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The adsorption of polyethyleneglycol with different molecular weights (PEGx; x = 400, 3000, 8000, or
20000), and its coadsorption with CI" ions, was investigated using cyclic voltammetry (CV) in
conjunction with simultaneous measurements of the frequency changes of an electrochemical quartz
crystal microbalance (EQCM). First we investigated the adsorption of PEGx on the surface of the Pt
electrode at the open circuit potential. The results obtained showed that the mass of PEGx adsorbed on
the Pt surface reaches a stationary value with time, and that this stationary value increases in
proportion to the PEG molecular weight. The quantity of PEGx adsorbed on the Pt surface increased
when CI" ions were present. In addition, the adsorption of PEGx did not interfere with the oxidation of
the Pt surface to form a PtO film. Analysis of simultaneously recorded voltammograms and
massograms revealed that during the potential scan in the negative direction in solutions without CI',
three processes involving the partial desorption of PEGx from the Pt surface. In the presence of CI', by
contrast, one adsorption process and two partial desorption processes of PEG x occur. On the basis of
the CV and EQCM data, we propose that in the absence of CI" ions, the oxidation of PEGx in the
potential interval from 0.5 to 0.8 V form the corresponding aldehyde adsorbed on the Pt surface. In the
presence of CI" ions, however, the oxidation of PEGx was almost completely suppressed.
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1. INTRODUCTION

Polyethoxylated compounds are of great importance in the galvanoplastics industry, where they
are principally used as additives in electrolytic baths. Additives have come to be indispensable
components of electrolytic baths because their presence substantially improves the quality of the metal
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coatings obtained. The advantageous effects of additives on the morphology and physical properties of
metal coatings include the following: reduction of the grain size of the metallic crystals, which aids in
the production of smooth, adherent and shiny coatings [1-4]; modification of the crystallographic
orientation of the coating; and increased corrosion resistance [5]. The addition of certain polymers, for
example polyethyleneglycol (PEG), to an electrolytic bath greatly improves the quality of the metal
coatings obtained. The beneficial effects of polymer additives have motivated growing interest in the
effects of these additives on the morphology and physical properties of the deposits. Generally the
effects of polyethoxylated additives on the morphological characteristics of electrodeposited coatings
principally stem from adsorption of the additive molecules on the electrode surface [6-9]. However, in
spite of numerous studies of the effect of polyethoxylated compounds on coating characteristics, little
is known about their adsorption mechanism on the electrode surface or their mode of action. Based on
Raman spectroscopy data, Healy et al. [10,11] suggested that the type of PEG species adsorbed on the
electrode surface depends on the applied potential. Specifically, they proposed that neutral PEG
molecules are adsorbed at more negative potentials, where copper deposition occurs, while 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, measurements of the differential
capacitance in H,SO, electrolyte have shown that PEG is weakly adsorbed on the copper surface [12].
Similarly, Hope et al. [13] observed weak adsorption of PEG on steel during the electrodeposition of
copper. The weakly adsorbed macromolecules are sufficiently mobile and remain trapped in the
deposit by the approaching atomic layer, leading to the incorporation of aggregates rather than
individual molecules. In studies using a quartz crystal microbalance and electrochemical impedance
spectroscopy, Kelly and West [14,15] found that adding PEG alone to an electrolytic bath had only a
small effect on the electrode kinetics, and that CI" alone promoted the copper deposition reaction.
However, they found that when both PEG and CI” were present in the solution, the PEG monolayer
collapses into spherical aggregates. Using ellipsometry, Bonou et al. [16] found that the adsorption of
PEG on the electrode surface depended on the applied potential, with PEG not being adsorbed at the
open circuit potential. In addition, various studies suggest that PEG adsorbed on the electrode surface
forms a barrier [17] that inhibits metal deposition and increases the overpotential for the discharge of
the metal ion, for example Zn [18,19] or Cu [20], and that the degree of inhibition increases with
increasing the molecular weight of the polyethoxylated compound. Recently, Safonova et al. [21]
found that in an H,SO, electrolyte solution, PEG adsorption is accompanied by dehydrogenation and
hydrogenation processes that likely involve the terminal groups of the polymer. In addition, Kim et al.
[8] found that polyethoxylated compounds were adsorbed on an iron electrode surface in a more or less
ordered arrangement, and were desorbed from the surface in the underpotential deposition region of
zinc ions.

Given the importance of polyethoxylated compounds as additives in electrodeposition
processes, we investigated the adsorption/desorption behavior of PEG molecules with various
molecular weights as well as the coadsorption with CI" ions on the surface of a Pt electrode in a
perchloric acid solution. This study was performed using cyclic voltammetry (CV) in conjunction with
an electrochemical quartz crystal microbalance (EQCM).
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2. EXPERIMENTAL

The study of PEG adsorption was performed using four solutions, comprised of base solution
So (= 0.1 M HCIO4) with 10° M PEGx (x = 400, 3000, 8000, or 20000). The study of the coadsorption
of PEGx and CI ions was performed using the above Sy + PEGx solutions plus 10° M HCI. The
solutions were prepared immediately before each electrochemical experiment from super-pure water
(18 MQ2 cm) and analytical grade reagents purchased from J.T. Baker. Before each electrochemical
experiment, the solutions was deoxygenated for 30 min with ultra-pure nitrogen (Praxair), and the
experiments were carried out under a nitrogen atmosphere at 25 + 0.5 °C.

The electrochemical and microgravimetric study was carried out in a conventional three-
electrode cell with a water jacket. A quartz crystal microbalance (Maxtek Mod. 710) and a
potentiostat/galvanostat (EG & G PAR Mod. 273A) controlled by independent computers running the
software PM710 and EG & G M270, respectively, were used to simultaneously measure
electrochemical parameters and the frequency of the quartz crystal. An AT-cut quartz crystal of
nominal frequency fo = 5 MHz, covered on both sides with Pt film (Maxtek, CA), was used as the
working electrode (Pt-EQCM). The geometric area of the Pt-EQCM electrode was 1.37 cm?. The real
area of the electrode was estimated to be 4.70 cm? from the desorption charge of UPD H and the
charge corresponding to the desorption of a monolayer of Hags from polycrystalline platinum (0.210
mC cm) [22]. A saturated calomel electrode (SCE) and a graphite rod were used as the reference and
counter electrodes, respectively. All potentials in this work are referred to SCE. In order to minimize
iR-drop effects, a Luggin capillary was employed to connect the reference-electrode compartment to
the working-electrode one.

The EQCM signal was recorded as Af (= f-finisiar) as a function of the electrode potential. The
experimental frequency change can be expressed as [23,24]:

Af =—C Am+ Af, +Af, +... (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 [26] and the surface roughness [27]. In the present
work, the use of polished Pt-EQCM electrodes (roughness 1.171 nm, as measured by AFM) should
minimize the effects of surface roughness, and the effects of viscosity variations are expected to be
negligible. Prior to the measurements, the sensitivity factor (C; = 0.042 Hz ng™ cm?) of the quartz
crystal was determined using the chronoamperometry calibration method described by Vatankhah et al.
[28].

3. RESULTS AND DISCUSSION

3.1. Characterization of the surface of the Pt-EQCM electrode

Prior to each experiment, the Pt-EQCM electrode was cycled between -0.25and 1.2V in 0.1 M
HCIO, solution until a reproducible voltammetric profile was obtained. The quality of the electrode



Int. J. Electrochem. Sci., Vol. 5, 2010 1757

and the purity of the electrolyte solution were verified by recording CV profiles and comparing them
with previously reported profiles for this system [22]. Fig. 1 (curve a) shows a typical cyclic
voltammogram of Pt in this medium, which is consistent with previously reported voltammograms for
this system [29].
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Figure 1. (a) Cyclic voltammogram and (b) Am vs E plot for a Pt-EQCM electrode in solution Sy (=
0.1 M HCIO), v=50 mV s

Three characteristic regions are observed, denoted A, B and C. In region A (-0.25 to 0.1 V), the
process of UPD H is characterized by the cathodic peaks H:® and H,® associated with two types of
adsorbed hydrogen (Hags): strongly and weakly bound H respectively [30]. Peaks H;* and H,® are the
anodic equivalents of H;° and H,°. Region B (0.1 to 0.5 V) corresponds to the double layer region,
while region C (0.5 to 1.2 V) is associated with the formation and reduction (Peak Ic) of a film of
platinum oxide (PtO) on the surface. Curve b shows the change in mass per unit area (Am) on the
electrode surface simultaneously measured by EQCM during the recording of the voltammogram. The
variation in Am of Pt-EQCM electrodes in HCIO, solutions as a function of potential has been studied
by various groups [31-33]. During the potential scan in the negative direction in regions C and B, Am
decreases (mass loss) due to the reduction of the oxide film (PtO) and anion desorption, respectively
[29]. In region A, the mass loss is associated with the adsorption of hydrogen (H,qs) and the desorption
of water molecules. During the potential scan in the positive direction, on the other hand, Am increases
(mass gain) in region A, even though the UPD H is desorbed from the electrode surface in this
potential range. This increase in Am derives from the adsorption of water molecules in the active sites
formerly occupied by hydrogen atoms (Hags). The increase in mass during the desorption of UPD H has
been discussed by Gloguen et al. [34], who observed very similar mass shift behavior for both
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perchlorate and bisulfate ions. They suggested that this mass increase is produced by the substitution
of H with water molecules according to the following reaction scheme:

Pt(H) + xH,0 — Pt(H,0), + H" +e"

and is not due to adsorption of perchlorate or bisulfate. In the double layer region, on the other
hand, increases in 4m have frequently been associated with the adsorption of CIO4" ions [30] and of
water molecules [28]. In region C, the mass increase observed in the potential scan in the positive
direction is due to Pt surface oxidation [35].

3.2. Study of the adsorption of PEG with different molecular weights on Pt-EQCM

3.2.1. Adsorption of polyethyleneglycol on the Pt-EQCM electrode at the open circuit potential (Eocp)

The study was carried out using four base solutions comprised of Sy (= 0.1 M HCIO,4) with 10°°
M PEGx (x = 400, 3000, 8000 or 20000 g mol™). After the frequency of the microbalance had
remained stable for 2 min, the PEGx was injected in the electrolytic solution S with constant agitation.
The change in the resonant frequency of the quartz crystal was recorded for 4 min following the
addition of the polymer to monitor the adsorption of the additive.

120

S, + 10°M PEG 0 1 2 3 4 5 6 7

20000

=

o

o
1

o]
o
1

S, +10° M PEG

8000

Am/ngcm-2
2

Ly n A

20 /’Mv“ SO * 10-6 M PEGSOOO
0 S, (=0.IM HCIO,) + 10° M PEG, |
T T T T 1
0 100 200 300 400
t/s

Figure 2. Mass change (Am) as a function of time after adding PEGx to solution So. The final
concentration in the solution was: So (= 0.1 M HCIO,4) + 10° M PEG, (x = 400, 3000, 8000, or
20000 g mol™). The experiments were carried out at the open circuit potential (Eocp = 0.65 V
vs. SCE). Inset: In (Am) vs. In (n), where n is the number of monomer units.
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Fig. 2 shows the mass changes (calculated using Eq. 1) recorded for each solution. Immediately
after adding the PEGx, the mass on the electrode surface increases rapidly; the magnitude of the mass
change increasing as the molecular weight of the injected PEGx increases. In addition, the mass
changes for the three polymers of lower molecular weight, PEGx (x = 400, 3000, and 8000), rapidly
reach a stationary state; whereas PEG2oo00 requires a longer time to stabilize. In a previous study using
EQCM and STM, Kim et al. [8] showed that after the initial rapid rise in mass of polymer adsorbed on
the quartz crystal surface, the adsorbed polymer layer enters a stabilization phase in which the
adsorbed PEG molecules are rearranged into more ordered structures.

In addition, in agreement with Kelly and West [14], the change in mass on the electrode surface
is proportional to the number of repeat units in the polymer, which in turn is proportional to the
molecular weight, that is:

Af oc Amoc n? (2)

where n is the number of repeat units in the polymer. The inset of Fig. 2 shows a plot of
InAm vs. Inn; a least squares fit of the data shows linear behavior with a slope of g (= 0.58). Previous
studies [14,36] have reported that when 0.5< <1, the PEGx molecules collapse in a parking
arrangement such as so-called polymer brushes, where a portion of each polymer molecule dangles
into the solution.

3.2.2. Cyclic voltammetry study

Immediately after the 4-min period in which the PEGx adsorbed onto the Pt-EQCM electrode
at Eocp, We simultaneously performed CV and EQCM studies for each of the PEGx polymers
considered. The potential scan was started in the negative direction from Eocp, Over the potential range
-0.25t01.2 V.

Fig. 3 shows a series of typical voltammograms obtained under these conditions. Curve a
shows the voltammogram for Pt in solution So. (These data were presented above in Fig. 1, and are
included in Fig. 3 for comparison purposes). The electric charge density for the desorption of
hydrogen, obtained by integration of the anodic current density in region A of curve a, was 0.157 mC
cm?, after correcting for the double layer charge. Similarly, an electric charge density of 0.474 mC cm’
2 was obtained by integrating the anodic current in regions B and C (0.1 to 1.2 V); this charge density
is associated with the double layer charge and oxidation of the electrode surface to form PtO.

The addition of PEGx to the base solution Sy caused significant changes in the voltammogram
profiles (curves b-e). In [21] as well as the present study, the intensity of peak Ic, associated with the
reduction of the PtO film on the surface, is approximately the same for all solutions both with and
without the polyethoxylated compounds, indicating that the adsorption of PEGx on the electrode
surface does not interfere with the formation of the oxide film. In region A (-0.25 to 0.1 V) the
presence of PEGx causes a decrease in the current density (cathodic and anodic) associated with the
adsorption and desorption of hydrogen, principally that arising from strongly bonded hydrogen ( H;
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and H'). This behavior is similar to that observed by Safonova et al. [21] in a study of the adsorption

of PEG on Pt/Pt in H,SO, solutions. However, contrary to the findings of Safonova, we found that this
effect became more pronounced with increasing molecular weight of the PEGx in solution So. Under
the conditions studied, the current density associated with the adsorption-desorption processes of UPD
H was not completely suppressed, indicating that the additive adsorbed on the surface of the Pt-EQCM
electrode blocked only a fraction of active sites for the adsorption of hydrogen. In addition, the
potential range corresponding to region B in the anodic part of the voltammogram decreases as the
molecular weight of the PEGx is increased due to the formation of the anodic peak P1 at around 0.5 V.
The intensity of peak P1 increases with the molecular weight of PEGx, indicating that this peak is
associated with the oxidation of PEGx.

Additional experiments varying the concentration of PEGx showed that the current density of
peak P1 (ip1) increases more or less linearly with the PEG concentration. These results showed that the
oxidation process is controlled by diffusion of the electroactive species and that an additional process
exists that may be associated with the quantity of PEGx that remains adsorbed on the electrode surface
after the potential scan in the negative direction.
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Figure 3. Cyclic voltammograms of a Pt-EQCM electrode in solutions S + 10° M PEG,. (a) So, (b) x
= 400, (c) x = 3000, (d) x = 8000, (e) x = 20000 g mol™. v =50 mV s™.

The inhibition of the desorption of hydrogen (region A) by adsorbed PEGy, after the potential

scan in the negative direction, can be used as a measure to estimate the degree of coating of the surface
by adsorbed PEGx molecules (®75°x) using the following equation:

ads

__ () PEG,
Ouss’ =~ 3)
aas QH



Int. J. Electrochem. Sci., Vol. 5, 2010 1761

where Q,, and Q¥ are the electric charge densities (mC cm’®) associated with the desorption
of hydrogen (region A) in the absence and presence of PEGx respectively. Thus, the difference
between Q,, and Q[ ™« is proportional to the number of active sites for the desorption of hydrogen
that are blocked by PEGx molecules that remain adsorbed after the potential scan in the negative
direction starting from Eocp. The charge densities can be obtained by integrating the voltammetric
current density (Fig. 3) in the corresponding potential interval, using the following general equation:

Q= ["dE @

v

where v (= 0.05 V s™) is the potential scan rate.
Table 1 shows the values of ® > for the various molecular weights of PEGx. The value of

O™ increases with increasing molecular weight of PEGy, reaching a maximum of 0.217 for

ads
PEG

PEG20000- The calculated values of ®_  are less than the values of up to 0.6 reported by Safonova et

al. [21]. This difference may be due to the grater porosity of a Pt/Pt electrode in comparation to a
smooth platinum electrode.

The difference in the anodic charge density, measured from the voltammograms obtained in the
presence (Q* ) and absence of PEGx (0.085 mC c¢m™) in the potential range 0.1 to 0.6 V, is

(0.1 to 0.6V)

associated with the oxidation of PEGx molecules (Q(‘?)'Xiptiegﬁv) =Q(‘3fl 0 0ov) —0:085 mC cm®). Table 1

Ox,PEG, )

shows the estimated values of the charge density associated with the oxidation of PEGx (Q(O_l 0 06V)

for various molecular weights of the polyethoxylated compound in the base solution (So). For the same

moles number of PEGy, the Q(C(’)Xiptiegsv) value increase with increasing the molecular weight of the

polyethoxylated compound. This behavior is equivalent to the expected when the concentration
increases, and is indicative of the possible scission of the PEGx molecules in acid medium [17].

Table 1. Variation in the charge density (Q) during the potential scan in the positive direction in
different regions of the voltammograms in Fig. 3. The values of the degree of coating of the Pt

surface (@7:>°) are also listed.

HCIO, (0.1M) + 106 M PEG, PEe: (Oling Qeiwosy  QUaio osu)
(mC cm?) (mC cm?) (mC cm?)
X= 400 0.148 0.057 0.110 0.025
3000 0.133 0.152 0.156 0.071
8000 0.130 0.172 0.188 0.103
20000 0.123 0.217 0.210 0.125

Without PEG: Q,=0.157mC cm?, Q (31 05v) = 0.085 mC cm-2
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3.2.3. EQCM Study

The EQCM experiments were carried out simultaneously with the voltammetry measurements,
immediately after the adsorption of the polyethoxylated compound on the Pt-EQCM surface at Eocp.
The EQCM data are presented as plots of dAm dt™ vs. E, known as massograms [37-40], where dAm
dt? is the rate of change of the mass (mass flux) at the electrode surface. For changes in mass
associated with charge transfer at the electrode surface (faradaic processes), dAm dt is directly
proportional to the current density and hence the massogram is analogous to the voltammogram. In
addition, given that observation of a mass flux in the massogram without a corresponding current
density in the voltammogram is evidence of a nonfaradaic mass change (i.e., a mass change without an
associated charge transfer) on the electrode surface, it is possible to distinguish between faradaic and
nonfaradaic processes by comparing a massogram with its corresponding voltammogram.

In the massograms, negative mass flux (-d4m dt™) corresponds to the loss of mass at the
electrode surface, while positive mass flux (d4m dt™) corresponds to mass gain at the electrode
surface. Fig. 4 shows the family of massograms corresponding to the voltammograms in Fig. 3. At the
beginning of the potential scan in the negative direction starting from Eocp, a peak of negative mass
flux (peak I’c), associated with the loss of mass due to the reduction of the PtO film, is observed. It is
important to emphasize that the intensity of this peak increases with increasing PEGx molecular
weight, which differs from the behavior observed for cathodic peak Ic in the corresponding
voltammograms (Fig. 3), which exhibited similar current densities for all solutions, regardless of the
PEGx molecular weight. This finding suggests that the increase in mass loss in this potential region is
due to a nonfaradaic process corresponding to the desorption of PEGx adsorbed on the PtO film. When
the PtO film is reduced, PEGy is desorbed from the film. At potentials less positive than the potential
of peak I’c, another peak, I’c1 (0.25 V), is observed whose intensity increases with increasing PEGx
molecular weight. It is important to note that no cathodic current density associated with this process
exists in the voltammograms (Fig. 3), which suggests that the mass loss corresponding to peak I’c1 is
due to a nonfaradaic process. In the potential region -0.25 to -0.1 V a new process with negative mass
flux is observed, which corresponds to the replacement of water molecules with Hggs. It is important to
point out that in the voltammogram in Fig. 3, an increase in the cathodic current density is observed in
the same potential range, suggesting that the loss of mass detected by EQCM may contain a
contribution from the product of the reduction of adsorbed PEGx molecules.

The quantity of mass lost due to the desorption of PEGx from the electrode surface during the
potential scan in the negative direction can be calculated from the difference between the mass changes
obtained by integrating the mass fluxes in the massograms in the presence and absence of PEGx, using
the following equation:

Without PEG,

With PEG, B
Cathodic E.=-023V (" dAm ! 1 E,=-0.25V (4Am .
MM o= | VE- T JE 6

Eoc =0.65V Eoc =0.65V

with v =0.05 V s
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where the first term on the right hand side of the equation represents the mass loss (desorption)
in the presence of PEGx and the second term corresponds to the mass loss in the absence of PEGx,

during the potential scan in the negative direction in the indicated potential interval.

Table 2 lists the values of Am(‘;ég;mt’gc_ozw) for the various systems. The mass desorbed from the

electrode surface increases with the PEG molecular weight. In addition, the difference between the

mass adsorbed at the open circuit potential (Am,.,) and the absolute value of the mass desorbed

during the potential scan in the negative direction (‘Amg)f‘ég"‘:éc_o_zsv)‘) suggests that some PEGy (Amo*)

remains adsorbed on the Pt-EQCM surface after the potential scan in the negative direction, and that
the mass of this remaining PEGx increases with the molecular weight. This remaining adsorbed PEGx
blocks partially the active sites and therefore a fraction of the electrode surface.

Cathodic (6)

PEG, _ 3
AMyis ™ = AMocp —AMGes'to _025v)

ads

In region B of the anodic part of the massograms, the beginning of the formation of the peak
P’1 of positive mass flux is observed (i.e., a mass gain). The potential of this peak (Ep1) is 0.5 V,
which is similar to the peak potential of the oxidation process observed in the voltammogram (Peak
P1, Fig. 3); thus, the mass increase observed in the massogram can be assigned to the adsorption of the
product of the oxidation of PEGy that occurred during the potential scan in the positive direction. The
mass gain observed in the potential interval 0.1 to 0.6 V was quantified from the massograms in Fig. 4,
using the following equation:

without PEG,

E,=0.6V with PEG, E,=0.6V
odic (dAmj 1 (dAm 1 dE @)
v

Am(o.1 to 0.6V) dt VdE - dt

E;=0.1V E,=0.1V

with v =0.05Vs™
Table 2 lists the values of the mass gain, Am#A"%c obtained during the potential scan in the

(0.1to 06V)’
positive direction in the interval 0.1 to 0.6 V as a function of the PEG molecular weight. It is observed
that Am (’3”1"‘35 o6y, Increases with the molecular weight of PEGx.
From the mass gain (Am~"°%¢ ) (Table 2) in the potential interval 0.1 to 0.6 V and the

(0.1 to 0.6V)

charge consumed during the potential scan in the positive direction (Q(C(’)_Xl"jt'ng_Gv)) (Table 1) in the same

potential interval, it is possible to calculate the apparent molar mass of the species formed during the
oxidation of PEGy, using the following equation (Eg. 8).

Anodic
PM _ AMis 0 00w o
- Ox,PEG, ( )

n Q(0.1 to 0.6V)
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where PM is the molecular weight of the species formed, n is the number of electrons
transferred, and F is Faraday’s constant.
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Figure 4. A series of massograms obtained at the same time as the cyclic voltammograms in Fig. 3,
for solutions of composition Sy + 10° M PEG,. (a) So, (b) x = 400, (c) x = 3000, (d) x = 8000,
(e) x = 20000 g mol™. v=50 mV s™.

Table 2 lists the results obtained for each of the PEGx molecular weights used. With the
exception of PEGgqp, the value of the ratio PM/n is similar for the different PEGx molecular weights,
with a mean value of 44.66 + 3.12 g mol™. This finding suggests the simultaneous oxidation and
adsorption of PEGx, leading to the formation of the corresponding aldehyde by transfer of 2 electrons.
Considering the model of PEG1g00 adsorption on Fe(110) proposed by Kim at al. [8], in which the
PEG1000 molecules are adsorbed in a planar configuration via the oxygen atoms, the PM calculated in
the present work (~ 90 g mol™) corresponds to the molecular weight of the number of oxygen atoms
(approximately 6) that are adsorbed into Pt-QCM electrode surface, in accordance with the following
reaction:

[HO - (CH, —CH, —~0-),CH, ~ CH,0H] —2%—>HO- (CH, - CH, - O-) .5 [[CH, ~ CH, ~O~),CH, ~CHO]__ +2H*,n =20

Is quite possible that the species [HO-(CH2—CHZ—O—)nCHZ—CHZOH] is present in the
solution. For PEG as an additive, the question of the most relevant chain length is still open, as the
PEGyx (X > 400) molecules are degraded in the acidic electrolyte [17]. The products of this scission
process are PEG units with an average of length chain of around 20, some of which are adsorbed on
the electrode surface, likely via their oxygen atoms, in a packed arrangement such as the so-called
polymer brushes. During the potential scan in the negative direction, some of these molecules are
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desorbed from the electrode surface, while the remaining molecules remain adsorbed. During the
potential scan in the positive direction, a majority of the PEG molecules, including both those adsorbed
on the electrode surface and those in solution, are oxidized to form the corresponding aldehyde
molecules, which remain adsorbed on the electrode surface. Thus, the mass gain observed at the
potential 0.5 V corresponds principally to the adsorption of the corresponding aldehyde formed by
oxidation of PEG units.

Table 2. Mass changes (Am) in different potential ranges in the massograms in Fig. 4. The values of
the ratio PM/n for different PEGx molecular weights are also listed.

HCIO, (0.1M) + 104 M PEG, Am(c;g;o?;c_ozsv) AMge,  Am™ Amg'f dtloc 0svy PM /n
(ng cm?) (ngem?)  (ngem?)  (ng cm?) (g molt)
X= 400 16.0 16.17 0.17 16.10 62.13
3000 32.6 38.97 6.37 3131 42.54
8000 50.4 69.23 18.83 46.57 43.74
20000 68.3 113.46 45.16 61.83 47.72

3.3. Coadsorption of PEGx and CI" ions on the Pt-EQCM

This study was carried out using solutions formed by simultaneously adding the necessary
quantities of HClconcy and PEGx (10 M) to the base solution Sq so as to obtain a final composition of
So (= 0.1 M HCIO,) + 10° M HCI + 10° M PEGx. The HCI and PEGx were added to Sq with constant
agitation over a period of 4 min to permit the adsorption of CI" ions and PEGx on the electrode surface.
Immediately after this period, the CV and EQCM study was performed. Cyclic voltammograms were
recorded over the potential range -0.25 to 1.2 V, starting in a negative direction from Eocp. The
voltammetric data were compared with the simultaneously recorded massograms. The effect of the CI°
ions on the adsorption of PEGx at the open circuit potential, Eocp, is evident in Fig. 5, which shows the
changes in mass recorded during the adsorption of PEGggoo in the absence and presence of Cl ions. In
the presence of CI ions, the quantity of PEGggoo adsorbed increases considerably (128%). This result is
in agreement with the findings of Kelly and West [14], who proposed that CI" ions promote the
adsorption of PEG.

3.3.1. Cyclic voltammetry study

Fig. 6 shows a series of voltammograms for solutions with compositions of Sg, Sp + 10° M
HCI, and Sp + 10° M HCI + 10° M PEGx (x = 400, 3000, 8000, or 20000). The voltammogram
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obtained for the So + 10° M HCI solution (curve b) shows behavior characteristic of Pt-EQCM in such
media [31]. In the region UPD H, the CI" ions induce a redistribution of the electrodeposited H

between the different states of H adsorption in clean acid solutions; principally the displacement of
peaks HS and H} toward negative potentials is observed, forming the peaks H° and Hj. In

addition, the CI ions block the first stage (to 0.80 V) of formation of oxide film (Pt/O)[33].

180 =

8000
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Figure 5. Mass change (Am) as a function of time after adding HCI and PEGgggo to solution So. The
final concentration in the solution was: So (= 0.1 M HCIO4) + 10° M HCI + 10° M PEGggo.
The experiments were carried out at the open circuit potential (Eocp = 0.65 V vs. SCE). Also
shown is the change in mass on the electrode surface after adding 10° M PEGgo alone to
solution So.

It is important to note that at the beginning of the potential scan in the negative direction, the
intensity of the peak associated with the reduction of the PtO film (peak Ic) is similar for the solutions
without and with CI" ions (curves a and b respectively), which indicates that under these conditions the
CI ions do not interfere with the formation of the oxide film on the surface.

When both CI" ions and PEGx are added to solution Sp, however, significant changes are
observed in the voltammograms (curves c-f) compared to the voltammogram obtained in the presence
of CI" alone. Specifically, in the cathodic part of region A, the gradual suppression of the peak
associated with the adsorption of hydrogen H is observed with increasing the molecular weight of
PEGy. In addition, a slight decrease is observed in the intensity of the peak associated with the
reduction of the PtO film (peak Ic). Moreover, in the anodic part of region A, a decrease is observed in
the intensity of the peaks associated with the desorption of H (H,* and H?), in particular in peak H 2.
In region B corresponding to the region of the double layer charge, an increase in the current density
occurs due to the adsorption of CI" ions and PEGx molecules. In addition, in the potential interval 0.5
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to 0.80 V (which corresponds to the formation of the initial states of the oxide film), the current
density is greater than was observed in the presence of CI" ions alone (curve b) and increases with
increasing molecular weight of PEGx; this increase may be associated with the oxidation of PEGx
molecules or the formation of the oxide film in its initial state. At potentials above 0.8 V similar
behavior is observed.
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Figure 6. Cyclic voltammograms of a Pt-EQCM electrode in solutions: (a) So, (b) So + 10° M HCI,
and So + 10° M HCI + 10° M PEG,. (c) x = 400, (d) x = 3000, (e) X = 8000, (f) X = 20000 g
mol™. v=50 mV s™.

In order to determine the nature of the increase in anodic current density in the potential
interval 0.5 to 0.80 V, we performed CV experiments with two potential scan cycles. Fig. 7 shows the
voltammograms obtained for solutions Sy (curve @), S1 (= So + 10°M CI') (curve b) and S, (= Sp + 107
M CI" + 10® M PEGago00) (curve c). The behavior of the voltammograms in the first potential scan
cycle was already described above. At the commencement of the second cycle in the negative
direction, peak Ic is observed for both solutions S; and S, (curves b and c respectively); however, this
peak is considerably less intense than the peak observed in the first cycle, with solutions S; and S,
showing similar reductions in intensity. The observation of a similar reduction in the magnitude of
peak Ic between the first and second cycles for solutions S; and S,, suggests that this intensity decrease
is associated with the inhibition of the formation of the oxide film in its initial state, due to the
adsorption of CI" ions on the electrode in region B during the potential scan in the positive direction in
the first cycle. Thus, this result leads us to conclude that the anodic current density observed in the
presence of of CI" ions and PEGx (curves c-f, Fig. 6) in the interval 0.5 to 0.80 V does not correspond
to the formation of the surface oxide, but rather to the oxidation of a quantity of PEGx adsorbed on the
surface of the Pt-EQCM electrode.
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Figure 7. Cyclic voltammograms of a Pt-EQCM electrode in solutions: (a) S, (b) So + 10° M HCI, (c)
So + 10° M HCI + 10° M PEG30000. TWo potential scan cycles are shown. v =50 mV s™.

Table 3 lists the results obtained for the fraction of the electrode surface covered in the
presence of CI ions and PEGx (@™ =(QF" —Q* )/QC"). The values of ®> " are greater

ads

than those obtained in the absence of CI" ions (Table 1). In addition, the charge asociada at the PEG x

C . . Ox,PEG,—-Cl~ __ ~anodic PEG, —CI~ anodic ClI” :
oxidation in the interval 0.1 to 0.80 V (Q(O.1 o 080V) = 0110 0.80 V" —Qoi080vy ), increases

with the molecular weight of PEGx. The comparison between the values of charge density of the PEGx
oxidation; in the absence (table 1) and presence (table 3) of CI" ions, shows that the presence of CI’
ions suppressed almost completely the PEGx oxidation.

Table 3. Values of the anodic charge density in different potential ranges, obtained from the

voltammograms in Fig.6. The values of the mass change ( Amfg;“:‘ﬂffj%\f") obtained from Fig. 7

are also listed.

HCIO, (0.1M) + 106 M PEG, QPEGX—CI’ ®pgex_c|’ AmCathodicPEGx—CI" QanOdiC PEG, —Cl _QOX. PEG-CI™
H

+103MCF Ads (0.65 to —0.24v) (0.1to0 0.80V) (0.1 to 0.80V)
(mC cm?) (mC cm-?) (ng cm-2) (mC cm?) (mC cm?)
X= 400 0.147 0.22 0.173 0.095 - 0.009
3000 0.142 0.25 23.61 0.108 0.004
8000 0.133 0.30 71.17 0.150 0.046
20000 0.129 0.32 94.97 0.171 0.067

G —0.189mCem? Q16s0y =0.104mCem™
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3.3.2. EQCM study

Fig. 8 shows the massograms corresponding to the voltammograms in Fig. 6. Comparison of
these massograms with those obtained in the absence of CI" ions (Fig. 4) reveals the following
differences: In the presence of CI ions, the intensity of peak I’c in the part of the massogram with
negative mass flux is greater than was observed in the corresponding massograms obtained in the
absence of CI" (Fig. 4). That is, the quantity of PEGx desorbed to give peak I’c is greater when CI1” ions
are present, which can be attributed to the fact that the presence of CI" ions enhances the quantity of
PEGyx adsorbed. In addition, peak I’c; (mass loss) observed in the absence of CI" in the potential
interval 0.15 to 0.35 V (Fig. 4) is suppressed in the presence of CI’; in its place, a positive mass flux
(mass gain) is observed for PEGx with molecular weights greater than 3000. These findings indicate
that in the presence of CI" and PEG, with molecular weight > 3000, one adsorption process and two
partial desorption processes occur at the surface of the Pt-EQCM electrode during the potential scan in
the negative direction. The quantities of mass desorbed during the potential scan in the negative

direction (AmcathodicPEGx_cr

(065 1o _02A) ) from Eocp for the various solutions are listed in Table 3. Comparing the

quantity of mass desorbed for the systems with and without CI" in the solution, we find that in the
presence of CI', a greater mass is desorbed for solutions containing PEG molecular weights in excess
of 3000. Thus, the CI" ions in solution promote the adsorption and desorption of PEGx from the
electrode surface.
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Figure 8. A series of massograms obtained at the same time as the cyclic voltammograms in Fig. 6, for
solutions: (a) So, (b) So + 10°M HCI, and S + 10°M HCI + 10° M PEG,. (c) x = 400, (d) x =
3000, (e) x = 8000, (f) x = 20000 g mol™. v =50 mV s™.
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In the part of the massogram with positive mass flux, the peak P’1 observed in the absence of
CI" ions (Fig. 4) in the potential interval 0.5 to 0.80 V which corresponds to the mass gain due to the
oxidation of PEGx molecules both in solution and adsorbed on the electrode, is suppressed when CI’
are present in the solution, a finding similar to the results reported by Bahena et al. [38]. Based on this
result, combined with the increase in anodic current density observed in the voltammograms in Fig. 6
in the same potential interval, we propose that in this potential interval the CI" ions suppress the
oxidation of PEGx molecules in solution but not those adsorbed on the electrode surface. This
hypothesis is supported by the observation that the observed current density corresponds to the
oxidation of PEG units that remained adsorbed on the Pt-EQCM surface after the first potential scan in

the negative direction. Given that the oxidation of an PEG wunit adsorbed
([HO-(CH, ~CH, ~0-),CH, ~CH,0H],, ,n~20) on the Pt-EQCM surface affords one molecule of the

corresponding aldehyde ([Ho - (cH, -~CH, -0-),CH, ~CHO]__ + 2H") adsorbed on the Pt-EQCM surface,

the change in mass on the electrode surface following the oxidation is very small and is not appreciable
in our results.

4.CONCLUSIONS

The present study examined the adsorption of PEG with various molecular weights (400, 3000,
8000, or 20000), and its coadsorption with CI" ions through an analysis of quantitative data obtained
from simultaneous voltammetric and EQCM measurements.

The results show that in a solution free of CI" ions, the PEGx molecules are adsorbed at the
open circuit potential (Eocp). Under these conditions, the adsorption of PEGx on Pt does not interfere
with the oxidation of the surface to create a film of PtO. During the potential scan in the negative
direction, three processes involving the partial desorption of PEGx from the Pt-EQCM electrode
surface are observed. At the end of the potential scan in the negative direction, a fraction of the
electrode surface remains covered with PEGx molecules; this fraction increases with increasing
molecular weight of PEGy, reaching a maximum value of 0.217 for PEG,g000. In addition, the anodic
current density in the voltammogram and the mass flux in the massogram in the potential interval 0.5
to 0.80 V increase with increasing PEGx molecular weight. That is, the increase in current density in
this potential interval is accompanied by an increase in the mass adsorbed on the electrode surface. On
the basis of these results, we propose that the anodic process observed in the potential interval 0.5 to
0.80 V corresponds to the oxidation of PEG units (formed by the scission of PEGx in acidic media),
including both the PEG units adsorbed on the electrode surface and those in solution. The oxidation of
each PEG unit gives rise to one molecules of the corresponding aldehyde, which remain adsorbed on
the electrode surface.

We also found that compared to the solutions without CI™ ions, a larger quantity of PEGx was
adsorbed at Eocp When CI™ ions were present in the electrolyte solution. In addition, one adsorption
process and two partial desorption processes were observed at the surface of the Pt-EQCM electrode
during the potential scan in the negative direction. At the end of the Potential scan in the negative
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direction, the fraction of the surface covered with PEG units was large as those observed in the
presence of molecules PEGx only. Finally, an interesting result of the present work that has
implications for industrial metal electrodeposition processes is that the presence of CI" ions in the
electrolyte solution suppressed the oxidation of PEGx.
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