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A B S T R A C T

The methanol electro-oxidation reaction (MER) was studied in a wide pH range under voltammetric and os-
cillatory regimes. Employing buffered hydrogen phosphates solutions, it was demonstrated that increasing the
pH MER is firstly inhibited in the region up to 4–5 but after this point starts to increase reaching currents 5 times
bigger than those in acidic media. Potential oscillations during MER are restricted to the pH < 3.5. While the
oscillations frequency and shape change slightly in the studied pH range, the amplitude and poisoning rate,
calculated in terms of dE/dt, are severely affected by the pH, culminating in the extinguishment of oscillations.

1. Introduction

Oscillations in electrochemical systems have been extensively stu-
died in the last decades and the electro-oxidation of small organic
molecules has received special attention due to possible application in
energy conversion devices, such as direct alcohol fuel cells [1–3]. These
oscillations are caused by coupled feedback loops responsible for the
autocatalytic increase of potential (positive loop) followed by slower
processes (negative loops) that restore the initial conditions. At a mo-
lecular level, the incomplete electro-oxidation of small organic mole-
cules leads to surface poisoning over time, requiring an overpotential to
maintain the reaction rate constant in experiments under current con-
trol. In some potential regions (known as N-NDR – N-shaped Negative
Differential Resistance), the overpotential induces the increase of sur-
face poisoning leading to a new increase of overpotential until the
surface becomes capable to adsorb oxygenated species that react with
the poisons. Once oxidized the poisons leave the surface and the po-
tential decreases, restoring the system to the (nearly) initial conditions
[3]. Since the N-NDR region is usually partially hidden, the oscillatory
electro-oxidation of small organic molecules are classified as HN-NDR
(hidden N-shaped negative differential resistance) [4].

Both positive and negative feedback loops are influenced by the
experimental conditions, such as applied current, temperature, elec-
trosorbing species, reaction spectators and solution pH (see [1,2,5] and
references therein). Concerning the latter parameter, it is generally
accepted that the electro-oxidation of organic molecules is more facile
in alkaline media [6–8]. Still not fully understood, this behavior has
been addressed to the replacement of absorbable electrolyte anions by
OH– [9], the reactivity of CHx,ad [7] or mechanisms involving small

concentrations but highly reactive alkoxides [10]. Oscillations are
strongly affected by the solution pH as clearly discernible in the oscil-
latory amplitude, frequencies or waveform during the electro-oxidation
of formic acid/formate [11,12], ethanol [13,14], ethylene glycol [6,15]
and glycerol [16] in acidic and alkaline media. In particular, oscilla-
tions were mapped for the electro-oxidation of formic acid/formate
[12] and ethylene glycol (EG) [6] in a wide pH range. In both cases
oscillations are present in pH < 4 and>12. Acidic media allows slow
frequency high amplitude oscillations in the EG electro-oxidation re-
action [6], whereas in alkaline media, the frequencies and amplitude
are increased (3–5 times) and decreased (2–3 times), respectively.

Interestingly, besides the oscillatory methanol electro-oxidation
reaction (MER) representing one of the most studied systems in acidic
media [17–23], we found just one example of oscillatory kinetics in
alkaline media, however catalyzed by Ni oxides at potentials around the
region of oxygen evolution reaction [24] It is well established in the
literature, that MER occurs via a dual pathway mechanism consisting of
poisoning and active species [25,26]. Adsorbed carbon monoxide has
been identified as the main poison at low potentials, requiring the ad-
sorption of oxygenated species to be oxidized to CO2. Formaldehyde
and formic acid are side reaction products that, due to their reactivity,
they can also re-adsorb contributing to the COad→ CO2 pathway. The
electrolyte pH influences both the amounts and the reactivity of these
species (see the discussion below), in this sense, a 1967 study per-
formed by Bagotzky and Vassilyev [8] had already pointed out the
importance of pH on methanol oxidation rates observing an activity
increase with the pH. Moreover, Abruña et al. [27] and Varela et al.
[19,28] estimated the apparent activation energy (Ea,app) based on CV
currents at potentials below 0.9 V. They obtained values of about
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67–90 kJmol−1 in acidic (H2SO4 0.5mol L−1) and 15–40 kJmol−1 in
alkaline (KOH 0.1 mol·L−1) media, suggesting distinct reaction path-
ways. In situ Fourier-transform infrared spectroscopy (FTIRs) experi-
ments have shown the presence of both linear and bridged bond COad at
low potentials, regardless the pH, i.e. strong acidic [29,30] or alkaline
[31,32] media. Bands assigned to formate ions are also observed in-
dicating the changes in pH does not cease pathways, but probably acts
on the amount and reactivity of intermediates. For instance, steady-
state CO coverage values from methanol adsorption is ca 0.40 ML in
0.1 mol L−1 H2SO4 and 0.28 ML in 0.1 mol L−1 NaOH [9], a small
difference considering the pH range, but these values could be sufficient
to trigger changes in the oscillatory behavior.

The reactivity of MER intermediates depict several changes over a
wide pH range; for example, in the pH region between 2 and 4, the first
CO electro-oxidation stages are not affected by the pH, but for pH > 4,
all peak positions were negatively shifted, indicating a catalytic effect
provided by alkaline media when compared with acid [33]. Hydrogen
phosphates, CO and OH adsorption strength or even the dependence of
COad surface mobility on the solution pH could also play a role in the
overall process [34–38]. The electro-oxidation of formic acid also
strongly depends on the pH, but the behavior differs from the other
organic molecules, i.e. the activity increases with the pH until the
formate/formic acid pKa value (3.75), then the activity remains high
until pH 10 if a weak adsorbing anions electrolyte is employed or
quickly decreases in solutions containing hydrogen phosphate or Cl−

[39,40]. In situ FTIRs in the ATR configuration indicated the presence
of both linear and bridge-bonded CO throughout all the studied pH
range under voltammetric conditions, but bridge-bonded adsorbed
formate is present only in pH < ∼5 [41].

While COad formation and anion adsorption are probably acting as
main poisoning species during oscillatory electro-oxidation of small
organic molecules in acidic media, increasing the alkalinity, the

mechanism of surface poisoning becomes unclear and could be even
caused by the high surface interaction with OH/O species. Anyway,
while the oxidation peak currents increase for ethylene glycol [6,15]
and glycerol [16,42] with the pH (> 10 times from H2SO4 1.0 mol·L−1

to KOH 1.0 mol·L−1), for formic acid the opposite behavior is depicted
at pH > 4 [40]. Thus, even recognizing some common intermediates it
is very difficult to draw up a general mechanism to explain or preview
the oscillatory behavior in a wide pH range.

In the present work we report an experimental study of the MER
catalyzed by Pt in a wide pH range provided by buffered phosphate
solutions. Oscillatory kinetic regions were mapped and compared with
other small organic molecules.

2. Experimental

The experiments were conducted in a three electrodes cell, with
working and counter electrodes consisting of Pt band (0.8 cm2 mea-
sured by the oxidation charge of HUPD region) and high area Pt mesh,
respectively. At pH under 2 or over 12, a same solution reversible hy-
drogen electrode (RHE) served as potential reference. For intermediates
pHs an Ag/AgCl/KClsat electrode connected to the supporting electro-
lyte through a Luggin capillary was employed, but the results are shown
on the RHE scale. Supporting electrolytes were prepared with a buf-
fered solution composed of H3PO4/NaH2PO4/Na2HPO4/Na3PO4/NaOH
(Sigma-Aldrich, ACS reagent) in distinct proportions to obtain the de-
sired pH always keeping Na+ concentration at 0.5 mol L−1. An excep-
tion was the solution of pH 1.30 composed of 0.5mol L−1 H3PO4 in
absence of Na+.

Before the experiments a cyclic voltammogram from 0.05 to 1.50 V
(vs RHE) in a N2 purged supporting electrolyte attested to the cleanness
of the systems. Thereafter methanol was inserted directly into the cell
yielding 0.5mol L−1. Cyclic voltammograms at 0.1 V s−1 until current-

Fig. 1. Pt cyclic voltammograms at distinct pH values, 0.05 V s−1 and 0.5 mol L−1 methanol. The grey arrows indicate the sweep direction and the notation 1, 2 and
react. Indicate the peaks 1, 2 and reactivation, respectively. T= 25 °C.
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potential profile stabilization were performed, which were set as pre-
treatment before every measurement run. An Autolab PGSTAT128N
equipped with scan250 served as potentiostat/galvanostat and the
temperature was maintained at 25 °C using a thermostatic bath (Solab
SL 152).

3. Results and discussion

Fig. 1 shows cyclic voltammograms (CV) for MER at distinct pH
values as indicated in the panels. For a pH below 6, two oxidation peaks
are discernible along the positive going scan around 0.73 and 0.80 V,
named peak 1 and 2, respectively. At E > 1.1 V methanol oxidation
prevails over a platinum oxide layer. At pH 1.30 peak 1 is observed as a
shoulder and increases with pH, becoming more intense than peak 2 at
pH 3.50. Considering this behavior, it was admitted that the single
peaks observed at pH > 6 correspond to the process at 0.73 V in acid
media and peak 2 is not discernible in alkaline media. The onset of MER
is monotonically shifted by the pH, reaching ca 0.1 V from pH 1.30 to
13.50, meanwhile no clear tendency was observed on the potential of
the peaks (see Fig. S1).

The negative going scans are described by single oxidation current
peak, usually called reactivation peak, regardless of the pH, never-
theless, the position of these processes in comparison with peaks in
positive going scan (hysteresis) is pH dependent, for example, in the
potential region of pre-peak 1 (from 0.5 to 0.75 V). In strong acidic
media the oxidation currents during the positive going scan are lower
than those in the negative one. However, the behavior is inverted, as
the pH increase. Thus, at low pH the adsorbed species at low potential
seems to shift the peak's onset to high overpotentials. The higher cur-
rents in the negative going scan are accomplished due to the oxide layer
in the potential region before the reactivation peak, avoiding thus
strong adsorbed intermediates of MER or anions from electrolyte.

Focusing on the processes taking place at E < 1.0 V, Fig. 2(a)
presents the maximum current values (jpot) of peaks 1, 2 and the re-
activation peak in function of the pH. The values were directly ex-
tracted from the CV and no deconvolution was employed. The general
behavior can be divided into two regions: (1) the current values of the
peak slightly decrease from 1.30 to 3.50 with the reactivation values
higher than peak 1; (2) at pH > 5, peak 2 disappears and peak 1 starts
to increase, giving a 0.15 reaction order in respect to OH– ( =

∂

∂
nOH

logi
pH )

in the pH region between 4.9 and 11. In the second region, the re-
activation peak also becomes lower than peak 1.

Performing the MER under current control, Fig. 3 presents current
sweeps (galvanodynamic curves) at 3.8 μA s−1 cm−2 showing how the
potential evolves to yield the desired currents. Potentials higher than
0.50 V are necessary to maintain currents higher than 50 μA cm−2, re-
gardless of the electrolyte pH. However, once reaching the region
corresponding to the onset of peak 1, the potential increases slowly
until ca. 0.80 V, where it suddenly jumps to E > 1.20 V. The current
needed for this jump can be also compared with the peak current in CV
of Fig. 1 and their values are shown in Fig. 2(b) as jgalv. Remarkably, the
two above-mentioned regions are also present under current control.
Finally, the most interesting features are observed at pH 1.3, 2.15 and
3.50, i.e. the potential oscillations preceding the potential jump. The
inset in Fig. 3 highlights these features and their analysis.

The minimum in the current values around pH 4, c.f. Fig. 2, coin-
cides with the changes in both CO and formic acid electro-oxidation
mechanism described on Introduction section. COad electro-oxidation
seems to be pH independent for pH < 4 and it is catalyzed above this
value [33], which could be an explanation to the increase of MER. The
behavior for the MER in the studied pH range is opposite to that for
formic acid, i.e. the activity for MER is lowest in the pH region of
maximum activity for formic acid electro-oxidation in similar electro-
lyte conditions [40,43]. The formic acid adsorption (as bridged for-
mate) is pH dependent and could be also influenced by or influencing

MER. Moreover, this pH region corresponds to the higher relative
amount of H2PO4

− in the electrolyte [44], which could be exerting
some effect on the indirect methanol→ COad→ CO2 and/or in the di-
rect pathway [30,45]. To the best of our knowledge there are no studies
on the effect of these ions on oxide formation or methanol adsorption
dynamics on surfaces.

Oscillations during the MER were found to be restricted to the pH

Fig. 2. (a) Peak intensities extracted from the cyclic voltammograms of Fig. 1.
Peak 1 and 2 represent the peaks at potential ca. 0.73 and 0.80 V, respectively
and the reactiv. peak represents the maximum currents in reactivation region
on the negative going sweep. (b) Maximum current reached in galvanodynamic
sweep before potential jump to E > 1.20 V (details in Fig. 3). The currents are
displayed in the log scale.

Fig. 3. Galvanodynamic curves at 3.8 μA s−1 cm−2 for distinct pH values
during MER under the identical conditions as in Fig. 1. The inset highlights the
potential instabilities.
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region in Fig. 2 in which both peak 1 and 2 are discernible and its
intensity (current) decreases with the pH. As mentioned in the in-
troduction, the oscillatory mechanism involves the competition be-
tween poisoned and active species in the same potential window and
small changes in the surface population can extinguish the oscillations.
The region in which the oscillations are present in Fig. 3 strongly de-
creases with pH, giving just a small instability at pH 3.5. Employing the
normalization procedure described in ref. [46], we set currents in the
oscillatory region and the potential behavior evolves in time as given in
Fig. 4. Currents were also set near the potential jump on pH > 3.5, but
no oscillatory behavior was found.

At pH 1.30 (Fig. 4(a)) only period 1 oscillations are observed along
the series, that ends with a potential jump to E > 1.20 V. The char-
acteristic pattern is shown in Fig. 4(d). Increasing the pH to 2.15
(Fig. 4(b)), besides the period 1, more two patterns can be observed
(Fig. 4(b) and (f) in which high amplitude cycles are separated by small
amplitude oscillations with one or two cycles. Finally, in pH 3.5
(Fig. 4(c)) oscillations begin with period 1 changing to the pattern
described in Fig. 4(f). These more complex patterns were already ob-
served during the oscillatory MER in H2SO4 under potential control
[17] or other small organic molecules, such as formaldehyde [47],
ethanol [13], ethylene glycol [15] and glycerol [16].

While the peak to peak amplitude of the period 1 oscillations in
pH 1.30 is ca 250–300mV, at pH 2.15 and 3.50 they decrease to ca.
100–150mV, but with the same mean potential observed in pH 1.30.
This effect is the opposite of that observed for ethylene glycol [6] and
formic acid [12] in H2SO4/K2SO4 solutions, where the amplitude in-
creases in the 0.25 to 2.00 pH range. Oscillatory MER carried out in
0.1 mol L−1 HClO4 containing distinct amounts of tri-
fluoromethanesulfonate indicates that the mean potential in oscillations
cycles is not affected by anion adsorption, but the amplitude of oscil-
lations increases [48]. Herein, in the pH range from 1.30 to 3.50 the
increase of H2PO4

− concentration is followed by the decrease of un-
dissociated phosphoric acid (H3PO4) in the system [44]. Both H3PO4

and H2PO4
− adsorb on Pt surface [35] but hydrogen phosphates ad-

sorption decreases with pH [34]. Thus, H2PO4
− adsorption instead of

H3PO4 seems to be the responsible to the small amplitude at the be-
ginning of temporal series in pH 2.15 and 3.50.

From regions of period 1 it is possible to estimate the oscillation
frequencies (ω), i.e. the inverse of time between two maximum

potentials in a cycle. The time in which each series spent in period 1
was normalized to a zero to one scale (tN), with zero being the onset of
oscillatory behavior and one the time of oscillation extinction at
pH 1.30 or the transition to more complex patterns in other pH values.
The ω evolution in time (Fig. 5) reveals that oscillations become slow
regardless the pH, but the decrease is more effective in pH 1.30. Mean
values of 0.37 ± 0.08, 0.50 ± 0.05 and 0.38 ± 0.04 Hz to pH 1.30,
2.15 and 3.50, respectively do not allow us to draw a pathway to the
extinguishment of oscillatory behavior. Again, for the oscillatory
electro-oxidation of ethylene glycol and formic acid, ω was found to
increase with pH [6,12].

The insensitivity of ω with the pH could come from a compensation
effect between the decrease of anions adsorption strength, which in
principle should increase the reaction rate, and the COad formation
from methanol adsorption that is more facile in the absence of adsorbed
anions. Examples of compensation effects in oscillatory electrochemical
systems were already observed for ω changes with temperature during
oscillatory methanol [28], formic acid [46,49] or ethylene glycol [15]
electro-oxidation reactions.

Fig. 4. Galvanostatic time series for methanol electrooxidation in pH 1.30 (a), 2.15 (b) and 3.50 (c) at 0.53, 0.50 and 0.40 mA cm−2 (jN= 0.5), respectively. The
dotted boxes correlate the presence of patterns shown in (d)–(f) panels in the series.

Fig. 5. Oscillation frequency (ω) along the P1 patterns depicted in the time
series of Fig. 4.
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The rates of potential change in time (dE/dt) along one cycle of
period 1 oscillations were calculated and plotted in terms of potential
visited during oscillations (Fig. 6). This parameter can be associated
with the poisoning/freeing rates of the surface since the current is kept
constant and the potential should change in time to maintain the re-
action rate [6,28,49,50]. Positive dE/dt rates represent the potential
increase in an oscillation cycle to compensate the adsorption of poi-
soning species. On the other hand, negative values reflect the potential
decrease after reaching their maximum value in the cycle, reflecting
thus the removal of site-blocking adsorbates and the consequent freeing
of the surface [28,50]. The asymmetric dE/dt versus E profiles indicates
that poisoning and freeing of surface occur by distinct mechanisms,
with the last one probably connected with autocatalytic processes of
(hydro)oxides reduction by chemical interaction with methanol [51].
Fig. 6 also reveals high dE/dt values at pH 1.30 (with maximum posi-
tive value at 0.75 V) decreasing in pH 2.15 and 3.50. Showing the series
in terms of dE/dt, the extinguishment of oscillatory behavior becomes a
progressive process with the pH, suggesting that poisoning steps are
suppressed/less active at high pH. The facilitated surface oxidation with
increasing pH and therefore the enhancement of the direct oxidation
pathway might be the reason for that behavior.

The increase of dE/dt with time (grey arrows) suggests higher poi-
soning/freeing rates as the time-series evolves. In situ ATR-SEIRAS
experiments, in absence of adsorbing anions, revealed that COad

amounts decrease during this process [52], thus, irreversible oxide
formation is the most probably process responsible for the changes in
the oscillations along the series (also known as spontaneous drift) [23].
Supporting this fact, it is observed an increase in the mean potential for
the oscillation cycles along the time series (Figs. S2 and S3). The in-
fluence of pH and anions on the platinum (hydro)oxides formation/
reduction is well reported in literature under extreme pH conditions
[53,54]. However, as mentioned above, MER mechanism in the pre-
sence of hydrogen phosphate anions is unclear. Experiments with in situ
FTIR as well as distinct anions in oscillatory pH range are in course in
order to understand the MER mechanism and the oscillations extin-
guishment.

4. Conclusions

The methanol electro-oxidation reaction catalyzed by Pt was studied
in a wide pH range in buffered hydrogen phosphates solutions. The
main observations are summarized below.

1 – Two oxidation peaks followed by a broad oxidation region are
observed at pH < 5 along the positive going scans in cyclic voltam-
mograms. The peaks reach the minimum values around pH 4–6,

excepting the peak 2being suppressed at pH > 5.0. The current values
exponentially increase from pH 5 to 11. The minimum activity region is
also observed in experiments under current control and coincides with
changes in the behavior of COad and formic acid electro-oxidation re-
actions. The behavior of MER along the studied pH range seems to be
the opposite of formic acid in similar electrolyte conditions.

2 – Potential and current oscillations are observed in pH < 4. These
oscillations are of period 1 regardless the pH and more complex pat-
terns in pH 2.15 and 3.50. The mean oscillation frequencies do not
change significantly in the studied pH range, but the amplitude and
potential window decrease with pH.

3 – dE/dt analysis revealed a monotonic decrease of poisoning/
freeing rate as the pH changes from 1.3 to 3.50, which suggests the
oscillatory behavior is extinguished by the suppression of poisoning
rate processes.
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