalline in comparison to the bulk, which can be used as charge storage sites 

in this material. The phase width of the nanocrystalline samples has increased considerably compared 

to microcrystalline material. The analysis of the results shows that the energy for the formation of 

electron hole-pairs has decreased massively for the nanoparticle-based samples.    
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