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Abstract

The methanol oxidation reaction (MOR) is studied at temperatures up to 140◦C by a combination of cyclic voltam-
metry, chronoamperometry, and dynamic electrochemical impedance spectroscopy (dEIS). A mechanistic analysis of the
reaction is done based on the Tafel relation, the calculated activation energy, and the fitting of dEIS data. At the fuel
cell relevant potentials, 0-0.80 V vs RHE, the MOR mechanism is similar at all temperatures. The rate-determining
steps is the adsorption of water at low overpotentials (< 0.50 V vs RHE), a combination of the methanol adsorption
reaction and the surface reaction between adsorbed CO and OH at intermediate potentials (0.50-0.65 V vs RHE), and
the methanol adsorption reaction at high potentials (> 0.65 V vs RHE). The shoulder on the oxidation peak at 0.60-0.65
V vs RHE corresponds well with where the CO coverage approaches zero.
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1. Introduction

The methanol oxidation reaction (MOR) attracts in-
terest due to its application in direct methanol fuel cells
(DMFCs) [1–4]. Platinum is the best mono-metallic cata-
lyst for the MOR and on Pt in acidic solution, the MOR
proceeds through a dual pathway mechanism [5]. The
pathways are commonly denoted as the indirect pathway,
through strongly adsorbed CO and further oxidation to
CO2, and the direct pathway, through short-lived or no
adsorbates yielding formaldehyde, formic acid, or CO2. A
high selectivity towards CO2 production is desirable due
to both higher efficiency and because formaldehyde and
formic acid are toxic products. An increase in reaction
temperature gives higher selectivity towards CO2 produc-
tion, up to 100% at 100◦C [6]. Thus, studies at high tem-
perature can help in understanding the MOR at high CO2

yield and high overall reaction rate.
A simplified reaction mechanism for the indirect path-

way is given in Eqs. (1)-(3) [7, 8]. From this mechanism,
it is evident that the adsorbates, PtCO and PtOH (from
now called "CO" and "OH"), play a major role in the re-
action. CO is known to be present at high coverages at low
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potentials and may block the MOR [9–11]. The activation
of water, Eq. (2), also has a large effect. This is well il-
lustrated by the success of bimetallic catalysts where Pt is
combined with a co-catalyst with higher affinity towards
water, e.g., Ru, Sn, Cu [12]. It should be noted that the
nature of the adsorbed water is not entirely clear, and it
can be either OH, O, or some form of activated water [13].
The pH also has a large effect on the reaction rates [14],
and might influence the nature of these species and the
overall reaction mechanism. Conventional electrochemical
methods like cyclic voltammetry and chronoamperometry
are commonly used to examine reaction kinetics. How-
ever, these methods are often inconclusive when studying
multistep reactions involving several adsorbates, e.g., the
MOR [15, 16]. Therefore, complementary techniques are
necessary to distinguish closely-related mechanisms.

Pt + CH3OH→ PtCO + 4H+ + 4e− (1)

Pt + H2O � PtOH + H+ + e− (2)

PtCO + PtOH→ CO2 + 2Pt + H+ + e− (3)

Electrochemical impedance spectroscopy (EIS) has great
potential as a tool in mechanistic studies [17–22]. In par-
ticular, EIS run over a wide frequency range can help iden-
tify processes with different time constants. EIS also has
the advantage that it can be run simultaneously with cyclic
voltammetry as dynamic EIS (dEIS). For the MOR, EIS
and dEIS have been used for mechanistic analysis [23–33].
In particular, work by Sundmacher and coworkers [16, 29]
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demonstrates the way that EIS can be used to provide
essential information when elucidating reaction kinetics.

In this work, a recently developed apparatus for high
temperature aqueous electrochemistry [34, 35] was used
to study methanol oxidation between 21◦C and 140◦C.
The heating program was optimized from the earlier work
to make it possible to run slow experimental techniques,
i.e., low sweep rate (≤ 5 mV s−1) cyclic voltammetry,
chronoamperometry, and dEIS. A mechanistic analysis of
data from all three types of experiments is used to suggest
a five-step reaction mechanism for the indirect pathway.

2. Experimental

A commercially available autoclave (BüchiGlasUster
AG) was custom fitted for electrochemical experiments
as described in previous work [34, 35]. The working and
counter electrodes were platinum wires sealed in glass (a
geometric area of 0.01 cm2 for the working electrode and
0.08 cm2 for the counter electrode), and the reference elec-
trode was a reversible hydrogen electrode (RHE) in the
same electrolyte at the same temperature. All poten-
tials are reported vs this reference electrode. Tempera-
tures were calibrated by running a slow controlled heating
program with inert electrolyte (water) according to the
procedure described in previous work [34], and have an es-
timated error of ±3 K. The solutions used were all made
from ultrapure water (Millipore Milli-Q 18 MΩ cm), sulfu-
ric acid (SeaStar Baseline) and methanol (Alfa Aesar, elec-
tronic grade >99.9 %). The experiments were conducted
in 0.5 M sulfuric acid with and without 1 M methanol.
Total electrolyte volume was fixed at 200 mL in all exper-
iments.

A Gamry Ref 600 potentiostat was used for all exper-
iments. Before methanol was added to the solution, the
electrochemically active surface area of the working elec-
trode was calculated from the integration of hydrogen ad-
sorption peaks during cyclic voltammograms at 100 mV
s−1 at room temperature between 70 and 300 mV. The
electrochemically active surface area (ECSA) of the work-
ing electrode was determined from the hydrogen adsorp-
tion peak assuming a charge of 220 µC for one monolayer
of hydrogen. The ECSA was assumed to be independent
of temperature and was 0.015 cm2.

The temperatures used were 21◦C (room temperature),
40◦C, 60◦C, 80◦C, 100◦C, 120◦C, and 140◦C. Cyclic voltam-
metry (200 mV s−1) was performed during heating to mon-
itor the temperature change, and a temperature change
was deemed complete when 20 full cycles overlapped. At
each temperature, a series of cyclic voltammograms with
sweep rates between 5 and 1000 mV s−1 were recorded.
Steady-state experiments were performed by (1) running
cyclic voltammetry for 5 cycles at 200 mV s−1, (2) holding
the potential at 0.1 V for 60 s, (2a) stepping to 1.0 V for
1 s (henceforth called the pre-step) and (3) stepping to
the given potential for 100 s (between 0.20 and 0.60 V vs

RHE). All measurements were performed with and with-
out the "pre-step" (step 2a). Potentiostatic EIS was run
at each temperature at 0.5 V, 0.8 V, and 1.2 V to mea-
sure the solution resistance and ensure that it has minimal
influence on the measurements.

Dynamic EIS (dEIS) was run by using custom software
as described in previous publications [21, 36]. Impedance
was measured with a minimum frequency of 1 Hz, maxi-
mum frequency of 13 kHz, and a maximum total amplitude
of 30 mV. The selected frequencies were chosen using the
system described by Popkirov [37], and the signal ampli-
tude was halved for every decade increase in frequency.
dEIS was run at two sweep rates, 5 mV s−1 and 20 mV
s−1, at all temperatures measured. The post-processing
allows for impedance spectra to be calculated at any po-
tential during the continuous sweep, using data over 1 s
centered at that potential.

The dEIS impedance spectra were interpreted by fit-
ting to equivalent circuits using ZView software (v. 3.5a,
Scribner Associates Inc). The fitting method in the ZView
software may yield poor results if the initial values are
far from optimum. Therefore, a series of up to 8 sets of
initial values was used to find the global best fit for a
given equivalent circuit. In all cases, the solution resis-
tance was found from the high-frequency intercept in the
steady-state impedance measurements and kept constant
during fitting of dEIS spectra. All the measured spectra
were fitted using the 6 different equivalent circuits shown
in Fig. 1, but based on the visual interpretation (Fig. 5),
the valid circuits for a given potential zone were limited
to two or three equivalent circuits. The different zones are
discussed in detail in Section 3.4.

A fitted circuit was considered valid if all the following
criteria were met:

i) The error for any parameter was less than 200%.
In the potential regions where the parameters fall on a
common line, the errors for the kinetic parameters R1, Rct

and L1 were typically below 25% but to also know what is
happening in the transitions zones (where the impedance
spectra changed character over small potential range) the
larger global error criterion of 200% was chosen.

ii) For CPE parameters, the α value (from ZCPE =
1/(jω)αQ) had a value between 0.65 and 1.0.

iii) The F-test was valid at the 99% confidence level,
i.e., there must be statistically less than 1% chance that
the added circuit element(s) gave a better fit by chance.
This was determined by using Eq. (4) and the scipy.stats.f.cdf
command in python. In Eq. (4), a is the difference in the
number of parameters between the two circuits, χ2 is the
fit quality, n is the number of circuit elements in the new
circuit, and N is the number of fitted frequencies (= 46 in
this work).

F (a, 2N − n) =
(χ2(n− a)− χ2(n))/a

χ2(n)/(2N − n)
(4)

Any spectra that did not fulfill all the criteria i)-iii) for
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Figure 1: Equivalent circuits used in this work sorted by the number of time constants.

any of the circuits in Fig. 1 was not used in the subsequent
analysis.

3. Results and discussion

3.1. Preface
The following literature observations form the foun-

dation for all discussion on the mechanism of methanol
oxidation on platinum:

(1) Methanol oxidation at potentials below 0.5 V leads
to adsorbed CO at the surface. This is assumed to be the
dominant adsorbed reaction intermediate [38, 39].

(2) Multiple Pt sites are necessary for methanol ad-
sorption and dehydrogenation to CO [12, 40, 41].

(3) CO saturation coverage is at a maximum at about
0.55 V and decreases with increasing potential [9–11].

(4) Dissociative water adsorption is reversible and not
considered a possible rate-determining step. When this
reaction does not occur, the adsorbed CO cannot oxidize
to CO2 [42, 43].

(5) Formation of platinum oxide at high potentials re-
duces the methanol oxidation rate drastically and is the
main reason for the current maximum at about 0.8 V.

These observations lead to the partial conclusion that
the indirect pathway has two possible rate-determining
steps, CO production through dissociative methanol ad-
sorption (Eq. (1)) or CO oxidation to CO2 (Eq. (3)). The
direct pathway plays a lesser role, and it is not treated
in detail here. The absence of significant coverages of ad-
sorbed species other than CO was long accepted, which
would lead to the conclusion that methanol adsorption is
rate-determining in the direct pathway. More recently,
Chen et al. showed that formate was present on the sur-
face and assigned this to be the dominating intermediate

in the direct pathway [9]. However, the role of formate in
the direct pathway has been questioned [44]. The reader
is referred to a recent work by Chen and coworkers for
an example of an experimental setup that can distinguish
between products, including CO2, produced through the
different reaction pathways [45]. In any case, the present
methods do not prove sensitive to the direct pathway so
we do not deal with it explicitly.

3.2. Cyclic voltammetry
The positive-going part of cyclic voltammograms recorded

at 5 mV s−1 of methanol oxidation on platinum are shown
in Fig. 2 represented as (a) current vs potential plots, (b)
close-up at the onset of high-rate methanol oxidation, and
(c) the logarithm of the current density vs potential. The
temperature increase has a large effect on the peak current
density, giving approximately 400 times higher current at
140◦C compared to 21◦C. The temperature change also
influences the onset of methanol oxidation giving a clear
negative shift in the onset potential from about 0.6 V at
21◦C to about 0.4 V at 140◦C. In the plot of the logarith-
mic current, Fig. 2c, the increase in temperature seems
to have a similar effect at all temperatures, with an in-
crease in the overall rate and similar trend. Notably, at
lower temperatures (< 80◦C), a shoulder peak is visible at
about 0.60-0.65 V. At higher temperatures (> 80◦C), only
a slight change in the slope is visible at approximately
the same potentials. The peak potential corresponds to
the onset of platinum oxidation and subsequently leads
to deactivation of the platinum surface towards methanol
oxidation, resulting in a decrease in current as the poten-
tial is increased [35]. After the platinum oxide has been
formed, the current density remains low until (i) oxygen
evolution occurs (at potentials above 1.5 V), or (ii) the

3



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

100

200

300

400

500

0.3 0.4 0.5 0.6 0.7 0.8

0

2

4

6

8

10
j /

 m
A

 c
m

-2

E vs RHE / V

(a) 
 21°C
 40°C
 60°C
 80°C
 100°C
 120°C
 140°C

j /
 m

A
 c

m
-2

E vs RHE / V

(b) Onset region
 21°C
 40°C
 60°C
 80°C
 100°C
 120°C
 140°C

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.01

0.1

1

10

100

1000 main peak

j /
 m

A
 c

m
-2

E vs RHE / V

(c)
 21°C
 40°C
 60°C
 80°C
 100°C
 120°C
 140°C

shoulder peak

20 40 60 80 100 120 140
0.0

0.5

1.0

1.5

 

T / oC

(d) Charge-transfer coefficients
 Pre-shoulder
 Post-shoulder

Figure 2: Figure cyclic voltammetry data recorded at 5 mV s−1 at temperatures between 21◦C and 140◦C. The data is presented as (a)
standard current density vs potential, (b) close-up of onset potentials of methanol oxidation, (c) the logarithm of the current density vs
potential, and (d) calculated charge-transfer coefficients from the experimental Tafel slopes.

platinum oxide is reduced during the reverse sweep (not
shown here).

In the fuel cell relevant range between 0 and 0.8 V,
three different linear zones can be seen in Fig. 2c, (i) an
initial slope until the onset of CO oxidation (only visible
for 21◦C at E < 0.5 V), (ii) from the onset of CO oxida-
tion until the shoulder peak, and (iii) from the shoulder
peak until the main peak. The first slope is visible at po-
tentials lower than the potential where water is activated
on platinum [42, 46–48] indicating that the source of this
slope is the CO production step, Eq. (1). This is also sup-
ported by the observed increase in CO coverage by FTIR
as a function of potential in this region [9, 11]. At higher
temperatures, this slope is likely masked by the reduction
of small amounts of dissolved O2 leading to a net cathodic
current at these potentials.

The Tafel equation (j = j0 exp(αFE/RT )) was fitted
to the linear zones before and after the shoulder peak, and
the charge-transfer coefficients, α, from the fitted slopes
are shown in Fig. 2d. Under the usual assumptions, the
interpretation of such data can be summarized by Eq. (5)
[49].

α = m+ n(1− β) (5)

Here, β is the symmetry coefficient from the rate-determining
step (from Red → Ox + ne−, jrds = nFk0 exp(n(1 −
β)Fη/RT ), m is the number of electrochemical steps pre-
ceding the rate-determining step, and n is the number of
electrons in the rate-determining step (assumed to be 0
or 1). Assuming a symmetry coefficients, β, of 0.5, a set

of simple rules can be found: (i) α = 0 indicates a chemi-
cal rate-determining step before any electron-transfer steps
(m = 0, n = 0), (ii) α = 0.5 indicates that the first
electron-transfer is rate determining (m = 0, n = 1), (iii)
α = 1 indicates a chemical rate-determining step pre-
ceded by an electrochemical step (m = 1, n = 0), and
(iv) α = 1.5 indicates an electrochemical rate-determining
step preceded by an electrochemical step (m = 1, n = 1).

Before the shoulder peak, the charge-transfer coeffi-
cients have values of about 0.66 at 21◦C, and this slowly
increases as the temperature increases to a value of 1.21
at 140◦C. The reported values indicate that the reaction
mechanism is changing as the temperature increases and
are in the ranges previously reported in the literature [50].
A reaction step preceded by at least one electrochemical
step, such as the surface reaction between the adsorbates,
Eq. (3), is a potential rate-determining step. Notably, the
potential range having this slope, 0.40-0.60 V, is where the
CO coverage is changing rapidly [9, 11], at least at room
temperature. The fast change and high amount of CO cov-
erage makes any conclusion based on this simplistic Tafel
analysis dubious. Likely, the change as a function of tem-
perature indicates that the overall reaction mechanism is
controlled by more than one reaction step.

After the shoulder peak, the Tafel slope changes (Fig.
2c) resulting in a charge-transfer coefficient between 0.15
and 0.30 for the temperature range reported. The post-
shoulder slopes are similar to the slope at E < 0.5 V at
21◦C and slopes previously reported in the literature [39,
51–53]. Therefore, we follow the literature and attribute
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(b) for results with (full line) and without (stipled line) voltage step
at 1.0 V vs RHE.

this to the methanol dissociative adsorption step, Eq. (1).
This is further supported by the low CO coverage reported
at these potentials through ATR-FTIR [7, 11, 54] meaning
that any CO produced quickly reacts to CO2 through Eq.
(3). In addition, calculations from first principles support
a symmetry coefficient, β, for methanol adsorption above
0.5 (resulting in α < 0.5) [55, 56]. However, it is often
found that real symmetry coefficients can have values far
from the commonly assumed 0.5 [57].

3.3. Chronoamperometry
To investigate the influence of the adsorbed CO, a

set of chronoamperometry experiments were designed to
study the methanol oxidation reaction when the poten-
tial is stepped from a potential with high CO coverage
and a potential with low CO coverage. Thus, the regu-
lar chronoamperometry was recorded by stepping from a
potential where high CO coverage is expected, 0.1 V. In
the other case, the pre-step case, the potential was quickly
stepped from 0.1 V to a high potential that strips CO from
the surface [9], 1.0 V for 1 s, and then to the desired poten-
tial. Representative experimental data are shown in Fig.
3 at (a) 21◦C and (b) 120◦C. The pre-step influenced the
reaction rate, especially at shorter times (t < 20 s). How-
ever, the current at 100 s is largely independent of the pre-
step indicating that the same steady-state conditions are
reached. Assuming that the current is a sum of a steady-
state current and a transient current, the time constant of
the transient current can be estimated as the time where
the transient current is 1/e times the initial value assum-
ing no charging or mass-transport effects. At 21◦C, this
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Figure 4: Figure showing (a) the logarithm of the current den-
sity vs the inverse temperature including the regression results (sti-
pled lines), (b) the resulting activation energies with error bars of 1
standard deviation for data from chronoamperometry measurements
(blue) and from cyclic voltammetry (red).

is about 2 s, while at 120◦C it is about 0.05 s. Neglecting
charging effects, the difference between the chronoamper-
ometry experiments with and without the pre-step is the
CO coverage. Thus, we conclude that the relaxation ob-
served is due to the change in CO coverage from the initial
stage value to a steady-state value.

Activation energy
The activation energies, Ea, were calculated from both

cyclic voltammetry (blue) at 5 mV s−1 and steady-state
measurements after 100 s (red) and are presented in Fig.
4. It is evident that the two measurement methods give
activation energies within one standard deviation of each
other indicating that a sweep rate of 5 mV s−1 is close
enough to steady-state conditions to yield similar results.
The activation energy, Ea, is in the range 50-80 kJ mol−1,
and slowly decreases as the potential increases. This value
is in accordance with previously published results [2, 13],
and is attributed to dissociative adsorption steps [2]. Any
such interpretation assumes that other parameters aside
from temperature, such as CO coverages, are constant with
temperature. At lower potentials (< 0.65 V), the absolute
CO coverage at a given potential would be expected to
decrease with an increase in temperature, and this may
constitute an additional catalytic effect giving a different
activation energy value than a single reaction step would
give. Thus, dissociative methanol adsorption, Eq. (1), is
a good candidate for the rate-determining step at lower
potentials, but the change in CO coverage also influence
the rate.
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The results from cyclic voltammetry and chronoamper-
ometry can be summarized by the three potential zones.
At low potentials, < 0.50 V, adsorbed water is not avail-
able and the reaction can only proceed to adsorbed CO
(indirect pathway) or formaldehyde (direct pathway). Dis-
sociative methanol adsorption, exemplified in Eq. (6) with
three available Pt sites [12, 40, 41], is the rate-determining
step. At intermediate potentials, 0.50-0.65 V, the Tafel
slope indicates a mixed control where a large net change
in CO coverage occurs. At high potentials, 0.65-0.80 V,
dissociative methanol oxidation, Eq. (6), is likely the
rate-determining step as the CO coverage approaches zero.
The calculated activation energies indicate a similar trend,
with a rate-determinant dissociative adsorption step. The
higher activation energies at low potentials, 0.50-0.65 V,
support the interpretation from the Tafel slopes of a quickly
changing (decreasing) CO coverage giving an additional
enhancement. The dEIS data will help refine this interpre-
tation and give more insight into the individual elementary
reaction steps.

3Pt + CH3OH→ Pt3CH2OH + H+ + e− (6)

3.4. Electrochemical impedance spectroscopy
Verification and EC fitting of experimental data

Dynamic electrochemical impedance spectroscopy used
within the boundaries established by Sacci et al. [21, 36]
allows for measurement of reproducible impedance spec-
tra while the electrochemical system is changing dynam-
ically. An example of a cyclic voltammogram (5 mV s−1

at 100◦C) with representative impedance spectra at se-
lected potentials is shown in Fig. 5. Up until 0.4 V, the
impedance spectra are all in the first quadrant best rep-
resented by the R’ or R circuit in Fig. 1. After adsorbed
water becomes available and until the peak current, 0.50-
0.80 V, the low-frequency impedance goes into the fourth
quadrant and an inductive loop becomes visible and can
be successfully fitted by circuit L.

Based on this interpretation, the allowed equivalent cir-
cuits from Fig. 1 during the upward sweep are summarized
below:

- R zone (R or R’): 50 - 400 mV
- L zone (R, R’, or L): 400 - 800 mV
A useful test to see if all information is available in

the measured frequency range, is to see if the low fre-
quency intercept from the fitted data correspond with the
slope of the cyclic voltammogram [21, 58]. This crite-
ria is represented in Eq. (7). This analysis is shown in
Fig. 6 where the derivative of the cyclic voltammogram
was evaluated using a five point stencil in one dimension,
dj/dE ≈ (ji−2 − 8ji−1 + 8ji+1 − ji+2)/12h, where h is
the potential step size and ji±n is the current density at
Ei ± nh.

R−1
p = Re(Z(ω → 0))−1 ≈ dj/dE (7)

At higher temperatures (Fig. 6c-d) and during active
CO oxidation (E > 450 mV), the fitted R−1

p parameter
gives approximately the same value as the derivative of
the current potential curve. However, at 21◦C, Fig. 6a,
the measured inverse resistance, R−1

p , was much smaller
than the current derivative indicating that not all fea-
tures are measured. The inductive loop observed at higher
temperatures at these potentials is not observed at 21◦C.
Therefore, it is assumed that the time constant for the
inductive loop was too high (= characteristic frequency
too low) for the frequency range used. To test this as-
sumption, dEIS was measured at room temperature at a
0.5 mV s−1 sweep rate and a minimum frequency of 0.05
Hz (compared to 1 Hz at 5 mV s−1). The resulting R−1

p

values are shown in Fig. 6b. It is evident that the lower
frequency limit manages to show all the features, and as
expected, the additional feature is an inductive loop in-
creasing the R−1

p parameter. From this, it follows that
care should be taken when interpreting data that fails the
low-frequency intercept test as all information may not
be available in the measured frequency range. Recently,
a possible workaround has been proposed where a data
point for the zero-frequency impedance is added based on
the derivative of the cyclic voltammogram [59].

EIS interpretation
From the observed impedance spectra in Fig. 5, the

semicircle with an inductive loop is the dominant spec-
trum between 0.5 V and 0.8 V. This feature has been ob-
served previously for both steady-state and dynamic elec-
trochemical impedance measurements on methanol oxida-
tion [23, 24, 27–29, 31–33]. This feature is firstly a clear
indication that the mass transport limitations are negligi-
ble [30] and that there is no single rate-determining step
so that the reactions producing and removing the adsor-
bate(s) proceed at similar rates [29, 60]. Furthermore, the
inductive loop in the impedance spectra can be interpreted
using a single-adsorbate mechanism [61]. From the sim-
ple model in Eqs. (1)-(3), it is evident that at least two
species are present at the surface during methanol oxida-
tion, i.e., CO and OH. However, if one of these species
dominate the overall reaction or if one of the adsorbates
are in equilibrium with the solution, a complex mecha-
nism involving several diffusing or adsorbing species can
be reduced to a single-adsorbate mechanism. Notably, the
calculated time constants of the influence of CO coverage
from chronoamperometry correspond well with the exper-
imental time constant (τ = L/R) of this feature and in-
dicates that the inductive loop is due to the change in
CO coverage. The reduced low-frequency resistance, Rp,
due to the inductive loop indicates that the change in CO
coverage overall has a positive impact on the steady-state
current. CO has been treated as the single adsorbate in
the literature for the MOR [30], and based on such an in-
terpretation, the impedance parameters from the L circuit
can be related to kinetic parameters through Eqs. (8)-(11).

6



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

50

100

150

200

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

50

100

0.78 V

0.65 V0.50 V
0.06 V

0.90 V

1.10 V
1.35 V

1.30 V
1.00 V

0.74 V

0.60 V
0.45 V

0.10 V

(b) Downward sweep

j /
 m

A
 c

m
-2

E vs RHE / V

(a) Upward sweep

j /
 m

A
 c

m
-2

E vs RHE / V

Figure 5: Figure showing the cyclic voltammogram at 100◦C and 5 mV s−1 for the (a) upward sweep direction and (b) downward sweep
direction. Insets show Nyquist representation of experimental impedance spectra (black crosses) with the equivalent circuit fit (red lines).
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Yf = A+
B

iω + C
(8)

Here, Yf is the admittance, i is
√
−1, ω is the angu-

lar frequency, and A, B, and C are potential-dependent
parameters defined in Eqs. (9)-(11).

A = R−1
ct = F

(∂re
∂E

)
θ

(9)

B = L−1
1 =

F

Γm

(∂re
∂θ

)
E

(∂rCO

∂E

)
θ

(10)

C = R1L
−1
1 = τ−1 = − 1

Γm

(∂rCO

∂θ

)
E

(11)

Here, re is the rate of electron transfer (in mol cm−2

s−1), θ is the adsorbate coverage (between 0 and 1), Γm
is the surface concentration of Pt sites (2.28 × 10−9 mol
cm−2), τ is the time constant of the inductive loop, rCO

is the rate of CO production, and Rct, L1 and R1 are
impedance fitting parameters shown in Fig. 1 for the
L circuit. The experimental impedance parameters from
equivalent circuit fitting are presented in Fig. 7a-c for the
temperatures that fulfilled the test in Fig. 6 (≥ 60◦C).
Similar to the interpretation of the cyclic voltammogram,
an apparent charge-transfer coefficient of each parameter
can be calculated by fitting the slope to an exponential
relation. These charge-transfer coefficients are presented
in Fig. 7d for potentials below 0.65 V.

For the inverse charge-transfer resistance, R−1
ct (Fig.

7a), the slope is constant until the potential of the shoulder

peak, and then is relatively steady (high temperatures) or
drops quickly (low temperatures). The calculated charge-
transfer coefficient at the lower potential increases with
temperature and ranges between 0.46 (at 21◦C) and 0.81
(at 140◦C). The derivative in Eq. (9) can not be quantified
unless a complete reaction mechanism is suggested. How-
ever, this trend is qualitatively similar to the overall Tafel
slope in Fig. 2d, with a change of slope at the potential of
the shoulder peak (0.60-0.65 V).

The inverse inductance, L−1 (7b), has a constant slope
until the shoulder peak similar to the charge-transfer re-
sistance. For example, at 120◦C, the inverse time con-
stant is about 40 s−1 at 0.55 V giving a time-constant of
0.025 s corresponding well with the 0.05 s observed from
chronoamperometry data. The complex relation influenc-
ing this parameter according to Eq. (10) makes only a
qualitative interpretation possible within the scope of this
work. As the inductive loop is likely related to the relax-
ation due to the change in CO coverage, the actual value
of the inductor is also related to this value. If a reversible
OH adsorption is assumed, the surface reaction between
adsorbed CO and OH will control this rate. Depending
on the nature of this reaction, either chemical or electro-
chemical, a charge-transfer coefficient of about 1-1.5 can
be expected.

The inverse time constant, τ−1 (Fig. 7c), corresponds
well with the time constants found from the chronoamper-
ometry data due to change in CO coverage. The parameter
has a relatively constant slope as a function of potential
and a change at the shoulder peak potential is not visi-
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ble. From Eq. (11), this can be interpreted as the partial
derivative of the net adsorbate production, rCO, with re-
spect to the coverage, θCO, at a constant potential. As
the rCO parameter is dependent on CO production (Eq.
(1)) and CO oxidation step (Eq. (3)), the change due to
coverage can be expected to be larger for the CO produc-
tion step, especially if it is dependent on more than one
available site as in Eq. (6).

Although the dEIS data is only qualitatively analysed
here, the inductive loop may reliably be assigned to chang-
ing CO coverage, as previously suggested [61]. In the range
where the CO coverage changes quickly (0.55-0.65 V), this
has a large net positive effect resulting in a lower over-
all low-frequency impedance, Rp, and in higher currents.
These observations are in accordance with the conclusions
from the steady-state techniques and further support these
conclusions.

3.5. The reaction mechanism of the MOR
From the experimental data reported in this work, a de-

tailed reaction mechanism for the MOR can be proposed.
Expanding on the notion that the reaction proceeds via
dual pathways, and the literature observations summa-
rized in points 1-5 in Section 3.1, a suggested reaction
mechanism for the indirect pathway is given in Eqs. (12)-
(16). A chemical surface reaction, Eq. (15) is included
here as it gives better optimization results when fitted to
experimental data in the literature [15, 29].

3Pt + CH3OH→ Pt3CH2OH + H+ + e− (12)

Pt3CH2OH→ PtCO + 2Pt + 3H+ + 3e− (13)

Pt + H2O � PtOH + H+ + e− (14)

PtCO + PtOH→ PtCOOH + Pt (15)

PtCOOH→ CO2 + Pt + H+ + e− (16)

In addition, the direct pathway can proceed in parallel
with the indirect pathway and produce formaldehyde at
all potentials, and formic acid and CO2 where adsorbed
water is available (E > 0.50 V).

In the fuel cell relevant range, 0-0.8 V, the rate-determining
step and reaction mechanism changes several times as dif-
ferent reaction steps are activated. At low overpotentials,
< 0.50 V, the water adsorption reaction, Eq. (14), is not
active and only formaldehyde and adsorbed CO can be
produced from methanol oxidation. The rate-determining
step in the indirect pathway is adsorption of methanol.
The CO coverage builds up until it reaches a maximum
coverage [12] either due to the site demand or repulsive
interaction between the adsorbates.

As the water adsorption reaction is activated, CO can
be removed through its reaction with OH. The removal
is relatively slow and partly determines the rate. There
is mixed control in the region until the shoulder peak at
0.60-0.65 V, with both the CO-producing step, methanol
adsorption, and the CO-removal step, the surface reaction

between CO and OH, influencing the rate. This is the case
until the shoulder peak at 0.60-0.65 V.

At the shoulder peak, the CO coverage approaches zero
and then the rate is no longer influence by the removal
of CO. This leads to a drop in charge-transfer coefficient
with the rate again solely determined by the methanol
adsorption step.

The adsorbed methanol can oxidize either through ad-
sorbed CO or the direct pathway. This is also consistent
with the trend in selectivity reported in the literature,
where the highest CO2 selectivity is obtained at poten-
tials where CO coverage is significant and decreases with
increasing potential [6]. Thus, when the adsorbed CO has
been removed, the indirect and direct pathways compete,
and the selectivity is determined by the relative rate of
these pathways when oxidizing the adsorbed methanol.

While the MOR is qualitatively well-described by the
reaction mechanisms given in Eqs. (12)-(16), many de-
tails remain to be understood. For example the nature of
the surface reaction between adsorbed CO and OH, the
number of Pt sites necessary for (dissociative) methanol
adsorption, and the role and relative rates of the differ-
ent reaction pathways. Currently, we are developing an
optimization procedure that can optimize kinetic param-
eters in a given reaction mechanism by fitting to cyclic
voltammograms [62]. The deduced kinetic parameters can
subsequently be used to calculate the dEIS spectra at fixed
potentials and discriminate between similar reaction mech-
anisms.

4. Conclusions

Cyclic voltammetry and chronoamperometry were con-
ducted for the MOR on platinum at temperatures from
21◦C and 140◦C. Dynamic electrochemical impedance spec-
troscopy combined with cyclic voltammetry allows for on-
line monitoring of the surface state during cyclic voltam-
metry. A mechanistic analysis based on the Tafel behav-
ior, calculated activation energies, and equivalent circuit
fitting of the dEIS spectra and literature data showed that:

1. The MOR is hindered by the availability of adsorbed
water at low overpotentials, < 0.50 V. A net increase in CO
coverage until saturation coverage and low total current is
the result.

2. Adsorbed water becomes available above about 0.50
V. The overall current is controlled by both the methanol
adsorption reaction and the surface reaction between ad-
sorbed intermediates. An increase in potential leads to net
removal of CO.

3. The inductive loop in the dEIS spectra is due to
the change in CO coverage, and that this change has a net
positive effect on the current.

4. The shoulder peak at 0.60-0.65 V corresponds to
decrease of the CO coverage to low values. The rate-
determining step is methanol adsorption past this poten-
tial.
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