
Journal of Surface Engineered Materials and Advanced Technology, 2019, 9, 38-43 
http://www.scirp.org/journal/jsemat 

ISSN Online: 2161-489X 
ISSN Print: 2161-4881 

 

DOI: 10.4236/jsemat.2019.93004  Jul. 26, 2019 38 J. Surface Engineered Materials and Advanced Technology 
 

 
 
 

Electrochemical Impedance Spectroscopy for 
Investigation on Ion Permeation in Thioctic 
Acid Self-Assembled Monolayer 

Fupeng Zhi1,2*, Qian Ma1,2, Yanli Bai1,2, Shiqing Qi1,2 

1National Nickel and Cobalt Advanced Materials Engineering Research Center, Lanzhou, China 
2Lanzhou Jinchuan Technology Park Co., Ltd., Lanzhou, China  

 
 
 

Abstract 
Electrochemical impedance spectroscopy was employed to investigate the 
permeation of electrolyte ions in thioctic acid self-assembled monolayer when 
its structure was changed by the interaction of copper ions. The ion permea-
tion was evaluated by using relatively low excitation frequencies, 0.2 Hz to 
1000 Hz, and quantified by an extra resistive component in the equivalent 
circuit (RSAM). The extent of ion permeation affected by the electrode poten-
tials and the electrolyte concentration were investigated. The experimental 
results verified that RSAM decreased ~70% by interaction with copper ions and 
that RSAM increased ~2 - 3 times when the electrolyte concentration was de-
creased by 10 times. This analysis can be performed without addition of re-
dox species.  
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1. Introduction 

It is well known that electrochemical impedance spectroscopy (EIS) is an effec-
tive method to obtain some electrochemical information, involving charge 
transfer through redox groups within the SAM itself [1] [2] [3], the interfacial 
properties and double-layer phenomena [4] of modified electrodes at low over-
potentials. For instance, SAMs modified with acid-base groups have been im-
portant for connecting double layer models with electrochemical theory and ex-
periments [5]. EIS has also been extensively applied for direct or indirect detec-
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tion of chemical interactions at a self-assembled thiol-covered monolayer, with 
the aim of developing sensors and detectors [6] [7] [8]. Boubour and Lennox [9] 
[10] have investigated the importance of ion and solvent permeation into poten-
tial-induced defects in SAMs or reorganization of the thiols on the electrode 
surface. Gadzekpo and co-workers [11] have investigated the detection of metal 
ions using ion-channel sensor based on self-assembled monolayer of thioctic 
acid. The aim of this paper was to use EIS and relatively low excitation frequen-
cies to study the permeation of electrolyte ions in thioctic acid self-assembled 
monolayer to structural change induced by interaction with copper ions. 

In order to investigate the extent of ion permeation in carboxyl-base groups 
SAMs under different experimental conditions, thioctic acid monolayer was 
prepared. This monolayer could coordinate a number of copper ions. The or-
ganization of thioctic acid SAM was likely changed when copper ions were 
coordinated to the carboxyl groups. CV showed the blocking properties of the 
SAM were obviously decreased [11] [12]. An equivalent circuit in Figure 1, 
where RS represents the solution resistance and Cdl the double layer capacitance, 
was sufficient to model the impedance data. The extra resistance will be used to 
describe the resistive properties of the SAMs and will for the semicircle be de-
fined as RSAM, the parallel resistance is denoted as R3 to separate it from RSAM. R3 
describes the ease of moving ions from the interface to the SAM. For the thioctic 
acid monolayer in KNO3, the first parts of a semicircle were range from 2 Hz to 
1000 Hz, followed by the onset of a second semicircle down to 0.2 Hz, as shown 
in Figure 2(a) and Figure 2(b). The average error of the fit obtained for each 
separate SAM in supporting electrolyte was below 10%. Impedance spectra data 
were analyzed for thioctic acid monolayer in 0.1 mol/L KNO3 electrolyte in the 
potential range 0.05 - 0.40 V (vs Ag/AgCl). From the top curve in Figure 3(a), 
RSAM reached a minimum of almost 0.24 MΩ at 0.2 V and increased at more pos-
itive or negative potentials. The obvious change of RSAM indicated that some 
electrolyte ions were present due to the potential-induced defects in SAM. 
However, when copper ions were added to the electrolyte, RSAM decreased by 
0.12 - 0.22 MΩ in the potential range 0.05 - 0.40 V (vs Ag/AgCl). The decreased 
resistance indicated that more electrolyte ions were present in the SAM. The 
change of RSAM with the potentials was slow after addition of copper ions to the 
electrolyte. This was most likely due to the thioctic acid self-assembled mono-
layer to structural change on the electrode surface when copper ions were coor-
dinated to the carboxyl groups. Density-functional theory (DFT) calculations 
were also performed using the 3 - 21 G basis set with Gaussian 03 program for 
the thioctic acid self-assembled monolayer and the thioctic acid self-assembled 
monolayer when copper ions were coordinated to the carboxyl groups. The ob-
vious change of the bond lengths and bond angles showed the thioctic acid 
self-assembled monolayer to structural change on the electrode surface when 
copper ions were coordinated to the carboxyl groups. Of course, the negative 
charges on the carboxyl groups were also neutralized upon coordination, so this 
may also affect the extent of electrolyte ions permeation. It was verified that RSAM  
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Figure 1. The equivalent circuit model was used to obtain equations for the impedance 
data. RS denotes the solution resistance, Cdl the total double layer capacitance and RSAM 
was used to evaluate the ion permeation, R3 describes the ease of moving ions from the 
interface to the SAM, C2 reflects the ability of the SAM to store ions. W.E is the working 
electrode, R.E is the reference electrode, and C.E is the counter electrode. 
 

 
Figure 2. Impedance spectra obtained for the thioctic acid SAM in KNO3 at 0.05 V. (a) 
0.1 mol/L KNO3 and 2 - 1000 Hz and (b) 0.01 mol/L KNO3 and 0.2 - 100 Hz, respectively. 
 

 
Figure 3. RSAM for the thioctic acid self-assembled monolayer as a function of the differ-
ent potentials before (■) and after (●) addition of 10−4 mol/L copper ions. The electrolyte 
concentration and frequency range used for modeling were (a) 0.1 mol/L KNO3 and 2 - 
1000 Hz and (b) 0.01 mol/L KNO3 and 0.2 - 100 Hz, respectively. 
 
was related with the number of electrolyte ions, the same experiments were per-
formed in 0.01 mol/L KNO3 electrolyte. The solution resistance (RS) was in-
creased from 315 Ω in 0.1 mol/L KNO3 to 3.3 KΩ in 0.01 mol/L KNO3 electro-
lyte and, as expected, it also had a significant effect on the values of RSAM, which 
were higher (Figure 3(b)). A consistent effect was observed from the different 
electrode potentials and the addition of copper ions. Interestingly, RSAM in-
creased ~2 - 3 times when the supporting electrolyte concentration was de-
creased 10 times, revealing that RSAM does not evaluate directly with the electro-
lyte concentration. The effect was probably related to the ionic strength on the 
potential distribution at the interface. 
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From Figure 3, the change of RSAM was obvious at different potentials, reveal-
ing the change of the number of electrolyte ions in the SAM. The large number 
of electrolyte ions was present in the SAM in the middle of potential range. The 
thioctic acid self-assembled monolayer to structural change on the electrode 
surface may also change with the different potentials [9] [10] [13]. The effect 
became more important above 0.25 V, compared to the interaction with copper 
ions in Figure 3. A consisent phenomenon was observed from Figure 4, the 
change of R3 with the potential was parallel to RSAM in 0.01 mol/L KNO3 electro-
lyte. The change of R3 was also obvious above 0.25 V, revealing the obvious ease 
of moving ions from the interface to the SAM. In a word, at potentials above 
0.25 V in the KNO3 electrolyte (either 0.1 or 0.01 mol/L), the effect from the 
copper ions was no longer significant. An interesting phenomenon from Figure 
3 and Figure 4 was also indicated that the relative effect from the electrode po-
tential was lower when copper ions were coordinated to the carboxyl groups be-
low 0.25 V. This most likely reflected the fact that the carboxyl groups charges 
were neutralized and less able to change thiol organization on the surface. These 
experiments showed that the resistive properties of a carboxyl-base groups SAM 
can be significantly changed upon a chemical interaction. The presence of ions 
within the SAM was also affected by other factors, which may also bring impor-
tant information. For example, a minimum in RSAM could also reveal the poten-
tial where the ionic conductivity within the monolayer is at maximum [13]. 

In conclusion, the extent of ion permeation affected by the different potential 
and the electrolyte concentration were investigated by electrochemical imped-
ance spectroscopy and relatively low excitation frequencies. The ion permeation 
was evaluated by an extra resistive component in the equivalent circuit and was 
found to be affected by structural changes in the monolayer. It is obvious that 
the presence of electrolyte ions in the monolayer is an important factor to con-
sider when the SAMs are investigated. Besides, it is an effective way to find the 
potential where the ionic conductivity within the monolayer is at maximum or 
minimum. An important advantage is that the experiments were conducted 
without any addition of redox species. 
 

 
Figure 4. R3 for the thioctic acid self-assembled monolayer as a function of the different 
potentials before (■) and after (●) addition of 10−4 mol/L copper ions. The electrolyte 
concentration and frequency range used for modeling were 0.01 mol/L KNO3 and 0.2 - 
100 Hz, respectively. 
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2. Experimental 

Self-assembly of thioctic acid monolayer on gold electrode 
After a gold electrode (Model CHI101, 2-mm diameter) was polished with 

alumina powder (diameter, 0.3 and 0.05 μm) and rinsed with pure water, this 
electrode was immersed for 3 mins in a hot “pirhana” solution (3:1 mixture of 
concentrated H2SO4 and 30% H2O2). After copious rinsing with deionized water, 
the Au electrode was electrochemically cleaned by potential cycling in 0.5 mol/L 
H2SO4 in the potential range of −0.20 and 1.60 V versus Ag/AgCl at a scan rate 
of 10 mV∙s−1 for 20 mins or until typical cyclic voltammogram of clean gold was 
obtained. After having been rinsed with distilled water, ethanol and having been 
dried with high purity nitrogen, then the electrode began to be modified. The 
modified electrode was obtained by immersion of the gold electrode in a 0.01 
mol/L ethanol solution of thioctic acid for a period of 6 h at room temperature. 

Electrochemical impedance spectroscopy measurement 
The thioctic acid SAM-coated gold electrode was used as the working elec-

trode, a Pt wire as counter electrode and an Ag/AgCl as reference electrode. All 
experiments were conducted at room temperature. Electrochemical impedance 
spectroscopy (EIS) measurements were carried out using VMP2 multi poten-
tiostat (Princeton Applied Researcher, USA) and using an ac signal of 5mV am-
plitude at a frequency range of 0.2 Hz to 1000 Hz. In order to investigate the ef-
fect from the different potential, the potential was varied between 0.05 and 0.40 
V (vs Ag/AgCl). These potential limits were chosen to minimize the effect from 
faradaic currents (primarily reduction of dissolved oxygen and oxidation of the 
gold substrate). Experiment data were analyzed by ZSimpWin electrochemical 
software (Version 3.00, EChem Software, eDAQ Pty Ltd.). Addition of copper 
ions to the electrolyte (either 0.01 or 0.1 mol/L KNO3) to a final concentration of 
10−4 mol/L was made from an appropriate volume of 0.01 mol/L CuCl2 followed 
by manual stirring. The copper ion solution also contained 0.1 mol/L KNO3.  
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