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Carbon: allotropes & spin off products 

 EIS FOR CHARACTERIZATION OF CARBON-BASED ELECTRODES 

Optics, Nanoelectronics, (Bio)sensors, 
Nanotechnology, Nanoscience, 
Energy Conversion and Storage...   
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 characterization and diagnostic 
tool of electrochemical devices  

ultracapacitors 
 supercapacitors  

fuel cells  
batteries 

 characterization of individual 
electrodes 

electroanalysis  
sensor properties 

 EDL and supercapacitors 
electrocatalysis (batteries, fuel cells) 

EIS for carbon electrodes:  
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 Glassy carbon – general properties 

o Good electronic conductor 

o Resistive to chemical and thermal attack  

o Impermeable to gas and solutions 

o Low reactivity  

o Low density and high proportion of closed porosity    

 Activation 

 as electrode material 

o High potential window 

o High chemical and physical stability   

 as electrodes for energy storage devices 

o High specific capacitance 

o Low contact, active-layer and ionic resistances 

• Thermal treatment 

• Chemical oxidation 

• Electrochemical oxidation 

OSG’s :     

carbonyl 

     carboxyl 

 ketone 

    quinone 

   hydroxil... 
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GC-P: polished 
 

GC-A(III): mildly oxidized 
 

GC-A(IV): strongly oxidized 
 

0.5 mol dm-3 
H2SO4 
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GC-P 

GC-P 

GC-A(III) 

GC-A(III) 

GC-P 
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Diffuse part Compact part 

E 

P. Heiduschka, A.W. Munz, W. Göpel,  
Electrochim. Acta, 39 (1994) 2207. 

LF HF 

LF HF 
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GC-P 
GC-A(III) 

GC-A(IV) 

GC-P 

GC-A(IV) 

GC-A(III) 
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GC tdep = 1 min 5 min 30 min 50 min 

GC-P/Ru GC-P/Ru1 GC-P/Ru2 GC-P/Ru3  

GC-

A(III)/Ru 

GC-A(III)/Ru1 GC-A(III)/Ru2 GC-A(III)/ Ru3 GC-A(III)/Ru4 

GC-

A(IV)/Ru 

GC-A(IV)/Ru1 GC-A(IV)/Ru2  GC-A(IV)/Ru4 

 
Formation of GC/Ru electrodes 

 
• Polished GC: GC-P/Ru 
• Electrochemically activated GC: GC-A(III-IV)/Ru  
_____________________________________ 
Ru added to GC-P and GC-A(I-IV) by cathodic potentiostatic 
deposition from (NH4)2RuCl6/H2SO4 at E = 0.85 V vs. SSE and 
various tdep. 

? 
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SEM images 

GC-P/ 
Ru1 

GC-
A(III)/ 
Ru1 

GC-
A(IV)/ 
Ru4 

tdep=1min tdep=1min 

tdep=1hour 
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1  Hydrogen desorption, H UPD 

1 

2  Ru oxidation to hydrated ox-     
     hydroxide, HxRuyOz 

2 

3  Formation of hydrated RuO2 at  
      0.45 V vs. SSE 

3 

4 

4 ‒Hydrogen adsorption + reduction 
      of Ru-oxides fomed at 2 and 3 

GC-P/Ru 
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Ru 

Ru 

GC-A(III)/Ru 
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tdep /min 103 q/ 
C cm2 

GC-P/Ru 

1  6.32 

5  11.93 

30  93.55 

GC-A(III)/Ru 

1  10.71 

5  78.57 

30  114,29 

50  228,57 

4F

M
*Ru

q
m 

105 
(m)Ru*/     
g cm2 

0.16 

0.31 

2.43 

0.28 

2.04 

2.98 

5.97 

Subtracted CVs 
GC-P/Ru - GC-P 

GC-A(III)/Ru - GC-A(III) 

Ru0 Ru4+ 
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GC-P/Ru2 
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GC-A(III)/Ru2 
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GC-A(IV)/Ru2 
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 M + H+
(aq) + e-       MH(ad) ...................v1  

MH(ad) + H+
(aq) + e-        M + H2(x=0) .... v2    

2MH(ad)         2M +H2(x=0) .....................v3          

   

 H2(x=0)             H2 (x=bulk) ........................ v4 

Hydrogen evolution reaction, HER 
Eo( H+/H2) = 0.00 V vs.  NHE 

E   Eo 

H OPD 

E   Eo 

H UPD 
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E =  -0.60 V  vs. SSE 

GC-A(III) 
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GC-A(IV) 
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GC-A(III) GC-A(IV) GC-P 
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Electrode E/ V 
vs.SSE 

Rupd/       
 cm2 

Qupd/           
-1 s cm-2 

 

 
GC-P/Ru2 

-0.55 1361 2.6  10-3 0.78 

-0.60 528 5.4  10-3 0.85 

 
GC-A(III)/Ru2 

-0.55 330 7.4  10-3 0.86 

-0.60 61 17.8  10-3 0.91 
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Electrode Rct/       
 cm2 

Qad/           
-1 s cm-2 

 Rad/        
 cm2 

RHER/      
 cm2 

GC-P/Ru2 31 251  10-3 0.44 *38 69 

GC-
A(III)/Ru2 

3.6 305  10-3 

 
0.76 6.4 10 

GC-
A(IV)/Ru2 
 

*8 *553  10-3 0.76 *7 15 

* rsd  15% 
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Electrode Rct/       
 cm2 

Qad/           
-1 s cm-2 

 Rad/        
 cm2 

RHER/      
 cm2 

GC-
A(III)/Ru2 

3.6 305  10-3 0.76 6.4 10.0 

GC-
A(III)/Ru3 

2.2 371  10-3 

 
0.77 4.8 7.0 

GC-
A(IV)/Ru4 

0.82 651  10-3 0.82 3.9 4.7 

Pt/Ru 0.60 534  10-3 

 
0.78 2.1 2.7 
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Electrode Rct/       
 cm2 

Qad/           
-1 s cm-2 

 Rad/        
 cm2 

RHER/      
 cm2 

GC-
A(III)/Ru2 

3.6 305  10-3 0.76 6.4 10.0 

GC-
A(III)/Ru3 

2.2 371  10-3 

 
0.77 4.8 7.0 

GC-
A(IV)/Ru4 

0.82 651  10-3 0.82 3.9 4.7 

Pt/Ru 0.60 534  10-3 

 
0.78 2.1 2.7 

E = -0.725 V vs. SSE  
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GC-P/Ru2 

GC-A(III)/Ru2 

GC-A(IV)/Ru2 
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REACTION OF HER 

Kinetics and impedance equation at metal surfaces: 
  

  re= – If/F = –(v1+v2)                             
r  = (q/F) d/dt = v1-v2-2v3               

rc = Jdiff(x=0) = -D (dc/dx)x=0 = 
v2+v3  

If = a1E+ a2 + a3c0     
qi = b1E+ b2 + 

b3c0 FM()c0 = d1E + 
d2 + d3c0  

  





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crFa

rFa

ErFa
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

Yf(i) = Zf
-1(i) =If(i)/E(i)= a1 + a2/E + a3c0/E   

Yf(i) = a1 + (a2b1Q + a2 b3d1 + a3d1P + 
a3b1d2)/(PQ-b3d2)  
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P = qi-b2 

Q = FM(i)-d3 

M + H+
(aq) + e-        MH(ads) .... v1                

MH(ads) + H+
(aq) + e-        M + H2(x=0) .... v2    

2MH(ads)         2M + H2(x=0) .... v3          

  H2(x=0)                   H2 (x=bulk) diff. 
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Anodically treated boron-doped 

diamond/H2SO4  

1 2  

E 

Diffuse part Compact part 

Polished and oxidized GC/ KCl 
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Simulated IS of GC electrode based on the heterogeneous 
electrode surface concept: Two different CPEs case 

1= const.  
Q2Q1 

 

1= const.  
Q1Q2 
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Simulated IS of GC electrode based on 
the heterogeneous electrode surface 

concept: CPE + TL case 

N. R. Vettorazzi, J. Electrochem.Soc.,  

155 (5) (2008) F110-F115 

http://www.irb.hr/


http://www.irb.hr/


• Experiment 
• Regulation 
• Small signal 
• Measurements 

 Electrical Equivalent Circuits 

Comparison  Choice  Interpretation 
  

 
 
 
 
 
 
 

General Procedure for Analysis of Impedance Spectra 

  Theory 
  Matem. eqns. 
  Linearization 
  Calculations 
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