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Abstract 

In this work, the photoelectrochemical properties of g-C3N4 modified with 
Pt, Ir and Ir/Pt bimetallic co-catalysts were studied. All prepared photoe-

lectrodes were tested in a two-electrode cell by cyclic voltammetry, imped-
ance spectroscopy, and the Mott-Schottky method. First, the optimal elec-
trolyte (triethanolamine, NaCl, NaOH, Na2SO4) was selected. The highest 

photocurrents were recorded in 0.5 M Na2SO4. This electrolyte was used 
for the subsequent tests. Second, the photoelectrodes loaded with the noble 
metals are studied. It was shown that in case of monometallic co-catalysts, 

the deposition of noble metal is accompanied by the decrease of the short-
circuit current density and the growth of open-circuit voltage. The simul-

taneous presence of bimetallic co-catalysts can significantly affect the sem-
iconductor electron structure and photogalvanic properties. Some correla-
tions between the short-circuit current density and the oxidation state of 

the noble metals were found. A linear correlation between Pt0/Pt0+Pt2+ and 
Jsc was observed. It was also shown that the presence of iridium in Ir3+ 
form favors the photocurrent generation. The highest values of the photo-

current were obtained for g-C3N4 and were equal to 0.57 mA/cm2. 
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Key findings 

● 0.5 M Na2SO4 is an ideal electrolyte for testing g-C3N4-based photoelectrodes.  

● Pt- and Ir- modified samples are more active than ones modified with Ir and Pt simultaneously.  

● Noble metal deposition leads to the increase in open circuit voltage. 
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1. Introduction 

The ever-increasing demand for energy, combined with 

modern environmental requirements and dwindling 

reserves of natural resources, necessitates the search 

for alternative renewable energy sources. From this 

point of view, the usage of solar energy is a promising 

way of e solving the energy problem. To collect, to 

store, and to convert solar energy into other forms, 

photoelectrochemical technologies seem to be among 

the most attractive and promising: already existing so-

lar panels and photoelectrochemical cells can convert 

solar energy into the electrical one. However, creating 

such devices is a non-trivial task that requires a compe-

tent approach to the choice of the materials used [1].  

The basis of any photoelectrochemical system is a sem-

iconductor that absorbs photons, resulting in the for-

mation of electron – hole pairs. The addition of an exter-

nal potential leads to the photocurrent generation. Among 

all the semiconductors, carbon-containing materials are 

interesting because of their band structure and chemical 

stability [2]. Among the carbon-containing materials, spe-

cial attention should be paid to graphitic carbon nitride. 

This semiconductor has suitable valence and conduction 

bands positions, high electronic conductivity, thermal and 

chemical stability. In addition, its optical properties allow 

only visible light to be used to activate the semiconductor. 

However, the efficiency and stable operation time of pho-

toelectrochemical cells based on carbon nitride are quite 

low due to the high recombination rate of holes and elec-
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trons and low mobility and charge concentration at the 

material/electrolyte interface. Obviously, these aspects 

severely limit the use of g-C3N4 for photo- and photoelec-

trocatalysis [1, 3, 4].  

It should be noted that the same strategies are used to 

improve both the photocurrents and the photocatalytic 

activity. The deposition of noble metals on the photoelec-

trode surface leads to an improvement in the short-circuit 

current density [5, 6]. In [4] it was shown that Pt deposi-

tion on g-C3N4 doubled the photocurrent value due to the 

enhancement of the electronic conductivity. This depend-

ence was demonstrated in [7, 8], where the photocatalytic 

hydrogen production was improved after Pt deposition. This 

was due to the decrease in the contact resistance at the 

semiconductor/electrolyte interface and the effective spa-

tial separation of charges. Researchers in [9] came to simi-

lar conclusions when studying the dependence of the photo-

current density on the externally applied potential. The 

same effects may be caused by other noble metals. For ex-

ample, the deposition of Ag and Au increased the photocur-

rent compared to the unmodified carbon nitride [10, 11]. 

Unfortunately, there is insufficient information about sev-

eral noble metals such as Ir. It is also interesting to study 

bimetallic co-catalysts such as Pt and Ir. 

It is well known that the composition of the electrolyte 

is the main determinant of all photoelectrochemical prop-

erties due to the different mechanisms of charge transport 

and the values of the forces causing data transport [12]. 

Graphitic carbon nitride is often tested in sodium sulphate 

solutions (0.1–0.5 M) [13–33]. Researchers are more likely 

to use sodium hydroxide [34] or sodium chloride [35] solu-

tions. However, there are no any comprehensive works de-

scribing the choice of electrolyte in which most of the ana-

lytical signal values are obtained. It should be noted that 

high currents are often recorded in the solutions used to 

test other key properties such as the photocatalytic one 

[35]. For this purpose, aqueous solutions of thiethanola-

mine (TEOA) are often used for testing the photocatalytic 

activity. From this point of view, it is interesting to com-

pare the photoelectrochemical properties in inorganic solu-

tions and in TEOA. Therefore, the aim of our work is to 

optimise the electrolyte solution and to study the photoe-

lectrochemical properties of graphitic carbon nitride mod-

ified with Pt, Ir, and Pt/Ir simultaneously. 

2. Experimental 

2.1. Photocatalyst preparation 

Graphitic carbon nitride is prepared as follows [36]. 

40.5 g of melamine and 41.5 g of cyanuric acid are sus-

pended in 0.3 L of water and heated at 90 °С 12 h with 

continuous stirring. The compound obtained is washed 

and dried under vacuum and then calcined at 550 °С for 1 

h at a heating rate of 1 °C/min.  

The platinum-containing photocatalysts are prepared 

as follows [36]. 2.5 g of as-prepared g-C3N4 is suspended 

in 40 ml of acetone; after that acetone solution of 

(Me4N)2[Pt2(μ-OH)2(NO3)8] is added. The resulting suspen-

sion is stirred for 12 h at room temperature. The precipitate 

is then collected, washed with acetone and dried in air. This 

precursor is calcined in a hydrogen atmosphere at 400 °C 

for 1 h. The photocatalysts obtained are denoted as 0.1 Pt-

PC (0.1% Pt/g-C3N4) or 0.5 Pt-PC (0.5% Pt/g-C3N4).  

The Ir-modified samples are synthesised by the follow-

ing method [36]. 500 mg of g-C3N4 is suspended in ace-

tone; then the solution of fac-[Ir(H2O)3(NO2)3] in acetone 

is added. This suspension is mixed, undergoes the ultra-

sound treatment and is dried at 200°C to remove acetone. 

After that, the precursor is calcined at 350 °C for 60 min. 

The prepared photocatalysts are labelled as 0.5 Ir-PC 

(0.5% Ir/g-C3N4). 

The photocatalysts containing both Pt and Ir are pre-

pared by the same method. The photocatalysts 0.1 Pt-PC or 

0.5 Pt-PC are used instead of g-C3N4, and the samples ob-

tained are denoted as yIr–0.1 Pt-PC or yIr–0.5 Pt-PC, re-

spectively, where y is a weight content of Ir.  

The physicochemical properties of the prepared photo-

catalysts were described earlier [36].  

2.2. Testing of photoelectrochemical properties 

The photoelectrochemical properties are studied in a two-

electrode photoelectrochemical cell using a P-45Kh poten-

tiostat–galvanostat (Russia) equipped with an FRA-24M 

electrochemical impedance measurement module. The 

working electrodes are prepared by the following way. 

30 mg of the examined photocatalysts is deposited by a 

drop-casting method described earlier [37]. The synthe-

sised photoelectrodes are labeled in the same way as the 

corresponding photocatalysts without ‘PC’. For example, 

the 0.1 Pt electrode is prepared from 0.1 Pt-PC. The coun-

ter electrode is Cu2S/brass [17]. Different solutions such 

as 0.1 M Na2SO4, 0.5 M Na2SO4, 0.1 M NaOH, 0.1 M NaCl, 

10 vol.% TEOA, and 10 vol.% TEOA + 0.1 M NaOH are 

used as electrolytes. To improve contacts, the electrodes 

are compressed. The photoelectrochemical cell is illumi-

nated with a 425-LED (20 mW/cm2). All electrodes are 

analysed by cyclic voltammetry (scan rate of 0.02 V/s, 

potential range from –0.8 to 0.8 V), impedance spectros-

copy (frequency range of 0.8–105 Hz; amplitude of 10 mV; 

external potential of 200 mV), and the Mott–Schottky 

method (potential range from –0.6 to 0.7 V; amplitude of 

10 mV; frequency of 1000 Hz). 

3. Results and discussion 

3.1. Optimisation of the electrolyte to study the 

photoelectrochemical properties of graphitic 

carbon nitride 

The photoelectrochemical properties of g-C3N4 were stud-

ied in Na2SO4 (0.1 M and 0.5 M), 0.1 M NaOH, 0.1 M NaCl, 

10 vol.% TEOA, and 10 vol.% TEOA + 0.1 M NaOH. Figure 

1 depicts the corresponding cyclic voltammograms.  
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Figure 1 shows that all studied photoelectrodes investigat-

ed are stable under the testing conditions. Additionally, 

there are no peaks that are typical of oxidation – reduction 

processes. From the second curve, the photovoltaic pa-

rameters were calculated and listed in Table 1. 

Table 1 and Figure 1 show that the photocurrent meas-

ured in TEOA solution is lower than that measured in in-

organic solutions. This may be due to the low dielectric 

constant and degree of ionisation [1]. It is well known that 

organic compounds have non-electrolyte properties; there-

fore, electron transport is difficult in organic media. The 

addition of sodium hydroxide increases the photocurrent 

density from 0.008 mA/cm2 to 0.036 mA/cm2. This growth 

is supported by the addition of different ions in which 

electron transport is more effective. Moreover, the photo-

currents recorded in pure NaOH without any impurities 

are higher than those measured in the mixture of trieth-

anolamine and sodium hydroxide. The prepared photoelec-

trodes were also tested in sodium chloride and sodium 

sulphate. It should be noted that the short-circuit current 

densities obtained in 0.1 M solutions of inorganic com-

pounds increase with increasing anion mobility. The high 

photocurrents were observed for 0.1 M NaOH. Unfortu-

nately, sodium hydroxide can alter the structure of gra-

phitic carbon nitride, so it is undesirable to use it for test-

ing this material. Higher photocurrents were obtained in 

Na2SO4 solution compared to NaCl, so we chose sodium 

sulphate as the electrolyte for testing the photoelectro-

chemical properties of g-C3N4. Researchers often use 0.1 M 

and 0.5 M solutions, so we tested these solutions. It should 

be noted that the growth of salt concentration leads to the 

change in slope of the corresponding cyclic voltammo-

grams due to the different resistances and electroconduc-

tivity in the tested solutions. High slope of the voltammo-

gram obtained in 0.5 M Na2SO4 compared to 0.1 M Na2SO4 

indicates low resistivity and good photocurrents. By the 

way, the best results were obtained in 0.5 M Na2SO4, 

where the highest value of the short-circuit current densi-

ty is 0.571 mA/cm2 as seen in Table 1. These solutions 

were used in the following experiments.  

Another photovoltaic parameter is the open circuit volt-

age. This value can be defined as the voltage in the absence 

of any current and reflects the energetic aspect of the con-

version of light energy into electricity. It is well known that, 

at low resistivity, the open-circuit voltage is directly pro-

portional to the logarithm of the short-circuit current densi-

ty [39]. Figure 2 confirms this for the systems tested. The 

fill factor reflects the effect of ohmic losses in the photoe-

lectrochemical cell. Table 1 shows that the fill factor varies 

from 23% to 28% and is slightly dependent on the electro-

lyte type. The power conversion efficiency (PCE) defines the 

efficiency of converting light energy into electricity. Table 1 

shows that the main trends in PCE changes are the same as 

for Jsc and are caused by the same reasons. The highest PCE 

of 0.86% was determined for the photoelectrochemical cell 

with 0.5 M Na2SO4. 

3.2. The influence of Ir and Pt co-catalysts on the 

photoelectrochemical properties of the gra-

phitic carbon nitride 

The noble metals such as Ir or Pt were deposited on the g-

C3N4 surface. The cyclic voltammograms of all the samples 

tested in 0.5 M Na2SO4 are shown in Figure 3. It can be 

seen that the loading of noble metals leads to a decrease of 

the photocurrents compared to pristine g-C3N4. The pres-

ence of two noble metals on the photoelectrode surface 

also reduces the photocurrent values. It should be noted 

that the deposition of noble metals does not affect the sta-

bility of C3N4: no peaks are observed on the CVA curves for 

the photoelectrodes tested. However, there are some in-

teresting features in the cyclic voltammograms. Figure 3a 

shows that the linear correlation between potential and 

current density is found for all curves. 

 
Figure 1 The cyclic voltammograms of graphitic carbon nitride 

tested in different electrolytes.   

Table 1 The photoelectrochemical properties of g-C3N4 recorded 

in the photoelectrochemical cell with different electrolytes. 

Electrolyte Jsc (mA/cm2) 
Voc 

(mV) 
FF 

(%) 
PCE (%) 

10 vol.% TEOA 0.008±0.001 100±10 27±5 <0.01 

10 vol.% TEOA 
+ 0.1 M NaOH 

0.036±0.003 115±12 24±5 0.020±0.003 

0.1 M NaCl 0.028±0.003 120±12 28±6 0.020±0.003 

0.1 M Na2SO4 0.060±0.006 167±17 25±5 0.051±0.009 

0.1 M NaOH 0.189±0.02 205±21 26±5 0.20±0.03 

0.5 M Na2SO4 0.57±0.06 289±29 23±4 0.9±0.1 

 
Figure 2 The correlation between the open-circuit voltage and 

logarithm of the short-circuit current density. 

https://doi.org/10.15826/chimtech.2024.11.2.08


Chimica Techno Acta 2024, vol. 11(2), No. 202411208 ARTICLE 

 4 of 10 DOI: 10.15826/chimtech.2024.11.2.08   

 
Figure 3 Cyclic voltammograms obtained in the photoelectro-

chemical cell with g-C3N4, 0.1% Pt/g-C3N4, and 0.5Ir%/g-C3N4 (a); 
0.5Ir–0.1Pt, 0.1Ir–0.1Pt, 0.05Ir–0.1Pt, 0.01Ir–0.1Pt (b); 0.5Ir–

0.5Pt, 0.1Ir–0.5Pt, 0.05Ir–0.5Pt, 0.01Ir–0.5Pt (c) as the working 

electrode. Correlation between the open-circuit voltage and loga-

rithm of the short-circuit current density. 

Figures 3b and 3c show curves in which two regions 

can be distinguished. The first region is a linear (or near 

linear) curve described by Ohm's law. It lies from 0 V to 

0.8 V for 0.5Ir–0.1Pt, 0.1Ir–0.1Pt, 0.05Ir–0.1Pt, 0.01Ir–

0.1Pt and from –0.6 to 0.8V for 0.5Ir–0.5Pt, 0.1Ir–0.5Pt, 

0.05Ir–0.5Pt, 0.01Ir–0.5Pt. The second region is at high 

negative applied potentials for the samples tested. In this 

region the I–V dependence is quadratic and can be at-

tributed to the additional process of electron transport 

between g-C3N4 and two noble metals. 

The photovoltaic parameters are calculated from the 

CVA data, and the results are listed in Table 2. Table 2 

shows that the deposition of noble metal is accompanied 

by a decrease in the short-circuit current density. This 

unusual fact can be explained as follows. The short-circuit 

current density measures the current flowing in the exter-

nal circuit from the FTO to the counter electrode at zero 

potential. It is known that the conduction band (CB) posi-

tion of FTO is –0.54 eV [40], g-C3N4 is –1.25 eV [41], while 

the valence band (VB) of FTO is 3.2 eV, g-C3N4 – 1.45 eV. 

Thus, when the working electrode is irradiated with a di-

ode (λ = 425 nm), photogenerated electrons and holes are 

formed. Since the CB position of the FTO is lower than that 

of the g-C3N4, the photogenerated electrons migrate to the 

FTO and into the external circuit, as shown in Figure 4. 

When the noble metal is deposited, the photogenerated 

electrons can migrate to the metallic co-catalyst. The elec-

tron transfer from Pt to the FTO is less thermodynamically 

favoured than that from g-C3N4. In this way, the deposi-

tion of noble metal reduces the short-circuit current densi-

ty. Furthermore, this effect increases with increasing no-

ble metal content: Jsc of 0.1 Pt and 0.5 Pt are 0.353 and 

0.280 mA/cm2 respectively. It should be noted that the 

decrease in short-circuit current density is less pro-

nounced for Ir-modified electrons. Table 2 shows that the 

Jsc values of 0.5 Pt and 0.5 Ir are 0.280 and 0.339 mA/cm2 

respectively. This may be due to the differences in the 

work function of the noble metals: for Ir this value is 

0.4 eV lower than for Pt [42]; therefore, electron transfer 

to Ir is less thermodynamically favoured than that to Pt. 

Let us consider the changes in other photogalvanic pa-

rameters after noble metal deposition. Table 2 shows that 

the loading of Pt or Ir leads to an increase in the open cir-

cuit potential. For Pt modified samples 0.1 Pt and 0.5 Pt, 

Voc is higher than 400 mV and is weakly dependent on the 

Pt weight content. For 0.5 Ir the open circuit potential is 

lower than for 0.5 Pt. This result can be associated with 

the amount of energy required for electron transfer from 

the corresponding particle. The work function of metallic 

co-catalysts and g-C3N4 [43] decreases in the following 

sequence: Pt > Ir > g-C3N4. Thus, the energy required for 

electron transfer from the electrode to the electrolyte and 

the open circuit voltage (energy reserve during the photo-

electrochemical process) decrease in the same sequence.  

 
Figure 4 Scheme of electron transfer realised under the illumina-

tion of photoelectrodes 0.1 Pt or 0.5 Pt. 
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Table 2 The photogalvanic properties of g-C3N4 with deposited Pt and/or Ir co-catalysts, and the chemical state of the deposited metals 

estimated by the XPS method. 

Working electrode 
[Pt0]/ 

([Pt0] + [Pt2+]) (%) 

[Ir0]/ 

([Ir0] + [Ir3+]) (%) 
Jsc (mA/cm2) Voc (mV) 

FF 

(%) 
PCE (%) 

g-C3N4 –
 a – 0.57±0.06 289±29 23±4 0.9±0.1 

0.1 Pt  – 0.35±0.04 434±44 25±5 0.80±0.14 

0.5 Pt  – 0.28±0.03 411±41 26±5 0.60±0.10 

0.5 Ir – 10 0.34±0.03 386±39 25±5 0.68±0.12 

0.01Ir–0.1Pt 60 – 0.028±0.003 448±45 48±10 0.07±0.01 

0.05Ir–0.1Pt 53 33 0.016±0.002 312±31 43±9 0.028±0.005 

0.1Ir–0.1Pt 39 13 0.077±0.008 284±28 25±5 0.11±0.02 

0.5Ir–0.1Pt 24 14 0.077±0.008 238±24 30±6 0.10±0.02 

0.01Ir–0.5Pt 60 – 0.11±0.01 390±39 33±7 0.11±0.02 

0.05Ir–0.5Pt 68 0 0.13±0.01 339±34 28±6 0.23±0.04 

0.1Ir–0.5Pt 57 0 0.12±0.01 333±34 27±6 0.20±0.03 

0.5Ir–0.5Pt 50 17 0.085±0.009 281±28 30±6 0.17±0.03 
a is not identified by the XPS technique. 

Table 2 shows that the fill factor of the monometallic 

photoelectrodes does not change. The trends in the change 

of the PCE are the same as for the short-circuit current 

density. 

The simultaneous presence of bimetallic co-catalysts 

can have a significant effect on the semiconductor elec-

tronic structure and photogalvanic properties. The values 

of the photogalvanic parameters obtained are given in Ta-

ble 2. It should be noted that Ir deposition also leads to a 

decrease in the short circuit current density. However, the 

main trends in Jsc changes are different between yIr–0.1Pt 

and yIr–0.5Pt samples. Table 2 and Figure 5 show that in 

the case of yIr–0.1Pt, the increase in Ir content from 

0.01% to 0.05% leads to an increase in the short-circuit 

current density, after which the Jsc value increases with 

increasing Ir content and reaches a plateau. The opposite 

trend is observed for the yIr–0.5Pt samples: this depend-

ence passes through a maximum at y = 0.05. 

It is reasonable to assume that oxidation state and 

photocurrent are related. The XPS analysis shows that Pt 

is present in Pt0 and Pt2+ states, while Ir is present in Ir0 

and Ir3+ forms. Table 2 shows the proportions of the me-

tallic forms in the tested photoelectrodes. It is interest-

ing to note that for yIr–0.5Pt the linear correlation be-

tween Pt0/Pt0+Pt2+ and Jsc is observed, as shown in Table 

2 and Figure 6. For the first three samples of this set, Ir 

is only present in ionic form; therefore, its state does not 

affect the photocurrent density. In the case of yIr–0.1Pt, 

the relative content of Pt0 decreases with y values, while 

the short-circuit current density changes in a non-

monotonic way. This may be due to changes in the Ir 

state: the Ir3+ content and the total Ir content increase 

with y. Ir2O3 is known to be a semiconductor [44]; there-

fore, it may be involved in various electron transfer pro-

cesses that improve the photogalvanic properties. This 

statement can be confirmed by 0.05Ir–0.1Pt and 0.1Ir–

0.1Pt. In this case, the relative Pt0 content decreases 

from 53% to 39%, while the short circuit current density 

 

 and the Ir3+ content increase. Overall, the set yIr–0.5Pt 

is more active compared to yIr–0.1Pt; however, the photo-

electrodes with bimetallic co-catalysts are less active than 

the monometallic ones. 

 
Figure 5 Scheme of electron transfer realised under the illumina-

tion of photoelectrodes 0.1 Pt or 0.5 Pt. 

 
Figure 6 The relationship between the short-circuit current den-

sity and Pt0 relative content found for the yIr–0.5Pt samples. 
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Table 2 also gives information on the open circuit volt-

age, fill factor and PCE recorded in the photoelectrochemi-

cal cell with the working electrodes containing bimetallic 

co-catalysts. For both sets of samples, the open circuit 

potential decreases with increasing Ir content in the sam-

ples. The energy reserved during the photoelectrochemical 

process (Voc) increases with the value of the energy re-

quired for electron transfer to the external circuit. The 

work function of Ir is lower than that of Pt, so its deposi-

tion reduces the electron work function. For all samples 

except for 0.01Ir–0.1Pt and 0.05Ir–0.1Pt, the filling factor 

is from 25% to 30%. The trends in the PCE change are the 

same as those in the short-circuit current density. 

3.3. Stydying Ir and Pt-contained photoelectrodes 

by the impedance spectroscopy 

Impedance spectroscopy can provide some information 

about the electron transfer in the tested electrodes. All 

samples were examined by this method. Figure 7 shows 

the results obtained in Nyquist coordinates. For all sam-

ples, the trends in the changes in resistivity and short-

circuit current density are opposite to those according to 

Ohm's law.  

It should be noted that the obtained hodographs can be 

approximated by two semicircles, which could be repre-

sented by the equivalent circuit shown in Figure 8 [44]. 

This circuit is made up of the resistor R3, which includes 

the resistance of the FTO and the electrolyte, and the re-

sistors R1 and R2, which are responsible for the processes 

that take place during charge transfer across the interfer-

ence boundaries. Capacitors C1 and C2 in Figure 8 show the 

double electrical layers that occur at the corresponding 

interference boundaries. All hodographs are approximated 

with the equivalent circuit; the data obtained are shown 

by dotted lines in Figure 7, and the approximation param-

eters are listed in Table 3. 

It is important to identify the nature of the R1 and R2 

parameters. After the deposition of the noble metal on the 

surface of C3N4 and the formation of the photoelectrode, 

some new interphase boundaries such as metal/g-C3N4, 

metal/FTO are formed. The changes in R1 and Jsc are anti-

batic and can be attributed to the metal/FTO boundaries. 

The higher the metal content and the larger the work 

function, the more energy is required to transfer electrons 

from the metal particle to the conducting substrate FTO. 

The same trend is found for R2 except for sample 0.5 Ir. 

This resistance can be supported by the metal/g-C3N4 in-

terphase boundary. The sharp increase in resistance R2 for 

a sample containing iridium may be due to the presence of 

two phases – metallic iridium and iridium oxide (see Table 

2), whereas 0.1 Pt and 0.5 Pt contain only metallic plati-

num. The presence of two noble metals on the surface of 

g-C3N4 leads to the formation of new interphase bounda-

ries; therefore, the interpretation of parameters R1–R2 

may change. Let us consider the main trends in their vari-

ation. Tables 2 and 3 show that R1 and the ratio of metallic 

platinum change symbatically for both yIr–0.1Pt and yIr–

0.5Pt sets. As the metallic Pt content increases, the 

amount of electrons on Pt0 also increases, so the energy 

required for electron transfer from Pt nanoparticles in-

creases. 

 
Figure 7 The Nyquist plots measured in the photoelectrochemical 

cells with g-C3N4 and monometallic photoelectrodes (a); yIr–0.1Pt 

(b); yIr–0.5Pt as working electrodes (c). The external potential is 
200 mV, the amplitude is 10 mV. The dots indicate the experi-

mental data; dot lines show their approximation by the equivalent 

electrical circuit.     

 
Figure 8 An electrical equivalent circuit used for impedance fit-

ting of the experimental data.  
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Table 3 The parameters of the equivalent circuit elements ob-

tained by the approximation of the experimental data.  

Working 

electrode 
R1 (Ohm) R2 (Ohm) R3 (Ohm) 

g-C3N4 462±11 15±2 2.41±0.03 

0.1 Pt 1017±9 40±2 2.34±0.02 

0.5 Pt 1484±29 65±6 3.08±0.03 

0.5 Ir 912±8 556±2 2.88±0.02 

0.01Ir–0.1Pt (1.0±0.2)·106 64±2 2.32±0.03 

0.05Ir–0.1Pt (3.2±0.1)·104 435±1 2.76±0.01 

0.1Ir–0.1Pt (6.1±0.4)·103 170±15 3.09±0.05 

0.5Ir–0.1Pt (6.4±0.6)·103 121±7 6.84±0.01 

0.01Ir–0.5Pt 441±13 (1.3±0.4)·103 3.14±0.02 

0.05Ir–0.5Pt (5.0±0.3)·103 317±3 3.22±0.05 

0.1Ir–0.5Pt (2.89±0.04)·103 83±2 2.44±0.01 

0.5Ir–0.5Pt 70±4 (5.6±0.2)·103 2.22±0.02 

In addition, R1 reflects the resistance to charge transfer 

from Pt to the FTO. In the case of yIr–0.1Pt and yIr–0.5Pt 

except 0.5Ir–0.5Pt, the increase in the amount of Ir2O3 

leads to a decrease in R2. Iridium oxide is a semiconduc-

tor; therefore, the heterojunctions between g-C3N4 and 

Ir2O3, FTO and Ir2O3 can be realised. The FTO has the low-

est position of the conduction band, so the electron trans-

fer from Ir2O3 to the FTO is more easily realised than from 

Ir. Thus, R2 can be attributed to the electron transfer from 

Ir-containing phases to the FTO. As in the previous case, 

R3 values are weakly dependent on the photoelectrode 

composition and include the resistivity. 

The impedance data can be presented in Bode plots 

(see Figure 9). Figure 9 shows that the experimental 

curves for all samples tested consist of two individual 

curves. All experimental curves were deconvoluted and the 

electron lifetime was calculated from the maximum of 

each peak. The values obtained are given in Table 4. Table 

4 shows that for monometallic co-catalysts the Jsc values 

and the electron lifetime τ1 change simultaneously. For 

bimetallic co-catalysts, the electron lifetime τ1 increases 

with increasing Ir content for both sets. For all samples τ2 

does not change. 

In addition, the Mott-Schottky method is used to char-

acterise the samples obtained. Figure 10 shows the typical 

Mott-Schottky plot. It can be seen that the curve obtained 

has the linear part with the positive slope. This fact indi-

cates that the sample under investigation is an n-type 

semiconductor. The positive slope is observed for all the 

samples tested. Therefore, the deposition of one or two 

noble metals does not affect the conductivity type. From 

the linear part of the Mott-Schottky dependence, the flat-

band potential and N·ε can be calculated using the follow-

ing formulae [27]: 

1

𝐶2
=

2

𝜀 ∙ 𝜀0 ∙ 𝑁 ∙ 𝑆2
[(𝑉 − 𝑉𝑗𝑏) −

𝑘𝑇

𝑒
], 

(1) 

where 𝜀0 is the permittivity of vacuum (8.85·10−12 F/m), 𝜀 

is the dielectric constant of the materials, e is the electron-

ic charge (1.60·10−19 C), N is the concentration (m−3) of 

electrons, S is the surface of the irradiated photoelec-

trodes (m2), T is the room temperature (K), k is Boltz-

mann’s constant (J/K), V is the electrode potential (V), Vfb 

is the flat-band potential (V), and C is the space charge 

capacitance (F/m2). 

Table 5 shows that the deposition of 0.1% Pt does not 

change the flat band potential. The further increase of the 

Pt amounts up to 0.5 wt.% leads to a decreasing Vfb. The 

same trend is observed for the 0.5 Ir sample. It should be 

noted that for the electrodes with bimetallic co-catalysts 

the flat-band potential value is the same as for the corre-

sponding Pt-modified samples. 

 
Figure 9 The Bode plot recoded in the photoelectrochemical cells 

with g-C3N4 and monometallic photoelectrodes (a); yIr–0.1Pt (b); 
yIr–0.5Pt as working electrodes (c). The external potential is 

200 mV, the amplitude is 10 mV. 
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Table 4 Lifetimes of charge carriers measured in the presence of 

the tested electrodes in 0.5 M Na2SO4.  

Working electrode τ1 (ms) τ2 (ms) 

g-C3N4 12±2 0.20±0.06 

0.1 Pt 13±3 0.11±0.07 

0.5 Pt 20±4 0.2±0.1 

0.5 Ir 16±4 0.11±0.02 

0.01Ir–0.1Pt 13±3 0.11±0.07 

0.05Ir–0.1Pt 64±6 0.09±0.03 

0.1Ir–0.1Pt 113±4 0.3±0.2 

0.5Ir–0.1Pt 117±5 0.19±0.01 

0.01Ir–0.5Pt 18±4 0.15±0.01 

0.05Ir–0.5Pt 21±4 0.11±0.08 

0.1Ir–0.5Pt 30±5 0.2±0.1 

0.5Ir–0.5Pt 36±5 0.14±0.04 

 
Figure 10 Typical Mott-Schottky plot recorded in the photoelec-

trochemical cell with 0.5Pt as the working electrode. 

Table 5 Flat-band potential and N·ε estimated from the Mott-

Schottky plots for all tested photoelectrochemical cells. 

Working 

electrode 

Jsc 

(mA/cm2) 
Vfb (V) N·ε (m–3) 

g-C3N4 0.571 –0.15±0.03 (1.1±0.1)1019 

0.1 Pt 0.353 –0.12±0.02 (2.2±0.1)1020 

0.5 Pt 0.280 –0.04±0.01 (1.9±0.1)1020 

0.5 Ir 0.339 –0.09±0.05 (4.9±0.7)1019 

0.01Ir–

0.1Pt 
0.028 –0.14±0.03 (1.4±0.2)1020 

0.05Ir–

0.1Pt 
0.016 –0.19±0.03 (1.0±0.1)1020 

0.1Ir–0.1Pt 0.077 –0.22±0.05 (3.7±0.6)1019 

0.5Ir–0.1Pt 0.077 –0.17±0.08 (1.4±0.2)1019 

0.01Ir–

0.5Pt 
0.106 –0.04±0.01 (6.2±0.7)1019 

0.05Ir–

0.5Pt 
0.129 –0.07±0.03 (1.26± 0.08)1020 

0.1Ir–0.5Pt 0.117 –0.06±0.03 (8.0±0.5)1019 

0.5Ir–0.5Pt 0.085 –0.08±0.03 (1.2±0.1)1020 

Another important parameter calculated from the 

Mott-Schottky plots is the number of electrons. Unfortu-

nately, we can only estimate the product of the electron 

number and the dielectric constant. Both values depend on 

the composition of the photoelectrode. Table 5 shows that 

N·ε increases with the deposition of noble metal on the 

surface of g-C3N4. At the same time, the energy required 

for the electron transfer from the noble metal to the ex-

ternal circuit increases; hence, the short-circuit current 

density decreases. For the yIr–0.1Pt samples, the product 

of N and ε decreases with increasing Ir content in the 

sample. For the yIr–0.5Pt set, there are no correlations 

between the product of N and ε and Ir content or other 

characteristics. 

4. Limitations 

This work has several limitations. First of all, we are talk-

ing about the accuracy of electrochemical measurements 

using the impedance method. Unfortunately, it is not pos-

sible to obtain more accurate information on the lifetime 

of charge carriers. The second difficulty is the impossibil-

ity of determining the dielectric constant of the photocata-

lysts, which makes it possible to determine the product of 

the number of charges and the dielectric constant of the 

photocatalysts. The third difficulty is the low intensity of 

the iridium peaks in samples with low iridium content, 

which makes it impossible to identify its charge state. 

5. Conclusions 

In this work, the optimisation of the electrolyte composi-

tion for testing the g-C3N4 based electrodes was carried 

out. In organic media, such as aqueous and basic solutions 

of triethanolamine, low current values were obtained. Of 

the inorganic solutions, 0.5 M Na2SO4 yielded the best re-

sults and was used for further experiments. Graphitic car-

bon nitride was then modified with Pt or with Ir and Pt. 

The photoelectrochemical properties of the resulting pho-

toelectrodes were tested. It was shown that in the case of 

monometallic co-catalysts, the deposition of noble metal is 

accompanied by a decrease in the short-circuit current 

density and an increase in the open-circuit voltage. The 

simultaneous presence of bimetallic co-catalysts can have 

a significant effect on the semiconductor's electronic 

structure and photogalvanic properties. It should be noted 

that Ir deposition also leads to a decrease in short circuit 

current density. However, there are some correlations 

between the shunt current density and the oxidation state 

of the noble metals. A linear correlation between 

Pt0/Pt0+Pt2+ and Jsc was observed. It was also shown that 

the presence of Ir in the form of Ir3+ favours the photocur-

rent generation. The samples obtained were studied by 

impedance spectroscopy. Overall, the trends in the resis-

tivity variations and the short-circuit current density are 

opposite to those according to Ohm's law. The equivalent 

circuit was proposed. For bimetallic co-catalysts, R1 re-

flects the resistance of the charge transfer from Pt to the 

FTO, R2 can be attributed to the electron transfer from Ir-

containing phases to the FTO, R3 includes the resistance of 

the charge transfer from the FTO to the external circuit, 

https://doi.org/10.15826/chimtech.2024.11.2.08


Chimica Techno Acta 2024, vol. 11(2), No. 202411208 ARTICLE 

 9 of 10 DOI: 10.15826/chimtech.2024.11.2.08   

from the counter electrode to the electrolyte, etc. In addi-

tion, Mott-Schottky analysis was used to characterise the 

samples. All samples tested are n-type semiconductors. 

The deposition of 0.1% Pt does not change the flat band 

potential. 
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