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In this paper, the dependences of the semiconductors’ photoelectrochemical properties on the 

experimental conditions were studied for the solid solution of CdS and ZnS, graphitic carbon nitride, and 

the platinized carbon nitride. The cyclic voltammograms were obtained under different scan rates. The 

sample investigations were carried out by two ways, at the constant external voltage and varied amplitudes 

and at different external voltages and the fixed amplitude. The Mott – Schottky dependences were studied 

at different frequencies. The basic dependences of the changes in the photoelectrode target characteristics 

on the experimental conditions were found. Some recommendations for the correct comparison of 

qualitative and quantitative photoelectrochemical data were formulated. 
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1. Introduction 

In contemporary society, science faces a lot of 

questions, one way or another related to the ecological 

situation of the planet and the gradual depletion of the 

resources [1–8]. There are rather strict requirements 

regarding environmental safety for the technologies 

being developed. The usage of sun light for chemical 

reactions was attractive because solar energy belonged to 

inexhaustible resources and did not cause any secondary 

pollutions [1, 2]. Sun light may be used for the 

initialization and realization of chemical processes called 

photocatalytic. Photocatalytic processes find application 

 

 

in solving various tasks such as hydrogen generation [3], 

reduction of carbon dioxide [4], oxidation of organic 

compounds [5], cleaning of water [6] and air [7] from 

impurities, disinfection [8] etc. 

The key issue of photocatalysis is the properties of 

photocatalysts and their relationships with catalytic 

activity. Currently, photoelectrochemical methods such 

as voltammetry, impedance spectroscopy, and 

chronoamperometry are widely used to study 

photocatalysts. These methods allow one to obtain 

additional information of the studied systems [9–11]. 

Voltammetry methods can help with identifying 

electrochemical processes occurring at the 

semiconductor surface in the electrolyte and calculating 

the main photovoltaic characteristics of the cell [9, 10]. 

Impedance spectroscopy considers the electron 

transitions into the electrochemical cell and allows 
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estimating charge carriers lifetime [11, 12]. The 

chronoamperometry shows the evolution of the current 

density over time under a constant applied potential to 

the photoelectrochemical cell. This method may estimate 

the electrode photostability, using other methods, define 

the processes causing changes in current density over 

time. Besides, the photoelectrochemical methods allow 

one to significantly expand the understanding of the 

processes occurring during the work of the studied 

photocatalysts and their corresponding photoelectrodes. 

However, there is a problem of the correct 

comparison of the obtained experimental results with the 

literature connected with different experimental 

conditions. In the experiments, the apparatus parameters 

may be changed, besides using different counter 

electrodes, electrolytes of varied nature and 

concentration. In case of voltammetry, the researchers 

change the range of potentials and scan rate. Studying by 

the impedance spectroscopy can be carried out at the 

varied frequencies, external potentials and amplitudes. If 

we compare the results obtained at different conditions, 

the questions arise: how do the target parameters change 

under the experimental conditions, in what cases do the 

dependences between different series save or do not save, 

which photoelectrochemical properties obtained under 

different conditions do compare between each other? 

Additionally, the Mott – Schottky experiments are 

conducted at different frequencies, potentials, and 

amplitude. For example, H. Chen et al. estimated the flat-

band potential of g-C3N4 at frequencies 2000 Hz and 

3000 Hz [13] and obtained –1.4 V, while P. Bai et al. 

measured it in the same solution at frequencies 500 Hz 

and calculated –1.2 V [14]. Were the differences between 

these values caused by only the experimental errors? 

How do the frequencies imply on the flat-band values? 

Nowadays, there are no published materials about this 

effect in a wide range of frequencies. 

In this work, three samples were studied by 

photoelectrochemical methods varying different 

experimental conditions. For the investigations, two 

response-to-visible-light semiconductors such as the solid 

solution of cadmium sulfide and zinc sulfide Cd0.8Zn0.2S 

showed earlier high photoelectrochemical characteristics 

[15] and graphitic carbon nitride were chosen. Moreover, 

the platinized g-C3N4 was tested under the same 

conditions. In cyclic voltammetry, scan rate from 5 to 

100 mV/s was varied; the amplitude (5–100 mV) and 

external potential (from –0.8 V to 0.8 V) was changed 

for the impedance spectroscopy while the frequencies 

(lg(f) = 0–5) differed for the Mott – Schottky 

dependences. The comprehensive work in which the 

tested properties examined with photoelectrochemical 

methods under a wide range of the apparatus parameters 

carried out for the first time. The features of changing 

the photovoltaic parameters which were dependent on 

the scan rate were found for the first time. The trends of 

changes in the electron lifetime measured at varied 

external potentials and amplitudes are observed for the 

first time. Based on the obtained results, some 

recommendations for the correct comparison of 

qualitative and quantitative photoelectrochemical data 

were formulated. 

2. Experimental 

The solid solution of cadmium sulfide and zinc 

sulfide Cd0.8Zn0.2S was prepared by the deposition of 

sulfides from as-prepared zinc hydroxide and cadmium 

hydroxide sulfides [15]. The carbon nitride was 

synthesized by melamine calcination at 550 °C for 2 

hours. The platinum was deposited by the reduction of 

hexachloroplatinic acid with excess of sodium 

borohydride [16]. 

All photoelectrochemical experiments were carried 

out on a potentiostat-galvanostat P-45X (Russia) with an 

electrochemical impedance measurement module 

FRA-24M under irradiation with a photodiode 

(λ = 450 nm). All measurements were conducted in a 

two-electrode electrochemical cell. The FTO substrate 

with 30 mg of the deposited photocatalyst served as the 

working electrode. The obtained photoelectrodes were 

labeled as CZS, CN, and Pt-CN for Cd0.8Zn0.2S/FTO, 

C3N4/FTO, and 1 % Pt/C3N4, respectively. The brass 

with deposited Cu2S was used as the counter electrode. 

The measurements were carried out in the electrolyte 

prepared by adding sodium chloride (0.1 M) and sulfur 

(1 M) to 1 M Na2S solution. This electrolyte prevents the 

photocorrosion of the solid solutions of CdS and ZnS 

[15]. Sodium chloride is added as an additional charge 

source in the photoelectrochemical cell. Further 

experiments show that graphitic carbon nitride (with or 

without deposited platinum) also produces the 

photocurrent in the cell with this electrolyte. The 

electrodes were compressed to improve the contacts. The 

samples were studied by cyclic voltammetry, the 

potential range was from –0.8 V to 0.8 V, the scan rate 

was from 5 to 100 mV/s. The potential range was chosen 

from literature data. The researchers studied cadmium 

sulfide or graphitic carbon nitride at different potentials 

such as 0–1 V [17] or –0.6–1 V [18]. In this study, we tested 

both the negative and the positive regions. The chosen 

scan rates are often used by other researchers and 

mentioned in the literature [13, 14]. Scan rates that are 

lower than 10 mV/s or higher than 100 mV/s are rarely 

mentioned. 
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Additionally, the samples were examined by 

impedance spectroscopy (frequency was changed from 

0.8 to 105 Hz, amplitude was from 5 to 100 mV at the 

constant external potential 200 mV or amplitude was 

10 mV at the variable potential from –0.8 to 0.8 V), and 

by the Mott – Schottky method (potential range was 

from –0.6 V to 0.7 V, amplitude was 10 mV, frequencies 

were 105 Hz, 104 Hz, 1000 Hz, 100 Hz, 10 Hz, 1 Hz). 

3. Results and discussion 

3.1. The effect of the potential sweep rate on the 

photovoltaic characteristics of a photoelectrochemical 

cell 

For all samples, the cyclic voltammograms were 

obtained in the potential range from −0.8 to 0.8 V vs the 

counter electrode at different scan rates (5–100 mV·s−1). 

Figure 1 shows the first two cycles measured at the scan 

rates of 20 mV·s−1 and 80 mV·s−1 for all examined 

photoelectrodes. The current densities observed at the 

applied potentials were higher in the presence of the 

photoelectrode with the deposited graphitic carbon 

nitride than for the sample with the solid solution of 

cadmium sulfide and zinc sulfide. This trend remains the 

 

 
Figure 1 Cyclic voltammograms of CZS, CN, Pt-CN measured 

at scan rate of a) 20 and b) 80 mV/s. 

same for both scan rates. For the cell with CN as the 

working electrode, the current density is higher than for 

the one with CZS; however, the difference between them 

is greater for the scan rate equal 20 mV·s−1. By the way, 

the photoelectrode screening is better to conduct at low 

scan rates, in this region the difference between the 

electrochemical activities of the analyzed samples is more 

evident at the quantitative level. However, general trends 

are revealed at both low and high scan rates. 

 

 

 
Figure 2 Dependences of short-circuit current density on scan 

rate obtained in the cell with a) CZS, b) CN, c) Pt-CN 

photoelectrode. The dotted line shows the data approximation 

by a power function with a power of 0.5. 
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From the voltammograms, typical characteristics of 

the photoelectrochemical cell such as short-circuit 

current density, open circuit voltage, fill factor, and 

power conversion efficiency can be calculated. For all 

samples, these values were calculated from the second 

cycle when the potential was changed from 0.8 V to –

0.8 V, and the obtained values were summed up in 

Table 1. Table 1 and Figure 2 demonstrate that the short-

circuit current density increases in proportion to the 

square root of the potential scan rate. Moreover, the 

growth rate for the solid solution of cadmium sulfide and 

zinc sulfide, and carbon nitride does not differ within the 

measurement error. Probably, the observed dependency 

has the same nature as the change in a current maximum 

during varying potential scan rate described by 

Randles – Sevcik equation (I ~ v0.5). Note that the rate of 

increase in the short-circuit current density with the 

growth of the scan rate for Pt-CN is higher than that for 

carbon nitride by almost one order. 

Table 1 shows that the open circuit potential, which 

is a potential with no current in the 

photoelectrochemical cell, changes according to the 

logarithmic law with the growth of the scan rate (see 

Figure 3a) and reaches a plateau. The obtained 

dependency is quite expected. It is known that the 

maximum possible value of the open circuit voltage is 

logarithmically related to the short-circuit current 

density (1) [9] whose dependence on the scan rate is 

described by a power law. Since, when logarithming a 

power function, the power is taken as the sign of the 

logarithm, the dependences of the open circuit voltage 

on the short-circuit current density and the scan rate are 

logarithmic. 

Figure 3b shows the approximations of the 

dependences of the open circuit voltage on the short 

circuit current density by the function 

y = a + b·ln(x + c) for the CN, CZS electrodes. The same 

dependence for Pt-CN is given in Figure 3c. The found 

dependence describes the data observed in the 

experiment with high accuracy. 









+


= 1ln

0I

I

e

Tkn
V scB

OC

 

(1) 

where Voc is the open circuit voltage, n is a diode quality 

coefficient, kB is Boltzmann’s constant, T is the 

temperature, e is the electron charge, Isc is short-circuit 

current, I0 is saturation current occurring by free charge 

carriers generated by thermal excitation. 

The next parameter describing the 

photoelectrochemical cell is the fill factor. It shows the 

effect of ohmic losses on the cell efficiency [9, 10]. Table 1 

reveals that the fill factor changes from 24 % to 29 % 

for CZS and CN, and from 24 % to 26 % for Pt-CN. 

Therefore, the fill factor does not depend on the scan 

rate practically. From the physical point of view, this 

result is expected because the resistance occurring in the 

photoelectrochemical cell during charge transfer is not 

connected with the scan rate. The individual values of 

current and voltage will vary, but their ratio will remain 

constant. 

 

 

 
Figure 3 Open-circuit voltage vs a) scan rate; short-circuit 

current density for the b) CZS and CN, c) Pt-CN The dotted 

line shows the data approximation by a logarithmic function. 
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Table 1 – The effect of potential sweep rate on the photogalvanic characteristics. 

Scan 

rate, 

mV/s 

Short-circuit current 

density, mA/cm2 

Open circuit 

voltage, mV 

Fill factor, % Power conversion 

efficiency, % 

CZS Pt-

CN 

CN CZS Pt-

CN 

CN CZS Pt-

CN 

CN CZS Pt-

CN 

CN 

5 0.007 1.54 0.010 33 87 134 29 24 26 0.001 0.937 0.010 

10 0.027 1.61 0.013 59 88 86 24 24 29 0.008 0.983 0.007 

20 0.034 1.96 0.015 66 106 94 28 24 28 0.012 1.204 0.008 

40 0.054 2.59 0.054 79 117 67 25 26 24 0.022 1.859 0.019 

60 0.067 2.80 0.067 84 117 59 28 24 24 0.029 1.711 0.021 

80 0.081 4.92 0.080 84 117 60 26 26 25 0.035 2.243 0.026 

100 0.094 6.24 0.087 83 118 63 28 26 26 0.040 3.428 0.028 

Table 1 shows the dependence of the power 

conversion efficiency on the scan rate. Like the short-

circuit current density, this value grows with the increase 

of the scan rate for all tested samples. Probably, it is due 

to the enhancement of reagent concentration near the 

electrode with the growth of the scan rate. In this case, 

the rate of electrochemical processes, short-circuit 

current density, and power conversion efficiency are 

calculated as the ratio of the maximum possible electrical 

energy in the cell to the light energy. When the scan rate 

changes, the main features identified for the short-circuit 

current density are saved. For example, for CZS and CN 

samples, the power conversion efficiency in most cases 

coincides with the experimental error and is 1–2 orders of 

magnitude lower than for the platinized carbon nitride. 

3.2. The effect of the amplitude on the results of 

impedance spectroscopy 

Impedance spectroscopy allows examining the 

resistivity of the materials and processes occurring at the 

phase interface and is assigned with the charge carriers 

transport. The method consists of applying a constant 

external potential and a potential with variable 

frequency and amplitude to the photoelectrochemical 

cell. As a result, an alternating current, which shifted in 

the phase relative to the potential, and a resistance called 

impedance are generated in the cell. The impedance is 

represented in a complex form that highlights the real 

and imaginary parts. The obtained dependences of the 

real and imaginary parts are often presented in two 

forms, such as the Nyquist plot and the Bode plot. It is 

interesting to study the dependence of impedance on 

amplitude and external potential. 

The impedance measured at an external potential 

equal to 200 mV in the photoelectrochemical cell, the 

amplitude was varied from 5 to 100 mV. The obtained 

Nyquist plots are shown in Figure 4. Figure 4 shows that 

for all the photoelectrodes, the hodographs consisted of 

two semicircles slightly shifted with respect to the origin.  

 

 

 

 
Figure 4 Nyquist plots obtained for the photoelectrochemical 

cell in the presence of a) CZS; b) CN; c) Pt-CN 

photoelectrodes. 

These curves are often approximated by the 

equivalent electrical circuit shown in Figure 5. This 
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circuit consists of a constant resistance and two 

sequentially connected R-C fragments describing a 

double electric layer at the phase interface [19–24]. The 

constant resistance determines the displacement of the 

first point of the plot relative to the origin. Figure 4 

shows that the hodograph shape is preserved with the 

amplitude changing while the total resistivity is 

decreased. In the case of Pt-CN, the resistivity obtained 

at different amplitudes 20–100 mV is the same. 

Earlier, the trend to resistivity declining with the 

amplitude growth was found to the electrochemical 

hydrogen production [25]. For the electrode coated with 

carbon nanofibers and immersed in a solution containing 

ferrous and ferric salts, the same result was observed 

[26]. In this case, the resistivity decreased with the 

amplitude growth from 10 to 50 mV. Probably, it was 

caused by the increase of the maximum value of the 

generated alternating current under the amplitude 

growth, which leads to the decrease of the resistance in 

the photoelectrochemical cell. 

The main trends in the change of the system 

resistance with varying amplitude are reflected in the 

model parameters approximating experimental data with 

the equivalent electrical circuit shown in Figure 5. The 

obtained parameters for the cells with different tested 

working electrodes are given in Table 2–4. 

 
Figure 5 An electrical equivalent circuit used for impedance 

fitting of the experimental data. 

Table 2 – Parameters of the equivalent circuit elements obtained by the approximation of the experimental data and the lifetimes 

of charge carriers measured in the presence of the CZS photoelectrode. 

Amplitude, 

mV 

R1, Ohm R2, Ohm R3, Ohm τ1, ms τ2, ms 

5 1034 ± 16 195 ± 8 7.7 ± 0.1 21 ± 4 0.06 ± 0.03 

10 654 ± 5 137 ± 3 6.4 ± 0.1 12 ± 4 0.06 ± 0.03 

20 439 ± 2 86 ± 2 5.5 ± 0.1 8 ± 2 0.06 ± 0.03 

50 343 ± 2 46.5 ± 0.8 5.1 ± 0.1 7 ± 2 0.06 ± 0.03 

100 216 ± 1 28 ± 1 4.8 ± 0.1 5 ± 2 0.06 ± 0.03 

Table 3 – Parameters of the equivalent circuit elements obtained by the approximation of the experimental data and the lifetimes 

of charge carriers measured in the presence of the CN photoelectrode. 

Amplitude, 

mV 

R1, Ohm R2, Ohm R3, Ohm τ1, ms τ2, ms 

5 1375 ± 111 565 ± 116 185 ± 21 2.5 ± 0.9 0.2 ± 0.1 

10 841 ± 124 340 ± 24 654 ± 7 1.0 ± 0.5 0.04 ± 0.03 

20 372 ± 25 89 ± 6 19 ± 2 1.3 ± 0.4 0.10 ± 0.07 

50 164 ± 11 43 ± 4 15 ± 1 1.2 ± 0.6 0.04 ± 0.03 

100 133 ± 8 27 ± 6 13 ± 1 1.6 ± 0.7 0.05 ± 0.04 

Table 4 – Parameters of the equivalent circuit elements obtained by the approximation of the experimental data and the lifetimes 

of charge carriers measured in the presence of the Pt-CN photoelectrode. 

Amplitude, 

mV 

R1, Ohm R2, Ohm R3, Ohm τ1, ms τ2, ms 

5 108 ± 3 324 ± 3 7.3 ± 0.1 4 ± 1 0.3 ± 0.2 

10 165 ± 21 212 ± 4 6.8 ± 0.1 4 ± 1 0.2 ± 0.1 

20 100 ± 15 71 ± 9 6.6 ± 0.1 4 ± 1 0.14 ± 0.09 

50 190 ± 3 23 ± 2 6.3 ± 0.1 5 ± 2 0.12 ± 0.09 

100 167 ± 1 14 ± 1 5.8 ± 0.1 5 ± 2 0.12 ± 0.09 

 

Tables 2–4 show that the resistivities, except the 

parameter R1 in the case of Pt-CN, decline with the 

increase of the amplitude. The more interesting task is to 

compare the approximation parameters at the fixed 

amplitude.  Tables 2–4  show  that  at  the amplitude of 5  

 

and 10 mV all parameters (R1, R2, R3) grow in the 

transition from the solid solution of CdS and ZnS to 

carbon nitride and decrease in transition to the 

platinized sample. When the impedance was measured at 

different amplitudes 20–100 mV, the trend was found 
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only for the parameter R3. The parameters R2 for the 

solid solution of CdS and ZnS and carbon nitride 

obtained at the mentioned amplitudes are the same and 

exceed the similar value for Pt-CN. The parameter R1 

calculated at all amplitudes decreases for the transition 

from the solid solution Cd0.8Zn0.2S to g-C3N4. The 

transition to the platinized carbon nitride is accompanied 

by resistance growth at 50 and 100 mV and resistance 

declining at 20 mV. Therefore, it should be noted that 

the behavior of the photoelectrochemical system varies 

at different amplitudes; however, there are the same 

features within some groups of amplitudes. To sum up, 

the comparison of the obtained values may be carried 

out at various amplitudes that are not very different 

from each other. It is desirable to compare experimental 

data at higher amplitude values, since the generated 

voltage and current are higher, which means that the 

accuracy of the obtained data will be more appreciable. 

Another way to interpret impedance spectroscopy 

results is to use Bode plots. The x-axis is the logarithm of 

the frequency to the base 10, while the y-axis is the minus 

phase shift occurring between the alternating current 

and the potential. The obtained plots are given in 

Figure 6. Figure 6 reveals that for all samples, the 

experimental curve can be presented as the superposition 

of two curves with one maximum. This fact coincides 

with the Nyquist plots. There are two hodographs on the 

Nyquist plots which correspond to neither two different 

types of the charge carrier or two different processes of 

the charge transport. The increase in the amplitude leads 

to the shift of a peak position and its intensity; however, 

no trends are found. 

Knowing the position of the peak maximum on the 

Bode curve, it is possible to calculate the lifetime of 

charge carriers by the formula (2). 

1

2 f



=

 
(2) 

where τ is the electron lifetime, f is the frequency at 

which the maximum phase shift between alternating 

voltage and current is observed. 

The curves shown in Figure 6 were decomposed into 

two peaks, from the positions of the maxima of which the 

lifetime of charge carriers was calculated. The obtained 

data are given in Tables 2–4. Tables 2–4 show that the 

electron lifetime measured at 5 mV is slightly higher 

than those calculated at other amplitudes. In case of 

amplitudes 10–100 mV, the electron lifetime was the 

same within the experimental error. To sum up, for the 

studied samples, the experimental data obtained at 

different amplitudes can be compared when considering 

 

 

 
Figure 6 The Bode plots obtained for the photoelectrochemical 

cell when the working electrode was а) CZS; b) CN; c) Pt-CN. 

the lifetimes of the photogenerated charge carriers. 

3.3. Effect of external potential on the impedance 

spectroscopy results 

The same experiments in which the resistance was 

measured were conducted at the amplitude in 10 mV at 

different external potentials. The results are summarized 

in Figure 7. It should be noted that for all the 

photoelectrodes, the shape of hodographs is saved 

varying the external potential. In all cases, the 

hodographs consist of two semicircles slightly shifted to 

the right from the origin, corresponding to a constant 

resistance and two R-C chains, respectively. The 
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experimental data were approximated by the equivalent 

electrical circuit given in Figure 5, and the 

approximation parameters are summarized in Table 5. 

For the cells, in which carbon nitride or the solid solution 

Cd0.8Zn0.2S served as the working electrode, the typical 

resistances R1, R2, and R3 increase with declining of the 

external potential from 0.8 V to 0.2 V and decrease with 

changing the external potential from –0.2 V to –0.8 V. 

In the case of the platinized carbon nitride, R1, R2, and R3 

grow with decreasing of the external potential from 

0.8 V to 0 V and go through a maximum at –0.4 V with 

further falling of the external potential from 0 V to –

0.8 V. To evaluate the obtained results, we can use the 

resistance R* calculated from the cyclic voltammetry 

curve according to Ohm's law. The values of R* are given 

in Table 5. It should be noted that the features of the 

change of the resistance R* from the external potential 

coincide with those in the parameters of the equivalent 

electrical circuit R1, R2 and R3 for each of the samples. 

Thus, the impedance spectroscopy data are consistent 

with the cyclic voltammetry data. 

In the literature, there are various data about the 

effect of the external potential on the results of 

impedance spectroscopy. In the case of ZnS deposited on 

ITO, resistivity decreases with the growth of the external 

potential from 0 to 1 V [27]. The composite catalyst 

consisting of titania and graphene oxide demonstrates 

the same properties: the radii of the hodographs decrease 

with the increase of the external potential from 0 to 

0.5 V [28]. In the photoelectrochemical cell with tin 

oxide serving as the working electrode contradictory 

trends are observed [29]. The radii of the hodographs 

decrease when the external potential changes from 0.8 V 

to 1.0 V; after that, the increase of the external potential 

by 0.1 V is accompanied by the growth of the cell 

resistance. For Gd doped by Ce and deposited on 

Pt/TiO2/SiO2/Si, the increase of the external potential 

from 0 V to 1 V leads to the growth of the hodograph 

radii, but the further increase of the external potential to 

2 V is accompanied by the decrease of the hodograph 

radii and the changes of the shape of the Nyquist plot 

[30]. The growth of the external potential to 3 V leads to 

the decrease of the semicircle radii [30]. By the way, the 

general dependences of the impedance on the external 

potential are not found, they are individual and depend 

on the photoelectrode nature. 

An important issue is the comparison of the 

resistance values of all samples at the fixed external 

potential. In our experiments, the same dependences of 

the approximation parameters on the external potential 

are observed in the range of –0.4 V to 0.8 V. In these 

cases, the resistances decrease in the transition from CN 

or CZS to Pt-CN. Thus, in a wide range of potentials, 

qualitative features of impedance changes remain 

depending on the sample nature. Accordingly, in this 

range of external potentials, samples can be correctly 

compared with each other. 

 

 

 
Figure 7 The Bode plots obtained for the photoelectrochemical 

cell when the working electrode was а) CZS; b) CN; c) Pt-CN. 
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Table 5 – The effect of the external potential on the approximation parameters and the constant resistance calculated from the 

CVA data. 

External 

potential, 

V 

R*, Ohm R1, Ohm R2, Ohm R3, Ohm 

CZS CN Pt-CN CZS CN Pt-CN CZS CN Pt-CN CZS CN  Pt-CN 

0.8 426 78 126 (2.1 ± 

0.2)·103 

26 ± 

5 

44 ± 8 368 ± 

12 

12 ± 2 19 ± 1 16 ± 1 20 ± 1 3.4 ± 0.2 

0.6 673 100 149 (5.8 ± 

0.3)·103 

32 ± 

7 

89 ± 13 533 ± 

20 

34 ± 

4 

46 ± 4 20 ± 1 14 ± 1 4.1 ± 0.3 

0.4 932 152 170 (12 ± 

1)·103 

69 ± 

8 

111 ± 2 595 ± 

39 

52 ± 

7 

104 ± 21 24 ± 1 12 ± 1 4.2 ± 0.2 

0.2 1869 403 298 (19.5 ± 

0.4)·103 

439 ± 

2 

163 ± 15 722 ± 

73 

86 ± 

2 

212 ± 4 27 ± 1 5.5 ± 0.1 6.8 ± 0.1 

0 0 0 0 2797 ± 

28 

350 

± 12 

1782 ± 

319 

352 ± 

12 

502 ± 

56 

450 ± 

29 

11 ± 1 29 ± 1 7.2 ± 0.8 

–0.2 1754 403 100 (4.4 ± 

0.1)·103 

824 ± 

7 

115 ± 

23 

1413 ± 

75 

247 ± 

79 

39 ± 3 31 ± 2 9.6 ± 0.8 2.7 ± 0.1 

–0.4 1325 364 113 1215 ± 50 646 ± 

12 

757 ± 

27 

1141 ± 

110 

189 ± 

24 

94 ± 17 30 ± 1 6.5 ± 0.3 2.89 ± 

0.01 

–0.6 1279 249 101 533 ± 24 554 ± 

29 

128 ± 12 1023 ± 

114 

124 ± 

37 

59 ± 8 29 ± 1 4.2 ± 0.3 2.64 ± 

0.01 

–0.8 1205 159 90 169 ± 1 364 ± 

16 

16 ± 6 823 ± 

77 

49 ± 

8 

17 ± 2 28 ± 1 2.2 ± 0.1 2.21 ± 

0.08 

Table 6 – Electron lifetimes measured in the cells with the CZS, CN, and Pt-CN photoelectrodes with varying the external 

potential. 

External 

potential, 

V 

τ1, ms τ2, ms 

CZS CN Pt-CN CZS CN Pt-CN 

0.8 11 ± 3 1.1 ± 0.3 0.06 ± 0.03 0.2 ± 0.1 0.05 ± 0.02 0.25 ± 0.09 

0.6 14 ± 3 6 ± 1 0.05 ± 0.02 0.2 ± 0.1 0.05 ± 0.02 0.16 ± 0.06 

0.4 32 ± 6 0.6 ± 0.2 0.11 ± 0.06 0.4 ± 0.2 0.06 ± 0.02 2 ± 1 

0.2 80 ± 6 0.04 ± 0.03 0.12 ± 0.07 0.3 ± 0.1 49 ± 0.5 4 ± 1 

0 48 ± 6 4.3 ± 0.7 0.2 ± 0.1 0.09 ± 0.06 0.05 ± 0.02 0.6 ± 0.3 

–0.2 56 ± 6 7 ± 1 8 ± 1 0.4 ± 0.2 0.09 ± 0.03 0.007 ± 0.003 

–0.4 10 ± 3 1.1 ± 0.3 1.2 ± 0.5 0.2 ± 0.1 0.04 ± 0.01 27 ± 5 

–0.6 7 ± 2 7 ± 1 0.6 ± 0.2 0.2 ± 0.1 0.19 ± 0.06 11 ± 3 

–0.8 5 ± 2 0.19 ± 0.06 0.2 ± 0.1 0.2 ± 0.1 0.14 ± 0.05 0.3 ± 0.1 

Figure 8 shows the impedance results in the Bode 

coordinates. For all samples, the changes in the external 

potential leads to different changes in the peak positions. 

The slight change in the peak position was found for the 

cell with Cd0.8Zn0.2S. For carbon nitride, the position of 

the peak maximum is shifted by a higher value, while for 

Pt-CN there are no features. 

All Bode plots are the superposition of two curves. 

The peaks were decomposed into two components, and 

the lifetime of charge carriers was calculated from the 

obtained values. All calculated values are given in 

Table 6. For CZS, electron lifetimes decline with the 

decrease of the external potential from 0.8 V to 0.2 V 

and from -0.2 V to –0.8 V. In case of graphitic carbon  

 

nitride, for the first type of charge carriers no features 

are found, while for the second type the electron 

lifetimes are the same within the experimental error with 

the declining external value. For Pt-CN no features are 

observed. It is noteworthy that in the case of the fixed 

external potential, there are different trends in changing 

lifetimes. For the first type of charge carriers, at all 

potentials different from 0.2 V, 

–0.2 V, –0.4 V and –0.8 V, the lifetime decreases with 

the transition from the solid solution of cadmium sulfide 

and zinc sulfide to carbon nitride and platinized carbon 

nitride. For the second type of charge carriers in the 

same row, the lifetimes go through the minimum at the 

potentials of 0.4–0.8 V, 0 V and –0.4 V. 
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Figure 8 The Bode plots obtained for the cell in which a) CZS; 

b) CN; c) Pt-CN are the working electrodes. 

The obtained results in the Bode plots show that the 

external potential is crucial for the electrochemical 

properties of the studied systems. It is possible to 

compare the obtained electrochemical data with each 

other only in relation to the shape of the hodographs 

(the type of equivalent electrical circuit) and the number 

of types of charge carriers that differ in electrochemical 

properties. 

3.4. The effect of the frequency on the number of 

charge carriers and the flat-band potential calculated 

from the Mott–Schottky plots 

The Mott – Schottky analysis studies the phase 

interface between the semiconductor and the electrolyte. 

The equalization of the electrochemical potential and the  

 
Figure 9 The Mott – Schottky plot obtained for the 

photoelectrochemical cell with carbon nitride as the working 

electrode at 100 Hz. 

diffusion of charges arising from the contact of the 

semiconductor with an electrolyte solution leads to the 

formation of a depleted layer with an electrical capacity. 

This capacitance can be calculated by obtaining 

impedance hodographs at different potentials and 

knowing the model of an equivalent electrical circuit that 

approximate experimental data. [10]. At the fixed 

frequency, the dependences of C-2 on the applied 

potential were plotted. Figure 9 shows the typical Mott –

 Schottky plot obtained for CN and Pt-CN. Directly from 

the graph, one can determine the type of conductivity of 

the analyzed sample. In our case, the linear part of the 

graph has a positive slope, which indicates the hole 

conductivity of carbon nitride and is consistent with 

literature data [31–34]. 

In the experiments, the Mott – Schottky 

dependences at different frequencies (lg(f) = 0–5) were 

studied. For the tested electrodes, there is one linear part 

on the experimental curve at all frequencies. The 

obtained result allows one to add impedance 

spectroscopy results. Two found hodographs are 

attributed to different electron transport processes (e.g., 

at the working electrode/electrolyte or the counter 

electrode/electrolyte interfaces) and not to two different 

charge carrier types. 

At the qualitative level, Mott – Schottky plots allows 

calculating the flat-band potential and evaluating 

amount of charge carriers. For this purpose, the linear 

part of the plot is chosen, after which these data are 

fitted according to the following formula for p-type 

semiconductors [35]: 

1

𝐶2
=

2

𝜀 ∙ 𝜀0 ∙ 𝑁 ∙ 𝐴2 ∙ 𝑒
(−𝐸 + 𝑉𝐹𝐵 −

𝑘𝐵 ∙ 𝑇

𝑒
) (3) 
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Table 7 – The dependences of the flat-band position and density of charge carriers on the frequency. 

Frequency, 

Hz 

Flat-band potential, V Densities of charge carriers, m-3 

CN Pt-CN CN Pt-CN 

105 0.61 ± 0.05 0.6 ± 0.2 (8 ± 1)·1015 (1.2 ± 0.1)·1013 

104 0.7 ± 0.1 0.88 ± 0.09 (2.6 ± 0.2)·1019 (3.1 ± 0.4)·1016 

103 0.30 ± 0.02 0.17 ± 0.04 (7.3 ± 0.8)·1019 (3.9 ± 0.4)·1019 

102 0.36 ± 0.07 0.19 ± 0.03 (1.1 ± 0.1)·1020 (6.8 ± 0.5)·1019 

10 0.38 ± 0.02 0.15 ± 0.02 (2.7 ± 0.2)·1020 (1.7 ± 0.3)·1021 

1 0.34 ± 0.02 0.21 ± 0.07 (2.9 ± 0.7)·1021 (2.4 ± 0.6)·1021 

where C is the capacity of the depleted charge area (F), ε 

is the dielectric constant of the photocatalyst, ε0 is the 

permittivity of vacuum (F/m), N is the density of charge 

carriers (m-3), A is the irradiation surface (m2), e is the 

electron charge (C), E is the applied potential (V), VFB is 

the flat-band potential (V), kB is the Boltzmann constant 

(J/K), T is the temperature (K). The flat-band position is 

calculated from the ratio of the intercept to the slope, 

the amount of charge carriers is evaluated from the 

slope. The mentioned values were calculated for the 

photoelectrochemical cell with carbon nitride or the 

platinized carbon nitride and are given in Table 7. 

From the literature, it is known that flat-band 

potentials are weakly dependent on frequency when the 

frequencies are of the same order of magnitude [31, 35–

37]. For example, Vfb of GaP is about 0.8 V in aqueous 

solution of sulfuric acid (pH = 1) at frequencies 1–15 kHz 

[35]. For Ti3SiC2 treated with hydrochloric acid, the flat-

band potential did not change at frequencies 100 –

 1000 Hz [36]. For titania thin films, the change in the 

frequency leads to a slight shift of the flat-band potential 

(0.06–0.1 V) due to the experimental errors [36]. The Vfb 

for the platinized carbon nitride in sodium sulfate was 

–1.31 V at 500–1500 Hz [37]. In our experiments, for both 

samples two different values at 104–105 Hz (0.6 V for CN, 

0.9 V for Pt-CN) and 1-1000 Hz (0.3 V for CN and 0.2 V 

for Pt-CN) are observed. Probably, it is due to different 

types of charge transfer that the mechanism of depleted 

charge area formation and its capacity is realized at 

varied frequencies. Moreover, the found trends depend 

on the frequency range. At high frequencies, Vfb of 

carbon nitride is higher than that of the platinized 

sample, while at low frequencies the opposite trend is 

observed.  

Another important characteristic of the 

semiconductor calculated from the Mott – Schottky plot 

was charge densities. This parameter was evaluated for 

the slop (see Equation (4)), the obtained values are given 

in Table 7. 

𝑁 =
−2

𝜀 ∙ 𝜀0 ∙ 𝛼 ∙ 𝐴
2 ∙ 𝑒

 (4) 

 

where N is the charge density (m-3), ε is the dielectric 

constant of the photocatalyst, ε0 is the permittivity of 

vacuum (F/m), α is the slope, A is the surface of the 

irradiation (m2), e is the electron charge (C). 

Table 7 shows that at 1 Hz the charge densities for 

both samples are the same within the experimental error. 

The increase in the frequency leads to the declining of 

charge carrier amounts for both samples. The observed 

trend is depicted in the growth of the slope and C–2 at 

whole. This observation coincides with the literature 

data: the increase in frequency leads to the growth of 

values of C–2 [31, 35–39]. The results obtained at higher 

frequencies are more reliable, because in these cases the 

part of the surface sites in the capacity is minimal [10]. It 

should be noted that for the studied samples charge 

densities in CN were higher than in Pt-CN at frequencies 

higher than 100 Hz. To sum up, the comparison of 

charge amounts can be conducted at higher frequencies. 

4. Conclusions 

In this work, the photoelectrochemical properties of 

the solid solution of CdS and ZnS, carbon nitride, and 

platinized carbon nitride were studied under different 

experimental conditions. The photoelectrodes are tested 

by cyclic voltammetry at varied scan rates from 5 to 

100 mV/s. At the quantitative level, the behavior of the 

voltammograms does not change with varying scan rate. 

The photoelectrodes are better to study at low scan 

rates, where the differences between the electrochemical 

activities are more evident. Additionally, the changes in 

the photovoltaic parameters are studied. The short-

circuit current densities increase in proportion to the 

square root of the potential scan rate. The open circuit 

potential changes according to the logarithmic law with 

the growth of the scan rate and reaches a plateau. The fill 

factor practically does not depend on the scan rate. The 

power conversion efficiency grows with the increase of 

the scan rate for all tested samples. The impedance 

spectroscopy study was performed in two ways, at the 

external potential of 200 mV and different amplitudes, 

and at an amplitude of 10 mV and different external 
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potentials. In all cases, the shapes of hodographs forms 

are the same. The hodographs radii decrease with 

increasing the amplitude. The correct comparison of the 

data depicted in the Nyquist plots can be realized at 

different amplitudes that are closer to each other. The 

electron lifetime calculated from the Bode plots can be 

compared at all amplitudes. In the case of experiments 

with varying values of the external potential, it is difficult 

to identify clear features of changes in resistance values 

for a particular sample. The qualitative features of the 

impedance changes remain over a wide range of 

potentials, depending on the nature of the samples, and 

over this range of potentials it is possible to correctly 

compare the quantitative data shown on the Nyquist 

plots. However, the electron lifetime is difficult to 

compare, as these values are too sensitive to the external 

potential. The Mott – Schottky method is the important 

one that characterizes the properties of semiconductor 

photocatalysts. These experiments were carried out at 

different frequencies. It has been shown that it is correct 

to compare the flat-band potentials obtained at different 

frequencies only in a narrow frequency range. In the 

case of estimating the number of charge carriers, the 

qualitative patterns differ at high and low frequencies. It 

is recommended to compare the data in the high 

frequency region, where extraneous contributions to the 

depleted layer capacity are minimal. In the future, the 

tested samples will be studied at different electrolytes 

under the optimized electrochemical conditions reached 

in this work. Also, we plan to expand the nature of the 

tested photoelectrodes. Further investigation allows 

researchers to compare the experimental data with each 

other more competently. 
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