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Tuning oscillatory time-series evolution by Pt(111)-OHad stabilization
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Abstract
Controlling the Pt(111)-OHad stability by means of noncovalent interactions with hydrated cations, it was possible to modify
natural changes in the galvanostatic time-series collected during ethylene glycol electro-oxidation reaction. These modifications,
also known as drift, include maximum potential in each oscillation cycle, oscillation patterns, and frequency changes. The
phenomenon was investigated in a temperature range from 5 to 20 °C and allows us to infer about the sensitiveness of time-
series in the presence of distinct alkaline cations. The stable OHad layer in the presence of Li+ induces lower drift in the time-
series, resulting in a longer time-series with oscillatory behavior. On the other hand, once the OHad layer is less stable in the Na

+

electrolyte, the formation of surface oxides from Pt-OH happens at lower potential than in the LiOH solution, resulting in fast
changes of both the maximum potential and oscillation frequency and short time-series, i.e., the drift becoming higher. Finally,
the conversion of Pt-OH onto Pt oxides is still easier in KOH solutions, producing short time-series and does not allow the
oscillatory behavior.
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Introduction

In recent decades, instabilities in electrochemical systems
have been studied to understand fuel cell reactions like the
hydrogen peroxide electro-reduction[1–3], hydrogen [4],
formic acid [5], formaldehyde [6], methanol [7–11], ethanol
[12, 13], ethylene glycol [14–16], and glycerol electro-
oxidation [17, 18]. Focusing on the electro-oxidation of small
organic molecules, oscillations in all the above cited systems
can be classified asN-shaped Negative Differential Resistance
with N partially Hidden (HN-NDR) [19, 20] and they share
features like oscillations under both potential and current con-
trols and changes in oscillation dynamics over time, even un-
der fixed (external) conditions. These changes, called drift,
can modify the oscillation period, amplitude, and shape or
even to extinguish the oscillatory behavior [21].

Prof. Varela and his group have pointed out that the drift is
due to the existence of at least two coupled processes, one
being fast, responsible for the oscillations, and the other,
slower, whose evolution modifies the time-series [6, 22–24].
Irreversible oxide formation, caused by the place exchange
between surface Oad and Pt atoms, is frequently associated
with the slow process in the oscillations potential window.
However, on polycrystalline Pt surfaces, Pt(poly), the species
present on the (hydro)oxide onset region are still not fully
understood. While early systematic studies from the 1970s
[25] suggested that PtO formation is PtOH-mediated in a
1 + 1 electron transfer pathway, more recent works claim that
PtO can be directly produced [26] or PtO and PtOH are par-
allel processes at the same potential [27], probably in distinct
surface orientation domains [28]. Regardless of the nature of
these species, irreversible processes are observed when the
amount of oxygen on the surface is lower than one monolayer
(ML) in Pt(poly) [25].

Herein, we explore electrochemical oscillations employing
Pt(111) as catalyst that, contrary to all other Pt orientations,
can split the three important processes between Pt and H2O,
namely adsorbed hydrogen formation/reduction (Pt-H), OH
adsorption/desorption (Pt-OH), and oxide formation/
reduction (PtO). Thus, this surface becomes unique to analyze
the effect of PtOH and oxides during oscillations in

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10008-020-04557-7) contains supplementary
material, which is available to authorized users.

* Elton Sitta
esitta@ufscar.br

1 Chemistry Department, Federal University of Sao Carlos, Rod.
Washington Luis, km 235, Sao Carlos 13565-905, Brazil

https://doi.org/10.1007/s10008-020-04557-7

/ Published online: 26 March 2020

Journal of Solid State Electrochemistry (2020) 24:1921–1926

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-020-04557-7&domain=pdf
https://orcid.org/0000-0001-8077-146X
https://orcid.org/0000-0003-3181-0076
https://doi.org/10.1007/s10008-020-04557-7
mailto:esitta@ufscar.br


electrochemical systems. Moreover, due to noncovalent inter-
actions between cations and adsorbed species (OHad and Oad),
the interplay of PtOH and PtO can be modulated in alkaline
media changing the electrolyte cation [29]. Finally, the ethyl-
ene glycol electro-oxidation (EGEO) reaction in alkaline me-
dia was chosen due to its several pattern oscillations with high
frequency described in early publications [14–16].

Experimental

The working electrode (WE) was prepared by Clavilier meth-
od as described in ref. [30] and the area estimated at 0.045 cm2

with roughness factor close to one. Before each experiment,
the WE surface was flame annealed in a butane/air flame,
cooled in reductive Ar:H2 (3:1) atmosphere and transferred
to the electrochemical cell with a drop of ultra-pure water
saturated with both Ar and H2. A high area Pt wire was used
as counter electrode and all the potentials were measured and
displayed based on the reversible hydrogen electrode (RHE)
prepared with the same supporting electrolyte solution [31].
0.1 M of MOH (M = K, Na, or Li) solutions were prepared
dissolving ultra-pure hydroxides (Sigma-Aldrich 99.95%,
metal grade) in 18.2 MΩ cm water (Milli-Q system).
Ethylene glycol (Sigma-Aldrich 99.8%) was directly added
in the electrolyte yielding 0.05 M. An Autolab PGSTAT
128 N equipped with Scan 250 modulus was used as
potentiostat/galvanostat and the temperature was controlled
with a Solab SL 152 thermostatic bath. Before the experi-
ments, the solution was purged with Argon 5.0 N, and during
the data collection, this gas was kept in the cell headspace. The
WE surface quality was checked by cyclic voltammetry from
0.05 to 1.0 V (vs RHE) at 0.05 V s−1, and before the current-
controlled experiments (galvanodynamic with step of 1.5 μA
and rate 44.4 μA s−1 cm−2 and galvanostatic time-series), five
cyclic voltammetry cycles from 0.05 to 1.00 V served as pre-
treatment.

Results

Figure 1 shows cyclic voltammograms (CV) in the absence of
EG for the three distinct MOH electrolytes (M = Li, Na, and
K). In this potential window, it is possible to recognize four
regions as follows: Pt-H (I), the double layer region (II), Pt-
OH (III), and Pt-O (IV). These profiles fully agree with the
literature [32, 33] and the absence of sharp peaks in region I
indicates the presence of well-prepared {111} terraces.
Interestingly, the cation does not change the regions I, II,
and the onset of OH− adsorption but, once adsorbed, OHad is
stabilized by hydrated cations in the sequence Li+ > Na+ > K+

(Figure S1 in supplementary files brings all the CVs together).
These noncovalent interactions between the hydrated cation

and adsorbed species shift the processes in regions III and IV
to lower and higher potentials [29], respectively. The CVs are
stable along the cycles since the potential does not exceed
1.20 V.

In acid media (0.1 M HClO4), the transition from region III
to IV is mediated by a plateau described as a kinetic barrier of
stable water/OHad layer, forming an additional OH adsorption
before the PtO growth [34]. Theoretical studies also claim that
this kinetic barrier is due to the direct transition of 0.33 ML of
OHads to 0.25 ML of Oads [35], and recently, the presence of
atomic oxygen was contested based on spectroscopy data,
suggesting a (su) peroxide species instead [36]. Regardless
of the transition mechanism, regions III and IVare composed
of distinct species and, through similarities in CV shape, we
extended these conclusions to the surface in alkaline media.

At low potential and in the presence of EG (0.05 M), re-
gions I and II compete with alcohol adsorption producing
surface poisoning species [37]. The oxygenated species in
region III has been addressed to the increase of EGEO in
Pt(111) and alkaline media which results in higher current
densities than Pt(110), Pt(100) [38], or stepped Pt surfaces
[39]. Although the oxidation current onset happens at consid-
erably high potentials when compared with the others Pt(hkl),
the nature of adsorbates or the stability of OHad layer allows
the higher activity in Pt(111). Figure S2 shows that regardless

Fig. 1 Cyclic voltammograms of Pt(111) in 0.1 MMOH (M = Li, Na, or
K) at 25 °C. v = 0.050 V s−1
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of the cation, the EGEO has the same onset potential at
Pt(111); however, the current for potentials up to 1.0 V is
lower when KOH is employed as supporting electrolyte.
Sitta et al. [40] showed that at 0.8 V both current and EGEO
products distribution depend on the electrolyte cation in
Pt(poly) and alkaline media, i.e., both EG oxidation current
and the activation of C–C bond (yielding carbonate instead of
oxalate) follow the order Li+ < Na+ < K+. The dependence
between product distribution and electrolyte cation affects the
fast dynamic during oscillatory EGEO [14], i.e., the oscilla-
tion pattern and frequency in each cycle; however, less influ-
ence is expected in the drift behavior in the time-series.

Figure 2a shows representative galvanostatic time-series
collected in the presence of distinct cations at 10 °C. The
current chosen for each experiment corresponds to the mini-
mum current necessary to observe oscillations in
galvanodynamic experiments at 44.4 μA s−1 cm−2 based on
the normalization procedure described in ref. [41] (Figure S3
in supplementary files). In KOH solutions, the potential
monotonically increases reaching E > 1.00 V after 80 s of
polarization. We named this time as time-series length.
Although the similar time is demanded to reach this potential
in NaOH (100 s), potential oscillations are observed just be-
fore the potential jump to E > 1.20V. Finally, replacing Na+ by
Li+, the time-series length increases to 480 s and the potential
oscillations are also more evident. The lower mean potential
observed in time-series in the presence of Li+ agrees with

higher OHad coverage at lower potentials provided by this
cation when compared with Na+ and K+ [42]. Figure 2 also
presents two sliced parts of the time-series focusing on the
onset of oscillations during EGEO reaction in both LiOH
and NaOH solutions. Period 1, small amplitude oscillations
centered in 0.84 V with mean oscillation frequency (w) of ca
8 Hz are observed during the first seconds of oscillatory be-
havior of EGEO in NaOH; however, over time, the amplitude
increases and the oscillation frequency decreases, reaching
6 Hz in the last seconds before the potential jump to E >
1.20 V. This drift has origin in the coupling between the fast
and, long-term, slow dynamic processes, i.e., while the oscil-
lations occur, another set of processes are slowly changing
some system conditions, resulting in progressive changes in
oscillation features. When Na+ is replaced by Li+, oscillations
at lower mean potential (0.81 V), lower initial frequency (ca
6 Hz) that hardly changes over time, and the evolution to more
complex patterns such as period 2 are observed. This pattern is
shown in the supplementary file section as Figure S4.

The time-series behavior in Fig. 2 is comparable with the
EGEO reaction performed in Pt(poly) [14–16] in terms of both
frequency and the applied current density. The differences
emerge when the reaction occurs in KOH solution, since in
Pt(poly), this electrolyte allows both high frequency and sev-
eral oscillation patterns [16], but the oscillatory behavior is
suppressed in Pt(111). Other differences are revealed analyz-
ing the time-series from 5 to 20 °C temperature range as

Fig. 2 Galvanostatic time-series
EG electro-oxidation reaction in
Pt(111) at 10 °C in the presence of
0.1 M LiOH (j = 4.0 mAcm−2),
NaOH (j = 3.8 mAcm−2), or KOH
(j = 4.0 mAcm−2). The insets
represent the onset of oscillations
in the presence of Li+ and Na+,
respectively
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discussed in the sequence. In this work, we choose three ex-
perimental variables: time-series length, period 1 oscillation
frequency, and maximum potential in oscillation cycles to
follow the drift in time-series showing the important role of
OHad and its conversion to Oad in long-term EGEO dynamics.

The dependence of the time-series length on the electrolyte
cation observed at 10 °C is kept in 5 to 15 °C temperature
range (Fig. 3). While the time-series in Na+ or K+ electrolytes
have similar lengths, the presence of Li+ increases the series
significantly. When the temperature is set at 20 °C, the time-
series length becomes similar in LiOH and KOH electrolytes
(this effect is discussed below). The time-series length can be
related with the drift, since at fixed current, the potential in-
crease over time represents the overpotential necessary to
compensate the changes on the surface [21]. As mentioned
above, irreversible oxide formation is the main cause of these
changes, leading to the potential jump to high values. Thus,
the stabilization of Pt(111)-OH provided by Li+ slows down
the formation of these oxides, increasing the time-series
length. This cation effect on oxide formation has been also
described for Au(111) surfaces [43].

The oscillation frequency, w, for a given period, is one of
the most important parameters to be analyzed in a time-series,
and it is defined as the inverse of the time demanded to reach
two maximums or two minimums in a cycle. Period 1 oscil-
lations during EGEO reaction in Pt in alkaline media show
one of the highestw reported for small organic molecules [44].
Herein, the dependence of w with the temperature was
employed to estimate the temperature coefficients (q10) for
each temperature variation (T1 and T2) (Table 1) following
the equation [16]:

q10 ¼
ωT2

ωT1

� �2

q10 describes how sensitive a system is to temperature
changes and the near 1 values obtained in most cases indicate
the systems are in the so-called temperature compensation
regime [16, 41], with small dependence on temperature
(Figure S5 in supplementary files presents the onset of oscil-
latory behavior in time-series at distinct temperatures). This
behavior agrees with previous data obtained in Pt(poly) [15,
16] and for the sake of the comparison under CV conditions in
Pt(poly), q10 values are around two [16].
Although w hardly changes with temperature, there is a de-

crease in its value along the time-series. w was estimated in
each cycle and a linear plot of log(w/Hz) versus time was
obtained allowing to extract a slope (dlog(w)/dt) that was used
to compare the drift in distinct temperatures and cations.
Figure 4a presents an example of dlog(w)/dt for time-series
shown in Fig. 2. Using this procedure, dlog(w)/dt was also
estimated for the time-series in all studied temperatures.
Figure 4b shows cation-dependent w evolutions, in which
the presence of Li+ decreases the changes when compared
with Na+ in the 5 to 15 °C temperature range. Since in KOH
solution, the EGEO oscillations were inhibited; it was not
possible to follow w in this system.
Finally, the maximum potential in each cycle is also an im-

portant descriptor for the time-series. The potential, as men-
tioned above, provides information about the nature of the
surface species (OHad or oxides). During the EGEO reaction
in LiOH solutions, the mean potential is lower than that in
NaOH, as presented in Fig. 2a and discussed in terms of
OHad layer; however, it is important to understand the poten-
tial changes during the oscillations. Thus, the maximum po-
tentials (Emax) reached in each oscillation cycle were plotted
against the time as shown in Fig. 4c and the slopes extracted
from these curves are shown in Fig. 4d. Not surprisingly, the
Emax evolution in NaOH is higher than in LiOH solutions
from 5 to 15 °C.
The three parameters (time-series length, w and Emax) are

related to Pt (hydro)oxides. Stabilizing the OHad and avoiding
its conversion to oxides result in a decrease of the drift and this
reflects on the increase of time-series length. Oscillation fre-
quencies tend to decrease with the time (negative values in
Fig. 4b) and this can be interpreted as a surface modification
caused by oxide formation affecting the system’s fast dynamic
(oscillations). Finally, oxide formation seems to be less active
for EGEO, as observed as a current decrease in high potentialFig. 3 Time-series length collected during EG electro-oxidation in

Pt(111) in distinct temperatures and support electrolytes

Table 1 Temperature
coefficients (q10) based
on mean oscillation
frequency for EG
electro-oxidation in
Pt(111) and 0.1 M MOH
(M = Li or Na)

qLiOH qNaOH

ΔT/0C

5–10 1.1 1.3

10–15 3.4 1.0

15–20 1.5 1.1
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CV profiles [38]; thus, the slow oxide formation during the
transition from the region III to IV (Fig. 1) will trigger a
potential increase in order to compensate the surface deacti-
vation. However, the potential increase induces the oxide lay-
er formation in a feedback loop. As a result, the Li+ ability to
stabilize the OHad layer, shifting the oxide formation and
EGEO reaction to higher and lower potentials, respectively,
is essential to maintain the oscillatory behavior in Pt(111).
Apparently, this straightforward relation could not be applied
to other Pt(hkl) or even polycrystalline surfaces, since the
PtOH and PtO isotherms can coexist [27].
When the temperature exceeds 15 °C, some changes are ob-

served in the above described tendencies. According to
Markovic et al. [45], the temperature increase shifts the oxide
formation to lower potentials, but the cation effect is unknown
in this process and the OHad stabilization could be insufficient
to compensate the increase of PtO nucleation and growth in-
duced by the temperature. Moreover, non-monotonical

behaviors were already described for formic acid electro-
oxidation reaction in Pt(poly) in a 5 to 45 °C range [22], and
explained based on distinct temperature dependence on irre-
versible oxide formation and surface poisons from the organic
electro-oxidation reaction—EGEO in the present case. The
non-monotonical changes at T < 25 °C described by the authors
in ref. 22 for Pt(poly) are close to those observed in the present
work. Thus, the changes observed in Fig. 3, especially the de-
crease of time-series length in LiOH electrolyte, could be relat-
ed to increase of the transition from PtOH to PtO induced by the
temperature. The effect is less pronounced in the other electro-
lytes once this transition is already fast at low temperatures.

Conclusions

In summary, the ethylene glycol electro-oxidation reaction
was studied in Pt(111) in alkaline media focusing on the effect

Fig. 4 Evolution of oscillation frequency (a) and maximum potential
visited in each period one oscillation cycle (c) for EG electro-oxidation
reaction at 10 °C. The slope of linear fits, represented as dotted lines,

for ω and Emax are displayed in (b) and (d), respectively including the
data for the time-series at 5, 10, 15, and 20 °C
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of surface oxygenated species on oscillation dynamics. By
means of OHad stabilization by noncovalent interaction with
hydrated cations, the increase in time-series length accompa-
nied by the decrease of both frequency and maximum poten-
tial (Emax) changes along the oscillations was observed These
results contribute to understand the drift effect on oscillation
time-series, providing experimental evidence that transition
from OHad to oxides on Pt surfaces is an important parameter
to be considered to describe and modeled time-series.
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