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The adsorption of polyethylene glycol (MW 20,000) (PEG20000) onto a polycrystalline gold electrode 

in the presence of Cl
-
 ions was studied by differential capacitance measurements and quartz crystal 

microbalance. This study provides new physical insights into the adsorption behavior of this polymer 

onto a solid electrode in the presence of Cl
-
 ions and KClO4. Three potential-based behaviors were 

observed: in the potential range from -0.90 to -0.62 V vs. the saturated calomel electrode (SCE), the 

principal adsorption process was observed to form a condensed PEG20000 phase. In addition, there was 

a slight desorption of PEG20000. In the potential range from -0.62 to -0.10 V vs. SCE, the addition of Cl
- 

ions to the solution reduced the amount of PEG20000 adsorbed. This behavior was associated with the 

lower number of available active adsorption sites on the gold surface due to the adsorption of Cl
-
 ions. 

In addition, we observed the superposition of the two adsorption processes on different active sites. 

PEG was adsorbed on lower-energy adsorption sites (the most accessible adsorption sites), whereas Cl
- 

ions were adsorbed on higher-energy adsorption sites (the least accessible adsorption sites). The 

potential range from -0.10 to 0.35 V vs. SCE was dominated by the adsorption of Cl
-
 ions, and a 

displacement of adsorbed PEG20000 molecules associated with the adsorption of Cl
-
 anions was 

observed. 

 

 

Keywords: Additives, adsorption, chloride ions, poly(ethylene glycol), quartz crystal microbalance 

 

1. INTRODUCTION 

Organic substances are widely used in metal electrodeposition to improve the properties of 

electroplated coatings. Polyethylene glycol (PEG) is one of the main components of contemporary acid 

electrolytes for the electrodeposition of bright copper coatings [1-3] and bright zinc coatings [4]. PEG 

compounds are commonly used as additives to achieve high throwing power and are also used in 

electroplating baths to produce super conformal deposition [5]. The role of PEG in controlling the 
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coating quality is primarily associated with the adsorption of polymer molecules at the electrode 

surface; these traits require the presence of Cl
-
 ions as another constituent of the plating bath. Various 

studies have suggested that in the presence of Cl
-
, the adsorption of PEG onto an electrode surface 

forms a barrier that inhibits metal deposition and increases the overpotential for the discharge of metal 

ions, such as Zn(II) [6] or Cu(II) [7] ions. Furthermore, the degree of inhibition increases with 

increasing molecular weight for polyethoxylated compounds [8]. In establishing these relationships, 

special attention was paid to PEG adsorption. Recently, using capacitance measurements, Petri et al. 

[9] established that PEG molecules adsorb onto an Au(111) electrode to form two-dimensional 

condensates. Using in situ spectroscopic ellipsometry, Walker et al. [10] demonstrated that PEG is 

only weakly adsorbed onto a Ru electrode in the absence of Cl
-
 ions. In addition, in situ 

electrochemical scanning tunneling microscopy (EC-STM) of PEG (MW 1,000) (PEG1000) molecules 

adsorbed onto a Fe(110) surface [11] revealed that PEG1000 exhibits a well-ordered structure on this 

surface. On the basis of this finding, Kim et al. [11] proposed a model for PEG adsorption in which 

PEG1000 is adsorbed in a planar configuration via the oxygen atoms. 

Based on Raman spectroscopy data, Healy et al. [12,13] suggested that the type of PEG species 

adsorbed onto an electrode surface depends on the applied potential. Specifically, these authors 

proposed that neutral PEG molecules are adsorbed at more negative potentials, at which copper 

deposition occurs. However, at potentials close to the open-circuit potential, PEG adsorbs as a copper 

chloride complex with the polymer acting as a ligand, analogous to a crown ether. In addition, 

differential capacitance measurements in a PEG-containing H2SO4 electrolyte solution exposed to a 

copper substrate revealed that PEG was weakly adsorbed onto the copper surface [14]. Using a quartz 

crystal microbalance (QCM) and electrochemical impedance spectroscopy, Kelly and West [15,16] 

observed that the addition of PEG alone to an electrolytic bath had only a small effect on the electrode 

kinetics and that Cl
- 
ions alone promoted the copper deposition reaction. However, they also reported 

that when both PEG and Cl
- 

ions were present in the solution, the PEG monolayer collapsed into 

spherical aggregates. 

The simultaneous presence of PEG and Cl
− 

ions as additives produces specific effects on metal 

ion reduction. It is now known that these effects are related to the capacity of these additives to be 

absorbed onto the electrode surface. Previously [17,18], we used the thermodynamic method of 

Lipkowski et al. [19-21], who investigated the adsorption of organic molecules onto solid electrodes, 

to investigate the adsorption of PEG20000 and Cl
-
 ions onto polycrystalline Au in a KClO4 solution and 

to quantify the thermodynamic parameters of the adsorption, namely, the surface tension, the relative 

Gibbs surface excess, and the Gibbs energy of adsorption. In the present work, we used a quartz crystal 

microbalance (QCM) and differential capacitance measurements to investigate the role of Cl
-
 ions 

during the adsorption of PEG (MW 20,000) onto a polycrystalline gold electrode. 

 

 

2. EXPERIMENTAL 

The following solutions were used in the study of PEG20000 adsorption: S0 (0.1 M KClO4), S1 

(=S0+ 12.3 mM KCl), S2 (=S0+5 M PEG20000), and S3 (=S1+5 M PEG20000). The concentration of 
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KCl was selected to maintain a [PEG20000]/[KCl] concentration ratio of 4 × 10
-4

. This ratio is similar to 

that employed for the electrodeposition of a Zn-Mn alloy [4]. A stock solution of 5 mM PEG20000 was 

prepared by dissolving PEG20000 in 0.1 M KClO4, and another 1.0 M stock solution of KCl was 

prepared by dissolving KCl in 0.1 M KClO4. The solutions were prepared with ultra-pure water (18 

Mcm
-1

) and analytical-grade reagents (Sigma-Aldrich, in the highest purity available) immediately 

before each electrochemical experiment. Before each electrochemical experiment, the solution was 

deoxygenated for 30 min with ultra-pure nitrogen (Praxair), and the experiments were performed under 

a nitrogen atmosphere at 25.0  0.5 °C. 

The experiments were performed in a conventional three-electrode cell with a water jacket. A 

potentiostat/galvanostat (Autolab, model PGSTAT 30) and a QCM (Maxtek, model 710), controlled by 

independent computers, were used to simultaneously measure the electrochemical parameters and the 

frequency of the quartz crystal. An AT-cut quartz crystal with a nominal frequency (f0) of 5 MHz, 

which was covered on both sides with an Au film (Maxtek, CA), was used as the working electrode 

(Au-QCM). The geometric area of the Au-QCM electrode was 1.37 cm
2
. The real area of the electrode 

was 2.98 cm
2
, as determined according to the method described by Woods [22]; the surface roughness 

factor, Rf, was 2.17. All results reported in this work refer to the real area. A saturated calomel 

electrode (SCE) and a graphite rod were used as the reference and counter electrodes, respectively. To 

minimize iR-drop effects, the reference-electrode and working-electrode compartments were 

connected with a Luggin capillary. 

The QCM signal was recorded as f, where f = f - finitial, as a function of time and of electrode 

potential. The experimental frequency change was expressed as follows [23,24]: 

 

... rf ffmCf       (Eq.1) 

 

Where the first term on the right-hand side of Eq. (1) is the Sauerbrey term [25], which 

represents the total mass change at the electrode surface. Other possible contributions to the frequency 

change include changes in the solution viscosity ( f ) [26] and the surface roughness (
rf ) [27]. Prior 

experimental studies have shown that surface roughness can drastically affect the resonance frequency. 

This effect was attributed to relatively rough surfaces, which trap a larger quantity of solvent 

molecules in surface cavities than smoother surfaces [28-31]. In the present work, polished Au-QCM 

electrodes (with a roughness of 12 nm, as measured by atomic force microscopy (AFM)) were used to 

minimize the effects of surface roughness, and the effects of viscosity variations were expected to be 

negligible. Prior to the measurements, the sensitivity factor (Cf = 0.049 Hz cm
2
 ng

-1
*Rf) of the quartz 

crystal was determined using the chronoamperometry calibration method described by Vatankhah et al. 

[32]. 

 Each experiment was performed at least five times; the accuracy of the charge density (Q) 

values was ± 0.15 C cm
-2

 and of the mass change (m) was ± 0.57 ng cm
-2

. 
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3. RESULTS AND DISCUSSION 

3.1. Characterization of the electrode surface by cyclic voltammetry 
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Figure 1. Cyclic voltammograms for a polycrystalline gold electrode in solutions (a) S0 (0.1 M KCl) 

and (b) S0 + 5 µM PEG20000. Potential range, -1.18 to 1.2 V vs. SCE; scan rate, 0.05 V s
-1

. 

 

Prior to each experiment, the Au-QCM electrode was activated in 0.5 M H2SO4 by cycling the 

potential between the onset potentials of hydrogen and oxygen evolution at 0.1 Vs
-1 

until no changes 

were observed in the voltammogram (10 cycles). The Au-QCM electrode was then transferred to a 

cell containing the supporting electrolyte (solution S0; 0.1 M KClO4), in which the Au-QCM electrode 

was again activated by cycling the potential between the onset potentials of hydrogen and oxygen 

evolution at 0.1 Vs
-1

 until no changes were observed in the voltammogram (four cycles). Figure 1 

(curve a) shows a typical voltammogram obtained for an Au-QCM electrode in solution S0. The 

observed behavior was similar to that reported by Stolberg et al. [33] for an Au electrode in a KClO4 

solution. Specifically, for potentials more positive than 0.7 V vs. SCE, oxidation of the gold surface 

was observed. The cathodic current density peaks at approximately 0.75 and 0.20 V vs. SCE 

correspond to the reduction of gold oxides formed during the anodic sweep. This behavior was 

considered an indication of a clean, active Au-QCM surface. 

When PEG20000 was added to solution S0 at a concentration of 5 M, the shape of the 

voltammogram in the double-layer region changed significantly (Fig. 1, curve b). The j-E profile 

displayed a pair of broad current peaks in the anodic (PA; approximately -0.80 V vs. SCE) and cathodic 

(PC; approximately -0.85 V vs. SCE) scans, both of which were associated with the adsorption-

desorption of PEG20000. The onset of an increase in the anodic current density at approximately 0.6 V 

vs. SCE was caused by the oxidative decomposition of PEG20000. Thus, in the presence of PEG20000, the 

double-layer region is limited by the faradic current density of hydrogen evolution on the negative side 

and by the oxidation of PEG20000 on the Au-QCM surface on the positive side. 
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3.2. Voltammetric and QCM studies 

To determine the effect of the adsorption of PEG20000 and Cl
-
 ions on an Au-QCM electrode, 

we performed simultaneous voltammetric and QCM studies in the potential range –1.0 to 0.6 V vs. 

SCE using the following solutions: S0 (0.1 M KClO4; curve a), S1 (S0 + 12.3 mM KCl; curve b), S2 (S0 

+ 50 M PEG20000; curve c), and S3 (S1 + 50 M PEG20000; curve d). The potential scans were initiated 

in the negative direction from the open-circuit potential (EOCP), with a potential scan rate (v) of 0.05 V 

s
-1

.  
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Figure 2. Cyclic voltammograms recorded for solutions (a) S0 (0.1 M KClO4), (b) S1 (S0 + 12.3 mM 

KCl), (c) S2 (S0+5 M PEG20000), and (d) S3 (S1+5 M PEG20000). Potential range, -1.0 to 0.6 V 

vs. SCE; scan rate, 0.05 V s
-1

. 

 

Figure 2 shows the voltammograms obtained. The profile obtained for the supporting 

electrolyte (solution S0; curve a) presents the characteristic behavior of an Au electrode free of 

impurities in a KClO4 [33] solution. Similar behavior was observed in the presence of Cl
-
 ions 

(solution S1; curve b). In Figure 2, curve c corresponds to the cyclic voltammogram obtained in the 

presence of PEG20000, in which the formation of the peaks PA and PC is observed and is associated with 

the adsorption-desorption processes of the species [17,34]. In contrast, the addition of Cl
-
 ions to the 

KClO4/PEG20000 system (solution S3; curve d) did not significantly modify the shape of the 

voltammogram or the intensity of the current density in the PA and PC peaks. Therefore, the adsorption-

desorption mechanism of PEG20000, which corresponds to the processes PA and PC, is independent of 

the presence of Cl
-
 ions in the dissolution. 

To verify the adsorption of PEG20000 and Cl
-
 ions in the potential range –1.0 to 0.6 V vs. SCE, 

based on the frequency changes recorded by QCM, we constructed graphs of dm dt
-1 

vs. E, known as 

massograms [35] (Fig. 3), in which dm dt
-1

 is the rate of mass change (mass flux) that occurs at the 

electrode surface. For mass changes that are associated with charge-transfer processes at the electrode 
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surface (faradaic processes), dm dt
-1

 is directly proportional to the current density; hence, a 

massogram is analogous to a voltammogram. In a massogram, a negative mass flux corresponds to a 

mass loss (desorption), and a positive mass flux corresponds to a mass gain (adsorption). 

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

-30

-25

-20

-15

-10

-5

0

5

10

15

20
 

 

 a

 b

 c

 d

E vs. SCE / V

d


m
d

t-1
/ 

n
g

cm
-2

s-1

PC(ads)

PA(des)

 
Figure 3. Series of massograms for an Au-QCM electrode obtained simultaneously with the cyclic 

voltammograms in Fig. 2 for solutions (a) S0 (0.1 M KClO4), (b) S1 (S0+ 12.3 mM KCl), (c) S2 

(S0+5 M PEG20000), and (d) S3 (S1+5 M PEG20000). 

 

When PEG20000 or the PEG20000/Cl
-
 mixture were present in the dissolution (Fig. 3; curves c and 

d, respectively), a positive mass flux peak (mass gain) at approximately -0.8 V vs. SCE was observed 

during the potential sweep in the negative direction (PC(ads) peak). This potential value is similar to that 

obtained for the reduction process, PC, observed by cyclic voltammetry (Fig. 2). It is important to note 

that the mass flux density in the PC(ads) peak is independent of the presence of Cl
-
 ions. This result 

implies that the adsorption velocity of the polymer is not affected by the presence of Cl
-
 ions at the 

interface. In addition, during the potential sweep in the positive direction, a negative mass flux peak 

(mass loss, PA(des) peak) was observed at approximately -0.85 V vs. SCE, which decreased in intensity 

in the presence of Cl
-
 ions. Therefore, the velocity of PEG20000 desorption from the electrode surface 

decreases in the presence of Cl
-
 ions. In addition, the potential value (= -0.85 V vs. SCE) was similar to 

that obtained for the PA peak during the voltammetric study. The adsorption of PEG20000 in the 

presence of Cl
-
 ions was further characterized by differential capacitance measurements, and the results 

obtained are described in the following section. 

 

3.3. Differential capacitance and QCM measurements 

In this study we performed simultaneous measurements of differential capacitance and of 

change of mass (using QCM) onto electrode surface, in the potential range –1.0 to 0.7 V vs. SCE using 
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the following solutions: S0 (0.1 M KClO4; curve a), S1 (S0 + 12.3 mM KCl; curve b), S2 (S0 + 50 M 

PEG20000; curve c), and S3 (S1 + 50 M PEG20000; curve d). 
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Figure 4. Differential capacitance (Cdiff.) vs. potential (E) curves obtained for the polycrystalline Au-

QCM electrode obtained in solutions (a) S0 (0.1 M KClO4), (b) S1 (S0+ 12.3 mM KCl), (c) S2 

(S0+5 M PEG20000), and (d) S3 (S1+5 M PEG20000). Scan rate, 0.005 V vs. SCE; AC 

modulation frequency, 25 Hz. 

 

Immediately after adding PEG20000, Cl
-
 ions or PEG20000 + Cl

- 
ions to solution S0 at the open-

circuit potential (EOCP), a potential value E (= -1.18 V vs. SCE) was imposed on the Au-QCM 

electrode. Using this potential as a starting point, a potential scan was initiated in the positive direction. 

Figure 4 shows the typical Cdiff.  vs. E curves obtained from the following solutions: S0 (curve a), S1 

(curve b), S2 (curve c), and S3 (curve d). Four potential regions are clearly observed: region I, from -

1.18 to -0.92 V vs. SCE; region II, from -0.92 to -0.62 V vs. SCE; region III, from -0.62 to -0.10 V vs. 

SCE; and region IV, from -0.10 to 0.7 V vs. SCE.  

In region I, all curves coincide, which indicates that neither PEG20000 nor the Cl
-
 ions are 

adsorbed on the electrode surface in this potential range. The Cdiff. vs. E curve that was obtained in the 

presence of Cl
-
 ions (solution S1;curve b) represents the typical behavior for the adsorption of Cl

-
 ions 

on an Au(221) surface [36]. Specifically, two capacitive peaks associated with the adsorption of Cl
-
 

ions on an Au surface were observed. The first peak was observed in the potential interval from -0.62 

to -0.10 V vs. SCE (corresponding to region III); the second peak was observed in the interval from -

0.10 to 0.70 V vs. SCE (region IV) and was larger than the first peak. Adsorption is, in general, 

localized on solid surfaces; therefore, the peaks in the Cdiff. vs. E curves correspond to the adsorption of 

the Cl
-
 ions onto active sites with different energy levels. The most accessible adsorption sites, whether 

due to their energy or their steric orientation, correspond to the most cathodic peak. Conversely, the 

least accessible adsorption sites correspond to the most anodic peak [36]. 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

9417 

When only PEG20000 was present (solution S2; curve c), a pseudo-capacitive peak appeared in 

the interval from -0.92 to -0.62 V vs. SCE (region II). This peak is characteristic of the adsorption–

desorption processes of neutral organic macromolecules [37]. However, according to Miller and 

Grahame [38-40], this peak can be caused by some segments of the adsorbed macromolecules that 

were not desorbed during the desorption process. In addition, in the potential range from -0.62 to -0.45 

V vs. SCE (region III), the capacitance values reached a plateau, which suggests that two-dimensional 

condensation occurred [9]. 

The curve with PEG20000 and Cl
-
 ions (solution S3; curve d) exhibited a pseudo-capacitive peak 

in the interval from -0.92 to -0.62 V vs. SCE (region II), corresponding to the desorption–adsorption 

processes of PEG20000. The intensity of this peak was less than that of the peak observed solely in the 

presence of PEG20000 (solution S2; curve c). Likewise, the value of the peak potential was independent 

of the presence of Cl
-
 ions in the solution, which indicates that the activity of the supporting electrolyte 

is not affected by the presence of Cl
-
 ions. In region III, in the interval from -0.62 to -0.58 V vs. SCE, 

the capacitance was essentially the same as that obtained with the S2 solution, which suggests that two-

dimensional condensation occurred. The formation of a condensed film can be observed as a 

characteristic decrease in the double-layer capacitance, which leads to a so-called capacity pit. 

Molecules with alkyl-ether oxygen atoms are known to adsorb onto metal surfaces and form two-

dimensional condensates [9].  
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Figure 5. Mass change (m) as a function of potential, obtained simultaneously with the differential 

capacitance (Cdiff.) vs. potential (E) curves in Fig. 4 for solutions (a) S0 (0.1 M KClO4), (b) S1 

(S0+ 12.3 mM KCl), (c) S2 (S0+5 M PEG20000), and (d) S3 (S1+5 M PEG20000). 

 

At less-negative potentials, i.e., within the interval from -0.58 to -0.10 V vs. SCE, capacitance 

increased due to the adsorption of Cl
-
 ions; however, the capacitance was still less than that obtained in 

the presence of Cl
-
 ions alone (solution S1; curve b). This behavior is associated with the co-adsorption 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

9418 

of both PEG20000 and Cl
-
 ions. In region IV, the pseudo-capacitive peak obtained in the presence of 

PEG20000 and Cl
- 
ions exhibited a greater intensity than that obtained in the presence of Cl

-
 ions alone, 

indicating a greater influence of the Cl
-
 ions in this potential region in the presence of PEG20000. 

The results shown in Fig. 4 suggest that the adsorption of both PEG20000 and Cl
- 
ions occurs on 

active adsorption sites of different energies. 

Figure 5 presents plots of m vs. E corresponding to the Cdiff. vs. E curves shown in Fig. 4. The 

m values were calculated using Equation 1 and the measurements of the frequency change (f). The 

plots of m vs. E exhibit the following characteristics: 

a) In the interval from -1.18 to -0.92 V vs. SCE, the values of superficial mass change are 

null for all of the considered systems, indicating that in this potential interval, there are no adsorbed 

species on the Au-QCM electrode surface. This result is in accord with that obtained from the Cdiff. vs. 

E curves (see Fig. 4). 

b) A loss of superficial mass was observed at more positive potentials in the presence of 

ClO4
-
 ions (solution S0; curve a) or in the presence of Cl

-
 ions (solution S1; curve b). This effect is 

attributed to changes in the interface structure due to the presence of the anions [14]. 

c) The m vs. E graph obtained from solution S2 (S0 + 5 µM PEG20000) (curve c) exhibited 

a constant increase in mass change (adsorption) in the interval from -0.90 to 0.40 V vs. SCE. At 

potentials more positive than 0.40 V vs. SCE, the amount of mass decreased, indicating a superficial 

desorption associated with the oxidation of the adsorbed PEG20000 species [42,43]. 

d) In the potential range -0.90 to -0.77 V vs. SCE, the curve obtained from solution S3 (S1 

+ 50 M PEG20000) (curve d) presents a similar increase in mass to that obtained from the S2 solution. 

At potentials higher than -0.77 V vs. SCE, the adsorbed mass of PEG20000 and Cl
-
 ions was lower than 

that obtained in the presence of PEG20000 alone (solution 2) in the same potential interval. From the 

results presented in the Cdiff. vs. E graph (see Fig. 4), is possible indicate that this behavior is associated 

with the co-adsorption of both PEG20000 and Cl
-
 ions and with a decrease in the number of sites 

available for the adsorption of PEG20000 due to the adsorption of Cl
-
 ions. 

In addition, it is important to note that a decrease in the superficial mass was observed at E = -

0.8 V vs. SCE, which is indicative of a desorption process. This potential value (E = -0.8 V vs. SCE) is 

similar to that at which the peaks PA and PA(des) occur in the voltammograms and massograms and to 

the potential value of the pseudo-capacitive peak observed in the Cdiff. vs. E curves. Therefore, we 

propose that this behavior corresponds to the partial desorption of PEG20000 from the Au-QCM 

electrode surface.  

 

3.4. Study of the adsorption by QCM at various potential adsorption values (Ei) 

To verify the adsorption of PEG20000 and Cl
-
 ions onto the polycrystalline Au-QCM electrode 

surface in each potential region (see the Cdiff. vs. E graphs), measurements of the mass change on the 

electrode surface at different adsorption potentials (Ei) were performed with a QCM. This study was 

performed according to the following procedure. 
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Figure 6. Mass change (m) as a function of time after adding PEG20000 and Cl
-
 ions to solution S0 

(0.1 M KClO4) to a final concentration of 5 M PEG20000 + 12.3 mM KCl. The experiments 

were each performed at a constant electrode potential (Ei): (a) -0.68, (b) -0.35, and (c) 0.29 V 

vs. SCE. 
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After a typical voltammogram for an Au-QCM polycrystalline electrode in a S0 solution was 

obtained (see Section 3.1), an adsorption potential value Ei was imposed on the electrode. After the 

frequency of the microbalance had remained stable (f  0) for 150 s in the electrolytic S0 solution 

(with constant agitation) at Ei, a PEG20000 stock solution was injected to yield a solution concentration 

of 5 µM PEG20000. The change in the resonance frequency of the quartz crystal was then recorded for 7 

min to monitor the adsorption of PEG20000; agitation was continued throughout this 7-min period. 

Immediately afterward, sufficient KCl was added to obtain a 12.3 mM concentration of Cl
-
 ions in the 

solution, and the adsorption of Cl
-
 ions was monitored for an additional 7 min. 

Figure 6 shows typical m vs. t (m was calculated using Eq. (1)) plots obtained at three 

potential values for adsorption (Ei): -0.68 (Fig. 6a), -0.35 (Fig. 6b), and 0.29 V vs. SCE (Fig. 6c). 

These potentials correspond to regions II, III, and IV in the Cdiff. vs. E curves (Fig. 4). The behavior 

exhibited in the graphs reveals the following characteristics: immediately after the addition of 

PEG20000, the mass on the electrode surface increased rapidly, reaching a stationary state after 7 min; 

this behavior is characteristic of PEG20000 adsorption onto an Au-QCM [17] surface. However, when 

the Cl
-
 ions were added, the adsorption behavior depended on the imposed potential (Ei).  

Specifically, when the imposed adsorption potential was -0.68 V vs. SCE (Fig. 6a), the addition 

of the Cl
-
 ions to the solution caused a decrease in the adsorbed mass. This behavior is associated with 

the alteration of the double-layer structure due to the presence of the Cl
-
 ions, followed by the observed 

competition between the formation of the condensed phase of adsorbed PEG20000 and the adsorption of 

Cl
-
 ions. Due to the negative polarization of the surface electrode in this potential region, the Cl

-
 ions 

are repelled to the diffuse double layer, and the formation of the condensed phase of PEG20000 is re-

established. Consequently, the value of the adsorbed mass returns to a value similar to that obtained 

before the addition of the Cl
-
 ions. In addition, Figure 6a presents the curve obtained when PEG20000 is 

absent, in which the observed loss of mass in the electrode surface is associated with the alteration of 

the double-layer structure due to the presence of Cl
-
 ions. 

When the adsorption potential was -0.35 V vs. SCE (Fig. 6b), which corresponds to region III 

of the capacitance curves (Fig. 4), a loss of mass was observed immediately after the addition of the 

Cl
-
 ions, followed by the presence of a stationary state. This result indicates that an adsorptive 

equilibrium was reached. The amount desorbed due to the presence of Cl
-
 ions in the interphase was 

similar, even when the sub-monolayer of PEG20000 was formed. This result indicates the co-adsorption 

of PEG20000 and Cl
-
 ions on the Au surface, given that the adsorption of these two species is selective 

for different available sites, each with a specific energy level [44]. Therefore, the observed loss of 

mass corresponds to the displacement of the ClO4
-
 ions from the electrode surface due to the 

adsorption of the Cl
-
 ions. 

When the adsorption potential was 0.29 V vs. SCE (Fig. 6c), which corresponds to region IV of 

the capacitance curves (Fig. 4), the mass of PEG20000 desorbed by the addition of Cl
-
 ions to the 

solution was greater than that obtained in a solution without PEG20000 (solution S1). This result 

indicates that the interaction between the substrate and the Cl
-
 ions at these potentials is sufficiently 

strong to provoke a displacement of the PEG20000 molecules adsorbed on the surface. Subsequently, an 

increase in the adsorbed mass was observed; this increase was associated with the adsorption of Cl
-
 

ions onto the surface of the Au-QCM electrode. 
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4. CONCLUSIONS 

The present study examined the adsorption of PEG20000 onto an Au electrode in the presence of 

Cl
-
 ions through the analysis of quantitative data obtained from a quartz crystal microbalance and 

differential capacitance. The results obtained demonstrated that the adsorption of PEG20000 principally 

occurs in the interval from -0.90 to -0.62 V vs. SCE, thus forming a condensed film in two dimensions. 

In addition, a slight desorption of PEG20000 was also observed, and this desorption rate decreased in the 

presence of Cl
-
 ions.  

Likewise, within the interval from -0.62 to -0.1 V vs. SCE, the presence of Cl
-
 ions in the 

solution did not result in a greater adsorption of PEG20000; instead, an independent superposition of 

both adsorption processes occurred on the Au surface. This result is similar to that reported by Petri et 

al. [9], who used capacity–potential curves in their study of the adsorption of PEG onto Au (111) when 

Cl
-
 ions were present. Additionally, the adsorption of both PEG20000 and Cl

- 
ions occurs at active sites 

of different energies. Specifically, PEG20000 adsorbs onto lower-energy sites (those with easier access), 

whereas the Cl
-
 ions absorb onto higher-energy sites (those with more difficult access). In the potential 

interval from -0.1 to 0.35 V vs. SCE, a decrease in the adsorbed mass was observed. This decrease was 

associated with the displacement of adsorbed PEG20000 molecules from the surface of the electrode due 

to the adsorption of Cl
-
 ions in this region. 
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