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 Abstract: Electrocatalytic parameters of a Pt/C standard and a sample of terbium(III) 
monoporphyrinato were investigated in different solutions. N electron transfer, Tafel 
slope, Eonset, and overpotential of the catalyst of Pt/C in different solutions were calculated 
and analyzed using a rotating ring disk electrode (RRDE) in 0.5 M H2SO4, 0.1 M HClO4 
and 0.1 M NaOH. In the RRDE measurements, a bipotentiostat at a potential range of 
1.03 to 0.05 V vs RHE (Ering = 1.2 V vs RHE) with a scan rate of 5 mV/s and rotation rates 
of 200, 400, 900, 1600 and 2500 rpm was used. Hereafter, the test of terbium(III) 
monoporphyrinato compound formulated in [Tb(TPP)(cyclen)]Cl (TPP = 5,10,15,20-
tetraphenylporphyrinato; cyclen = 1,4,7,10-tetraazacyclododecane) as a candidate 
material for ORR electrocatalyst was also done. The results showed that the measurement 
of Pt/C standards was satisfactory according to the literature for all parameters with the 
n electron transfer close to 4 in all electrolytes media. [Tb(TPP)(cyclen)]Cl had an n 
electron transfer value of 2.38, suggesting that the [Tb(TPP)(cyclen)]Cl compound has 
less potential for ORR catalysts. 

Keywords: oxygen reduction reaction (ORR); RRDE technique; Pt/C; 
monoporphyrinato 

 
■ INTRODUCTION 

The fuel cell is one of the options to obtain promising 
energy in the future. However, the kinetic sluggishness on 
the cathode and high overpotential is the main problem 
that is mostly found in the fuel cell, especially for oxygen 
reduction reactions (ORR). Therefore, high efficiency is 
required in the oxygen reduction process that occurs on 
the cathode and is inevitable in the polymer electrolyte 
membrane fuel cells (PEMFC). PEMFC affords high 
efficiency of the fuel cell in supplying electricity with nearly 
nonexistent emission [1]. For a PEMFC that uses a Pt 
electrode, the ORR occurred in the cathode and the 
hydrogen oxidation reaction (HOR) occurred in the anode 
[2]. Because the nature of ORR being a kinetically slow 
reaction with high overpotential, an efficient electrocatalyst 

is necessary [3]. However, Pt is still used mostly for ORR 
due to its good catalytic activity compared to other 
materials. A significant portion of the high cost of 
PEMFCs was contributed due to the price of Pt-based 
catalysts [4]. Therefore, it is important to design an 
electrocatalyst that is cheap and efficient for ORR [5]. 

The potential candidate to replace Pt are 
precursors containing nitrogen, carbon, and metals [6]. 
Molecules of N4-metallomacrocyclic have been 
considered as one of the promising compounds for ORR 
since 1964. The advantage of using these materials for 
electrocatalysts is due to the more affordable price 
compared to Pt. Catalytic activity can be modified by 
changing the substitution of the metal center or by the 
structure modification of N4-macrocyclic ligand [7]. 
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Porphyrin, corrole, and phthalocyanine have been 
studied extensively regarding the substituent effect for the 
catalyst of ORR [8]. The use of metals on porphyrin 
(henceforth called metalloporphyrin) showed some 
benefits from the aspect of its coordination. Porphyrin 
affords rigid environments and good stability with the 
metal center in the cavity. Metalloporphyrin is considered 
as a stable complex in acid or base, and is also a redox-
active compound. As a consequence, metalloporphyrin 
can be used for redox activity materials such as in the 
applications for fuel cells. The porphyrin molecule can be 
modified with different substituents on the meso and β 
position to obtain various metalloporphyrin with 
different chemical or physico-chemical properties that 
can also be applied for the ORR catalyst [9]. A 
metalloporphyrin complex with a lanthanide ion as a 
metal center has also contributed to porphyrin chemistry 
since 1974, in which the study of this complex has been 
done in many aspects such as photoluminescence and 
molecular magnetism [10]. 

An electrocatalyst performance should be evaluated 
first before involving the fabrication of the fuel cell in the 
lab using a three-electrode system [11]. Evaluation can be 
done using a rotating disk electrode (RDE) and rotating-
ring-disk electrode (RRDE) as the working electrode in 
the system. The Pt/C electrocatalyst has been used as a 
reference material for evaluating the performance of new 
catalysts, which is dependent on some factors [12]. Here 
we report the determination of the catalytic activity of 
platinum in different electrolyte media, together with an 
investigation of the catalytic performance of lanthanide(III) 
monoporphyrinato complex, namely [Tb(TPP)(cyclen)]Cl 
(Tb = terbium; TPP = 5,10,15,20-tetraphenylporphyrinato; 
cyclen = 1,4,7,10-tetraazacyclododecane; Cl = chloride). 

■ EXPERIMENTAL SECTION 

Materials 

[Tb(TPP)(cyclen)]Cl complex was prepared using 
the previously reported method [10]. The Pt/C (20 wt.% 
Pt), Sulfuric Acid (H2SO4, 97%), perchloric acid (HClO4, 
96%), sodium hydroxide (NaOH), isopropanol (C3H8O) 
and Nafion 5 wt.% were purchased from commercial 
suppliers, E Merk and DuPont. 

Instrumentation 

The RRDE measurements were carried out using 
bipotentiostat Corrtest CS2150 from Corrtest 
Instruments Corp., Ltd. with the current control range: 
± 2 A. The computational chemistry calculations were 
done using Supercomputer System SQUID at the 
Cybermedia Centre, Osaka University. 

Procedure 

The electrocatalytic activities of catalysts were 
studied using RRDE measurement in a three-electrode 
cell. A Pt/GC RRDE (7 mm OD, 5 mm ID Pt ring 
(0.189 cm2) and 4 mm diameter GC (0.126 cm2), Ag/AgCl 
(sat. KCl) and GC plate (10 × 15 mm, 2 mm thickness, 
connected with Au wire) were used as the working, 
reference and counter electrode, respectively. The ink 
catalyst was prepared by mixing 2 mg of catalyst and 
1 mL stock solution (20% isopropanol, 0.02% Nafion 
ionomer), followed by sonification for about 60 min. 
About 10 μL of dispersed ink was drop cast on the 
surface of the GC-electrode disk and then air-dried for 
about 60 min. The RRDE measurements were carried 
out at +1.03 to +0.05 V vs RHE (Ering = 1.2 V vs RHE) with 
the rotating rate of 200, 400, 900, 1600, and 2500 rpm 
and a scan rate of 10 mV s−1 in the 0.1 M KOH solution. 

Computational chemistry calculations was 
performed on the Gaussian 16 package, Rev. C.01. The 
geometry structure of [Tb(TPP)cyclen]+ was taken from 
the experimental structure [10]. The Grimme’s density 
functional theory (DFT-D3) method of B3LYP with the 
energy-consistent pseudopotentials of the Stuttgart 
(Stuttgart RSC 1997 ECP) basis set for terbium ion and 
6-31G** basis set for the other atoms was performed to 
optimize the geometry of structure [13-15]. 

■ RESULTS AND DISCUSSION 

Pt/C test in Various Electrolytes 

The polarization curve was obtained with the 
linear sweep voltammetry (LSV) from RRDE at the 
range of 1.03 to 0.05 V vs RHE with scanning rates of 
5 mV/s and rotation rates of 200, 400, 900, 1600 and 
2500 rpm for Pt/C in various O2 saturated solution of 
H2SO4 0.5 M, HClO4 0.1 M and NaOH 0.1 M. Current 
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obtained from the measurement was normalized with the 
disk surface (Sg) at about 0.126 cm2. The profile of the 
Pt/C voltammetry in the various O2 saturated solution 
(Fig. 1) showed that the current density increased with the 
increase of rotation rate from 200 to 2500 rpm. Table 1 
shows the parameter analyzed from polarization curves at 
2500 rpm. Analysis of the activation area (AR) of the 
polarization curve at 2500 rpm made it possible to obtain 
the parameter of Eonset value. More positive Eonset and E1/2 
means that the electrocatalysis will be more active [16]. 
The Pt/C catalyst in the medium of HClO4 0.1 M and 
NaOH 0.1 M showed more positive Eonset value than in 
H2SO4 0.1 M, indicating that Pt/C was more active in both 
solutions. The controlled region that was measured was in 
the mixed region of diffusion-kinetic (KR) to obtain 
information about E1/2. The E1/2 value was in the same 
correlation with the electrocatalytic activity of Pt/C in 
various electrolyte solutions of NaOH 0.1 M > HClO4 0.1 
> H2SO4 0.5 M. The theory of the overpotential () and 

real overpotential (exp) was calculated from the different 
values of Eeq(exp) and Eonset with Eeq. The difference of both 
overpotentials was used in the calculation of the 
sluggishness of ORR, where Pt/C in HClO4 0.1 M 
solution obtained the best value among other solutions. 

From Eq. (1), the Koutecky-Levich plot is defined 
as a straight line characterized by the slope αK-L = (nexB)−1 
and the intercept βK-L = jk

−1 where j is the measured 
current density, jk is the kinetic current density, jl

film is 
the diffusion-limiting current density in catalyst film, jl

ads 
is the diffusion-limiting current density associated with 
O2 adsorption in the active site, j0 is the current exchange 
density, nex is the exchange number of electrons, Ω is the 
rotation rate, θ and θeq is the degree of coverage of the 
catalyst surface (active sites) by oxygen at potential E, and 
at the equilibrium potential Eeq, η is the overpotential and 
b is the Tafel slope. The plot of Koutecky-Levich for Pt/C 
in various electrolyte solutions at different potentials 
showed  a  good   linearity  of  the   lines  (Fig. 2).   Typical 
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Fig 1. Polarization curve of Pt/C in various electrolyte solutions of (a) H2SO4 0.5 M, (b) HClO4 0.1 M and (c) NaOH 
0.1 M at various rotation rates 
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Table 1. Parameters of the polarization curves for Pt/C in various electrolytes 

Electrolyte Eonset 
(V vs RHE) 

E1/2 

(V vs RHE) 
 

(mV) 
(exp) 

(mV) 
Sluggishness 

(mV) 
0.5 M H2SO4 0.84 0.74 264 348 84 
0.1 M HClO4 0.89 0.78 232 291 59 
0.1 M NaOH 0.89 0.80 167 296 129 
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Fig 2. Koutecky-Levich plot obtained from Fig. 1 for Pt/C in the O2 saturated solution of (a) H2SO4 0.5 M, (b) HClO4 
0.1 M and (c) NaOH 0.1 M at the different potentials 
 
characteristics of first-order kinetics in correlation with 
dissolved O2 in the solution were seen with linearity and 
parallelism of the plots [17]. Kinetic current density (jk) 
was normalized with the mass of Pt/C, which was drop-
casted on the disk surface (20 μg). The value of jk at 0.8 V 
vs RHE for the activation of Pt/C in various electrolytes is 
shown in Table 2. 
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Fig. 3 shows plots based on Eq. (2), in which jL 
(limiting current density) can be determined from these 
extrapolation plots. The jL value for Pt/C in various 
electrolytes can be seen in Table 2. The jL is always higher 
than j0, independent of the solution used. This indicated 
that electron transfer is the determining stage for the 
reaction rate (rds) [18]. 
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Table 2. ORR kinetic parameter of Pt/C in various solutions 
Electrolyte n jk (mA/cm2mg) 

at 0.8 V vs RHE 
jL 

(mA/cm2) 
B 

(mV/dec) 
j0 

(mA/cm2) 
0.5 M H2SO4 3.95 52.74 62.35 114 5.52 × 10−4 
0.1 M HClO4 3.99 183.02 61.57 112 1.42 × 10−3 
0.1 M NaOH 3.98 132.79 32.03 134 4.92 × 10−3 
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Fig 3. Plot “jk

−1 vs. E” for the determination of the limiting current density (jL) for Pt/C in the electrolyte solution of 
(a) H2SO4 0.5 M, (b) HClO4 0.1 Mand (c) NaOH 0.1 M 
 

Fig. 4 shows the relative Tafel plot of Pt/C in various 
electrolyte solutions. This plot can give information about 
the value of the Tafel slope (b) and exchange current 
density (j0) obtained from Eq. (3) and (4), respectively, as 
seen in Table 2. From this calculation, the b value 
obtained was close to the literature with a high 
overpotential of about 120 mV/dec [19], indicating that 
the first electron reduction occurred as rds at high 
overpotential. Electrocatalytic material with high j0 and 
low b is intended for electrocatalysis of ORR. This means 
that with lower b, the current density increases but with 

smaller overpotential, and it also means that the kinetic 
charge transfer occurred faster. 

Tafel
k

L k

b
jlog

j j


   

  
     

 (3) 

Tafel
L b

Tafel 0 L
0

j
blog j =j 10

j


 

     
 

 (4) 

The polarization curve of RRDE (Fig. 5) showed the 
currents on the disk and ring as well. The ring current 
(IR) was parallel with the number of intermediate species  
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Fig 4. Relative Tafel plot for Pt/C in the solution of (a) H2SO4 0.5 M, (b) HClO4 0.1 M, and (c) NaOH 0.1 M 
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Fig 5. Polarization curves of RRDE for Pt/C in the 
different electrolyte solutions at 2500 rpm 

yielded from the reduction of O2. The smaller ring 
current means that the electron transfer is closer to 4. The 
polarization curve of RRDE can be used to determine the 

electron transfer number (as seen in Fig. 6) at a certain 
potential range with Eq. (5), where N is the collection 
efficiency (42%), ID and IR are disk and ring current, 
respectively. 

D

RD R

D

4N I 4n 4
IN I I 1

N I

  
 

 (5) 

The value of n electron transfer in the electrolyte of 
HClO4 0.1 M was the closest to 4 and also the most stable 
as well, followed by NaOH 0.1 M and H2SO4 0.5 M. The 
result was similar to what Garsany et al. [20] reported. 
They reported that the electrocatalytic properties of Pt in 
the media of H2SO4 is sensible due to its surface in 
adsorbing HSO4

− and SO4
2− and the best performance of 

Pt/C is in the electrolyte of HClO4 0.1 M. The effect of the 
electrocatalyst performance was dependent on the 
electrolyte having interactions that occur between 
oxygen, salt ion, water, and the electrode. Electrolytes with  
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Fig 6. The electron transfer number for Pt/C in the 
different mediums at the potential range 0.8–0.3 V vs RHE 

high O2 saturation, lower viscosity, and weaker 
adsorption species increase the activity of ORR [21]. For 
example, the strongest adsorption is in H2SO4, and the 
weakest adsorption is in the solution of HClO4 [22]. 

Tables 3 to 5 shows the result of the Pt/C test in the 
various electrolytes compared to the literature. The 
resulting test in our study was close to the literature. The 
slight difference between our test and the literature was 
due to a slightly different loading on the GC surface. In 
general, the test of the cell system obtained from this 
study was quite good. Therefore, the system we used is 
quite reliable with good confidence in determining 
unknown electrocatalysts from a sample. 

The Electrocatalytic Performance of 
[Tb(TPP)(cyclen)]Cl 

The measurement of the sample of 
[Tb(TPP)(cyclen)]Cl was conducted using the RRDE 
method at the potential range of 1.03 to 0.05 V vs RHE 
with the scanning rate of 5 mV/s and rotation rate of 200, 
400, 900, 1600 and 2500 rpm to obtain the polarization 
curve in the O2 saturated solution of NaOH 0.1 M. This 
choice of solution was considered due to the best stability 
of the sample in the alkaline media. Besides, in the alkaline 
media, the rate of the oxygen reduction reaction is faster 
[17]. The current obtained from the measurement was 
normalized with a surface (Sg) of about 0.126 cm2. Fig. 7 
shows the voltammetry profile of [Tb(TPP)(cyclen)]Cl in 
O2 saturated electrolyte solution, in which the current 
density increases with the increase of rotation rate from 
200 to 2500 rpm, similar to the Pt/C standard. Table 6 
shows the Eonset, E1/2, ,  (exp), and sluggishness of the 
polarization curve at 2500 rpm of the drop casted sample 
of [Tb(TPP)(cyclen)]Cl. [Tb(TPP)(cyclen)]Cl showed 
lower Eonset and E1/2 values than Pt/C in the electrolyte 
solution. This indicated that [Tb(TPP)(cyclen)]Cl had less 
catalytic activity than Pt/C. Theoretically, the Eonset and 
E1/2 that represent the electrocatalysis activity showed that 
[Tb(TPP)(cyclen)]Cl was 2.16 times slower than Pt/C. 

The linearity of the Koutecky-Levich plot was quite 
good for [Tb(TPP)(cyclen)]Cl (see Fig. 8). Kinetic current 

Table 3. The comparison of the test of Pt/C standard in H2SO4 0.5 M and the literature 
Electrolyte of 
0.5 M H2SO4 

Pt loading 
(μgPt/cm2) 

Eonset 
(V vs RHE) 

E1/2 
(V vs RHE) 

In this study 31.8 0.84 0.74 
Sun et al. [23] 19.4 0.95 0.78 

Table 4. The comparison of the test of Pt/C standard in HClO4 0.1 M and the literature 
Electrolyte of 
0.1 M HClO4 

Pt loading 
(μgPt/cm2) 

Eonset 

(V vs RHE) 
E1/2 

(V vs RHE) 
n, 0.5 V 
vs RHE 

jl
diff (mA/cm2), 

1600 rpm 

In this study 31.8 0.89 0.78 3.99 5.68 
Wu et al. [24] 30 0.86 0.78 3.96 5.37 

Table 5. The comparison of the test of Pt/C standard in NaOH 0.1 M and in the literature 
Electrolyte of 
0.1 M NaOH 

Pt loading 
(μgPt/cm2) 

Eonset 

(V vs RHE) 
E1/2 

(V vs RHE) 
n, 0.7 V 
vs RHE 

jl
diff (mA/cm2), 

1600 rpm 

In this study 31.8 0.89 0.8 3.98 4.39 
Holade et al. [25] 26 1.005 0.85 4 4.7 
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density (jk) was normalized with the mass of 
[Tb(TPP)(cyclen)]Cl that was drop-casted on the surface 
disk (20 μg). The value of jk at 0.8 V vs RHE for the 
catalytic activity of [Tb(TPP)(cyclen)]Cl was about 
0.06 mA/cm2 mg. 

The plot was based on Eq (2) as shown in Fig. 9, in 
which the value of jL was determined from the plot 
extrapolation. The value of jL for [Tb(TPP)(cyclen)]Cl was 
about 0.52 mA/cm2. 

The Relative Tafel plot for [Tb(TPP)(cyclen)]Cl is 
shown in Fig. 10. Information about the value of the Tafel 
slope (b) and exchange current density (j0) could be 
obtained from this plot. The b value obtained was about 
117 mV/dec, close to 120 mV/dec, and the j0 was about 
4.30 × 10−7 mA/cm2. The value of j0 [Tb(TPP)(cyclen)]Cl 
was lower than Pt/C (4.92 × 10−3). This means that with a 
similar overpotential, the increase of the current density 
of [Tb(TPP)(cyclen)]Cl was much lower, and the kinetic 
charge exchange occurred very slowly. 

The polarization curve of RRDE (Fig. 11) showed 
the current on the disk and the ring. The electron number 
at a certain potential range was obtained from the data  
 

of the polarization curve of RRDE using Eq. (5). The 
result of the n electron transfer number is shown in Fig. 
12. [Tb(TPP)(cyclen)]Cl showed a fairly stable n 
electron transfer curve at a certain range of potentials. 
The n electron transfer increased with the decrease of the 
average potential at about 2.38. This result was still an 
inferior value compared to the n-transfer electron ideal, 
such as Pt at about 4. This result also indicated that 
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Fig 7. Polarization curve of [Tb(TPP)(cyclen)]Cl in the 
electrolyte of NaOH 0.1 M in the different rotation rates 

Table 6. Parameter of polarization curve for [Tb(TPP)(cyclen)]Cl and comparison with Pt/C 

Electrocatalyst Eonset 

(V vs RHE) 
E1/2 

(V vs RHE) 
 

(mV) 
(exp) 

(mV) 
Sluggishness 

(mV) 
[Tb(TPP)(cyclen)]Cl 0.62 0.53 283 558 275 
Pt/C 20% 0.89 0.80 167 296 129 
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Fig 8. Koutecky-Levich plot determined from Fig. 7 for 
[Tb(TPP)(cyclen)]Cl in NaOH 0.1 M solution 
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Fig 9. The plot of “jk

−1 vs. E” for the determination of 
limiting current density (jL) for [Tb(TPP)(cyclen)]Cl in 
NaOH 0.1 M solution. 
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the ORR mechanism of [Tb(TPP)(cyclen)]Cl was via the 
(2 + 2) mechanism, where O2 was first reduced to H2O2, 
followed by the reduction of H2O2 to H2O. 

The resume test result of [Tb(TPP)(cyclen)]Cl in the 
NaOH 0.1 M solution is shown in Table 7. The kinetic 
parameter of [Tb(TPP)(cyclen)]Cl was not ideal compared 
to Pt/C. This indicated that [Tb(TPP)(cyclen)]Cl was 
inappropriate material for the electrocatalysis of ORR. 
Some literature reported that this compound was mostly 
used for the magnetism application. 

The catalytic performance of [Tb(TPP)(cyclen)]Cl 
can be explained by its structure energy level. Zhang and 
Xia [26] explained that the separation energy of the 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) could be 
used as a simple kinetic stability indicator. The low energy 
band gap of HOMO-LUMO indicated low kinetic 
stability and high chemical reactivity. The low HOMO-
LUMO energetically was advantageous to increase the 
electron for high-lying LUMO and to extract electrons 
from low-lying HOMO. When comparing to the FePc  
 

(Fe-phthalocyanine) from Ma et al. [27], it can be seen 
that FePc owed the lower HOMO-LUMO gap with 
better electrocatalytic performance compared to 
[Tb(TPP)(cyclen)]Cl (Fig. 13). The Eonset and jk are 
shown in Table 8. The lower value of Eonset and jk 
indicated that the electrocatalytic performance of 
[Tb(TPP)(cyclen)]Cl was not better than FePc. 
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Fig 10. Relative Tafel plot for [Tb(TPP)(cyclen)]Cl in 
NaOH 0.1 M solution
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Fig 11. Polarization curve of RRDE for 
[Tb(TPP)(cyclen)]Cl and its comparison to Pt/C in the 
NaOH 0.1 M electrolyte at 2500 rpm  
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Fig 12. The n electron number of [Tb(TPP)(cyclen)]Cl 
and its comparison to Pt/C in NaOH 0.1 M solution at 
potential range of 0.8–0.3 V vs RHE 

Table 7. Kinetic parameter of ORR of [Tb(TPP)(cyclen)]Cl and its comparison towards Pt/C 

Electrocatalyst n jk (mA/cm2mg) 
at 0.8 V vs. RHE 

jL 

(mA/cm2) 
B 

(mV/dec) 
j0 

(mA/cm2) 
[Tb(TPP)(cylene)]Cl 2.38 0.06 0.52 117 4.30 × 10−7 
Pt/C 20% 3.98 132.79 32.03 134 4.92 × 10−3 



Indones. J. Chem., 2023, 23 (2), 405 - 415 

 

Atmanto Heru Wibowo et al. 
 

414 

-9

-8

-7

-6

-5

-4

-3

-4.65 eV

-3.71 eV

-5.12 eV

-7.44 eV

Fe-pthalocyanine

LUMO

LUMO

HOMO

E
n

er
g

y 
le

ve
l (

eV
)

HOMO

[Tb(TPP)(cyclen)]Cl  
Fig 13. [Tb(TPP)(cyclen)]Cl and FePc energy level 
comparison 

Table 8. Comparison of [Tb(TPP)(cyclen)]Cl and FePc 
 [Tb(TPP)(cyclen)]Cl FePc [27] 
HOMO (eV) -7.44 -5.12 
LUMO (eV) -4.65 -3.71 
HOMO-LUMO gap (eV) 2.79 1.41 
Eonset (V vs RHE) 0.62 0.958 
jk at 0.9 V (mA/cm2) 2.83 × 10-4 1.417 

■ CONCLUSION 

In the different electrolyte solutions, the Pt/C 
standard showed good results with an almost similar 
parameter value according to the literature (n close to 4). 
Meanwhile, the [Tb(TPP)(cyclen)]Cl sample was not a 
superior material for ORR electrocatalysis with an n 
electron transfer number of about 2.38. The result met the 
theoretical calculation of the HOMO-LUMO gap using 
DFT of about 2.79 eV, almost double to FePc (1.41 eV). 
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