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Abstract

Data from a combined cyclic voltammetry and dynamic electrochemical impedance spectroscopy (dEIS) study of the
methanol oxidation reaction (MOR) at high temperatures was revisited using a new method for mechanistic modeling.
Through iterative optimization of kinetic parameters, a total of �ve reaction mechanisms of the indirect pathway of
the MOR were modeled. The calculated dEIS spectra from the kinetic parameters were used to verify the reaction
mechanisms and best �ts were found where i) water adsorption is reversible and hinders the MOR at lower potentials
(< 0.50 V vs RHE), and ii) the surface reaction between adsorbed CO and OH is chemical.
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1. Introduction

Electrochemical impedance spectroscopy (EIS) is a pow-
erful tool for understanding reaction mechanisms. In par-
ticular, EIS measured over a wide frequency range has
been used to identify mass-transport limitations, adsorp-
tion processes, and individual elementary reaction steps
from the frequency dependence. While EIS spectra are
uniquely dense in information among electrochemical tech-
niques, interpretation of the data is complicated and an
already good understanding of the system is necessary for
reliable interpretation. Through a good understanding, a
reaction mechanism can be stated and the kinetic parame-
ters can be �tted to experimental data. This approach has
been used to understand electrochemical reactions, partic-
ularly in the �eld of corrosion [1�4]. While these notable
exceptions occur, such an interpretation sets a high de-
mand of the experimenter, and the interpretation of EIS
data is often limited to pattern recognition or the �tting
of arbitrary electrical equivalent circuits [5].

In the dynamic EIS (dEIS) method, a multi-sine ac
perturbation is imposed on the quasi steady-state electro-
chemical technique, cyclic voltammetry. The advantage
of dEIS for mechanistic interpretation is that two electro-
chemical techniques are measured simultaneously at the
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same surface conditions. This aspect allows for a two-step
interpretation where kinetic parameters for a given reac-
tion mechanism can be �tted to the cyclic voltammetry
data and subsequently be used to calculate the dEIS spec-
tra at given potentials. The relationship between spectral
features and reaction steps is indirect. However, distinct
shapes of dEIS spectra for voltammograms that are simi-
lar is e�ective in distinguishing reaction mechanisms. This
approach, supported by literature date from spectroscopic
techniques such as IR spectroscopy and di�erential electro-
chemical mass spectroscopy (DEMS), provides a pathway
to understand reaction mechanisms in greater detail.

The de�nition of dynamic impedance in terms of Volterra
series by Battistel and La Mantia [6] gives a formal jus-
ti�cation of the earlier heuristic treatments of dynamic
impedance by us and others. These earlier treatments
made the reasonable assumption that an impedance could
be de�ned so long as the potential, coverages and other
physical parameters did not change too much during an
ac cycle, and various estimates were presented as to how
low in frequency it was possible to go for a particular CV
sweep rate [7�12]. Although in principle the lowest fre-
quency depends on the system time constants [12], in prac-
tice we have found that 1 Hz at 5 mV s−1 is measurable and
gives results conforming with the Kramers-Kronig (KK)
transform. In the present case, the dEIS spectra were �t-
ted successfully to KK compliant equivalent circuits [13].
Another test for valid data was that the polarization resis-
tances from the �tted low-frequency limits agreed with the
inverse slopes of the slow-sweep current-potential curves,
at least for the 100◦C data analysed here [13].

A recent dEIS study of methanol oxidation on Pt at
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high temperatures [13] focused on how the mechanism
changes with temperature. A qualitative discussion of the
mechanism was given, but there was no analysis at the
level of rate constants. Here a detailed kinetic analysis at
one temperature is used to extract rate constants, and di-
rectly compare potential reaction mechanisms. The error
was also estimated, and as far as the authors know, we are
the �rst to model a mechanism to dEIS over a large range
of potentials and give parameter errors in the analysis.
The computational detail of the �tting method used here
were recently given a preliminary report [14]. The reaction
mechanisms here are all variations of methanol oxidation
proceeding through the indirect pathway, i.e., through ad-
sorbed CO. In total, �ve di�erent reaction mechanisms are
modeled and used to calculate dEIS spectra. The ability
to directly compare competing models against each other
and against data from two simultaneously-acquired exper-
imental methods gives con�dence about which aspects of
these mechanisms are reliable. It is shown that i) water
adsorption is a reversible process, and ii) the surface reac-
tion between adsorbed OH and CO is a chemical reaction,
i.e., a Kauranen step [15]. The interpretation method used
here has wide application, in particular where a) the EIS
spectra have several distinct features and b) a rough under-
standing of the reaction mechanism has been established
previously.

2. Experimental

2.1. Conventional electrochemistry

A commercially available autoclave (BüchiGlasUster
AG) was custom �tted for electrochemical experiments as
described in previous work [16, 17]. The experimental pro-
cedure is explained in the previous work on this system
[13]. Temperatures were calibrated and have an estimated
error of ±3 K. The solutions used were all produced from
ultrapure water (Millipore Milli-Q 18 MΩ cm), sulfuric
acid (SeaStar Baseline) and methanol (Alfa Aesar >99.9
%). The experiments were conducted in 0.5 M sulfuric acid
with and without 1 M methanol. All experiments used
200 mL total electrolyte volume. The working electrode
and counter electrodes were platinum wires sealed in glass
(geometric area about 0.01 cm2 for the working electrode
and 0.08 cm2 for the counter electrode), and the reference
electrode was a reversible hydrogen electrode (RHE) in
the same electrolyte. All potentials are reported vs this
reference electrode.

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
active area was determined to be 0.015 cm2 assuming 220
µC per cm2 of active area. The area was assumed to be
independent of temperature.

Dynamic EIS was run using in-house software and hard-
ware as described in previous publications [11, 12]. 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 after the
system described by Popkirov [18], and the signal ampli-
tude was halved for every decade increase in frequency.
DEIS was run with CVs at 5 mV s−1. 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. Data recorded at 100◦C are
analyzed in this work.

2.2. Modeling of the MOR

The modeling of the MOR was done in Maple (v. 2015.2,
Maplesoft), with the detailed procedure described in a re-
cent publication [14]. Brie�y, the stated reaction mech-
anisms were set up as a system of ordinary di�erential
equations involving adsorbed species at the electrode and
solved for the conditions of the cyclic voltammetry ex-
periment. In order to obtain convergence, the parame-
ters were �rst adjusted manually to ensure stability (j 6=
0 in the whole �tted interval) and a rough resemblance
to the experimental voltammogram. Subsequently, the
least-squares error was calculated based on the experi-
mental data and each parameter was optimized indepen-
dently in sequence by using the built-in non-linear pro-
gram solver (NLPsolve) with either the nonlinearsimplex
or the branch-and-bound option. This iterative process
was repeated until a full iteration gave less than 0.01 %
improvement of the error function from the previous it-
eration. Satisfactory convergence was obtained in fewer
than 30 iterations. From the optimized models, the EIS
spectra were calculated at selected potentials according to
established methodology [19, 20].

Standard errors were estimated from numerical deriva-
tives of log10 j with respect to the parameters, which were
the logarithms (base 10) of the rate constants. Speci�cally,
the partial derivatives were approximated by the 5 point
stencil formula (Eq. 3.4.9, Ref. [21] with t = 0) using step
length h = 10−4. These were then converted to standard
errors in log10 ki using the usual �rst-order analysis [22].

3. Results and discussion

3.1. The methanol oxidation reaction mechanism

The methanol oxidation reaction (MOR) on platinum
in acidic solution proceeds through a dual pathway mech-
anism. The direct pathway proceeds through short-lived
or no adsorbates to produce formaldehyde, formic acid, or
CO2. The indirect pathway proceeds through strongly ad-
sorbed CO to CO2. At room temperature, MOR produces
a relatively low fraction of CO2, indicating that the direct
mechanism is the main reaction pathway. At higher tem-
peratures, in particular at 100◦C, the reaction produces
almost exclusively CO2 [23]. The low fraction of partial
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oxidation products, formaldehyde and formic acid, indi-
cates that the indirect pathway plays a major role and we
assume that it explains the measured current.

Before stating the reaction mechanism, the key litera-
ture observations behind the suggested mechanism are the
following:

(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 [24, 25].

(2) Multiple Pt sites are necessary for methanol ad-
sorption and dehydrogenation to CO [26�28].

(3) CO coverage is at a maximum at the onset of CO
oxidation and decreases as the potential increases [29�31].

(4) Dissociative water adsorption is reversible and not
considered a possible rate-determining step (except that
it hinders CO oxidation at potentials below where water
adsorption can occur) [32, 33].

(5) Formation of platinum oxide at high potentials re-
duces the methanol oxidation current drastically and is the
major reason for the current drop past 0.8 V.

Based on these literature �ndings and our previous ex-
perimental results [13], a reaction pathway for the indirect
mechanism was suggested and is given below in Eqs. (1)-
(6).

3Pt + CH3OH
kCH2OH−−−−−→ Pt3CH2OH + H+ + e− (1)

Pt3CH2OH
kCO−−→ PtCO + 2Pt + 3H+ + 3e− (2)

Pt + H2O
kOH−−−⇀↽−−−
k−OH

PtOH + H+ + e− (3)

PtCO + PtOH
kCOOH−−−−→ PtCOOH + Pt (4)

PtCOOH
kCO2−−−→ CO2 + Pt + H+ + e− (5)

PtOH
kPtO−−−−⇀↽−−−−
k−PtO

PtO + H+ + e− (6)

Here, the pre�x Pt or Pt3 symbolizes an adsorbed molecule,
→ means an irreversible reaction, −⇀↽− means an equilibrium

reaction, and Pt means an available Pt site. The model
stated in Eqs. (1)-(6) is called 3Ceq in this work and
considered the baseline model. For the calculations, the
symmetry coe�cient was �xed at 0.5 for all electrochemi-
cal steps except for Eq. (1) where 0.75 was used according
to �rst principles calculations in the literature [34, 35]. Al-
though Eq. (2) is given as a single step transferring three
electrons, it is almost certainly a composite step. Since the
adsorbed intermediates between Pt3CH2OH and CO have
not been observed experimentally, the �rst electron trans-
fer of the three is assumed to be the slow substep, with
subsequent substeps much faster. Therefore the kinetics
are equivalent to a single step with symmetry coe�cient
0.5.

Within the mechanistic framework of Eqs. (1)-(6), we
focus on three testable aspects. Although these have been

discussed already in the literature, the present method en-
ables direct comparison of competing mechanisms.

The �rst aspect is the role of vacant sites required for
the initial dissociative adsorption of methanol, Eq. (7).
Here, x is a value between 2 and 4; most commonly 3 has
been used in the literature. We seek to better determine
the value of x.

xPt + CH3OH
kCH2OH−−−−−→ PtxCH2OH + H+ + e− (7)

The second aspect is to determine whether or not the
water adsorption step can be considered at equilibrium. If
at equilibrium, the coverage of PtOH is strictly a function
of the number of available sites and the potential as in Eq.
(8). The equilibrium assumption is tested simultaneously
for the PtO formation reaction, Eq. (6), and leads to Eq.
(9).

θOH

θPt
= KOH exp(

FE

RT
) (8)

θPtO

θOH
= KPtO exp(

FE

RT
) (9)

Here, θi is the coverage of species i, KOH and KPtO

are the equilibrium constants at E = 0, F is the Faraday
constant, E is the potential relative to 0 V vs RHE, R
is the gas constant, and T is the temperature. Note also
that in the equilibrium constants, KOH and KPtO, the de-
pendency on proton concentration is already incorporated
and assumed constant in this work.

The third aspect is to test whether the surface reac-
tion between CO and OH is chemical or electrochemical in
nature. Kauranen et al [15] have suggested that it is chem-
ical and this has yielded good �t with experimental data
[2] for the MOR. The chemical surface reaction is given as
the steps in Eqs. (4)-(5). Alternatively, if it were a single
electrochemical step, it would be given directly as in Eq.
(10).

PtCO + PtOH
kCO2−−−→ 2Pt + CO2 + H+ + e− (10)

To test the three aspects mentioned above, �ve reaction
mechanisms were considered and these are summarized in
Table 1. The models are named as 3|C|eq by �rst the num-
ber of sites for aspect 1, then denoting the type of surface
reaction as (C)hemical or (E)lectrochemical for aspect 3,
and last by the type of reaction for water adsorption in as-
pect 2, either (eq)uilibrium or (No) (Eq)uilibrium. Mod-
els 2Ceq, 3Ceq, and 4Ceq compare di�erent number of Pt
sites for methanol adsorption, model 3CNoEq compared
to 3Ceq investigates the nature of the water adsorption
reaction, and model 3Eeq compared to 3Ceq investigates
the nature of the surface reaction between CO and OH.
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Table 1: The models used for Maple modeling of the methanol oxidation reaction

Model 2Ceq 3Ceq 4Ceq 3CNoEq 3Eeq

x, number of sites for methanol adsorption 2 3 4 3 3
Equilibrium OH / PtO Y Y Y N Y
Chemical surface reaction Y Y Y Y N

3.2. Modeling and optimization of the methanol oxidation

reaction

All the �ve models that were suggested converged suc-
cessfully as shown in Fig. 1. Here, the residual sum of
squares (RSS) function as given in Eq. (11) gives the to-
tal non-normalized error, and a total of 81 experimental
data points between 0.55 V and 0.95 V were used for the
minimization of RSS.

RSS =

81∑
i=1

(log10(ji,exp)− log10(ji,mod))2 (11)

Here, ji,exp is the experimental data point, and ji,mod

is the model data point. The �tted parameters, both in
linear and logarithmic form, are given in Table 2.
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Figure 1: The error function, RSS, as a function of the number of
iterations in the optimization procedure.

∂f(x)

∂x
=
−f(x+ 2h) + 8f(x+ h)− 8f(x− h) + f(x− 2h))

12h
(12)

From the procedure used to estimate the standard error
of the parameters, it is evident that some parameters can-
not be determined with any certainty. This is expected for
parameters whose values are not important in determining
the rate, and can be used as an indication of which parame-
ters are rate-determining or partly rate-determining in the
potential window modeled. For example, the rate constant
of a fast step following a slow step will have a rate constant
whose value is much larger than for the slow step, but not
well determined, as is the case here for kCO compared to
kCH2OH. Likewise, a reaction in near equilibrium will have

forward and reverse rate constants that are large enough
to ensure equilibrium, but only their ratio will be well de-
termined, as is the case here with kOH and k−OH. For all
of the models, the rate constant for methanol adsorption,
kCH2OH, and the rate constant for the surface reaction,
either kCO2 (for 3Eeq) or kCOOH (for all other models),
could be determined. In addition, the water adsorption
reaction could be estimated for the reaction mechanism
where this reaction is not reversible, 3CNoEq. This can
be expected as for all other mechanisms, the surface cov-
erage of water is found according to Eq. (8), and thus only
the ratio kOH/k−OH is signi�cant. At the bottom of Ta-
ble 2, the calculated ratio is given. All the models are in
a similar range, indicating that this equilibrium constant
can be determined with some accuracy, and likely has a
signi�cant in�uence on the overall current. Thus, from the
error estimates, the possible rate-determining reactions are
methanol adsorption, Eq. (1), the water adsorption reac-
tion, Eq. (3), and the surface reaction, Eq. (10) for the
3Eeq mechanism, and Eq. (4) for all other models.

3.3. Cyclic voltammetry

Simulated voltammograms based on the rate constants
emerging from the �ts are shown in Fig. 2. Here, the red
box indicates the potential zone where the models were
�tted. The more representative presentation is with a log-
arithmic scale on the vertical axis, i.e., Fig. 2b. Generally,
all the models closely approximate the experimental curve
including the shoulder peak. The �t quality, quanti�ed by
the RSS function, is given in Fig. 1, where 2Ceq gives
the best �t, 3Ceq and 3CNoeq both have similar �ts and
are the second best overall, and the 4Ceq and 3Eeq mod-
els have the worst �t. This shows that the optimization
procedure works well and can successfully converge to a
realistic result.

The observation that all the models actually closely
approximate the experimental data indicates that either i)
they are all decent representations of the overall reaction,
or ii) that the experimental method, cyclic voltammetry,
does not have enough features to be able to distinguish
between these models. The last point is a general problem
when attempting to model experimental results, especially
with steady-state techniques. In the case of methanol oxi-
dation, the reaction mechanism of the indirect mechanism
has been known to a greater or lesser detail since the na-
ture of the strongly adsorbed adsorbate was determined in
the late 1980's [24]. Thus, all the models represent the re-
action mechanism to some degree, but cyclic voltammetry
is not able to distinguish between them.
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Table 2: Optimized rate parameter values for the �ve di�erent reaction models. The quoted errors are the estimated standard errors (1σ)
for the logarithm of the rate constants, which were the parameters optimized in the �t. Errors in log10(ki) are omitted where the estimated
standard error was larger than 1, i.e., the rate constants are uncertain by more than a factor of 10. In those cases, the rate constants are
enclosed in parenthesis. All the rate constants have units of mol m−2 s−1.

Parameter 2Ceq 3Ceq 4Ceq 3CNoEq 3Eeq

kCH2OH 4.3× 10−6 4.4× 10−6 4.4× 10−6 3.7× 10−6 3.8× 10−6

log10(kCH2OH) −5.36± 0.01 −5.35± 0.01 −5.35± 0.02 −5.43± 0.01 −5.42± 0.01

kCO (106) (109) (1010) (101) (102)
log10(kCO) 6 9 10 1 2

kOH (10−5) (10−5) (10−5) 2.0× 10−4 (10−12)
log10(kOH) −5 −5 −5 −3.71± 0.06 −12

k−OH (108) (107) (108) 8.6× 108 (101)
log10(k−OH) 8 7 8 8.93± 0.08 1

kCOOH 9.6× 100 1.6× 101 2.7× 101 1.4× 101 n/a
log10(kCOOH) 0.98± 0.02 1.22± 0.04 1.43± 0.05 1.13± 0.03 n/a

kCO2 (106) (107) (107) (100) 2.3× 10−3

log10(kCO2) 6 7 7 0 −2.64± 0.07

kPtO (10−10) (10−12) (10−4) (10−17) (10−26)
log10(kPtO) −10 −12 −4 −17 −26

k−PtO (1038) (1030) (1024) (10−15) (105)
log10(k−PtO) 38 30 24 −15 5

kOH/k−OH 4.0× 10−13 2.3× 10−13 1.6× 10−13 2.3× 10−13 2.0× 10−13

log10(kOH/k−OH) −12.4 −12.6 −12.8 −12.6 −12.7

3.4. Adsorbate coverages

The surface coverages of the adsorbates are a direct
output of the modeling and are shown for the �ve models
in Fig. 3a-f. IR spectroscopy has been shown to quali-
tatively give the surface coverage as a function of poten-
tial and temperature, as exempli�ed by numerous works
[29�31]. However, limited information is available at high
temperatures. Thus, for the discussion of how the calcu-
lated surface coverages represent the real case, we assume
that the general trend is similar at all temperatures as is
the case for CO coverage during formic acid oxidation on
Pt [36]. All of the models have similar trends in the CO
coverage, going from a high CO coverage at low potentials
to a low coverage at high potentials.

The maximum coverage of CO is also an interesting as-
pect. It is commonly assumed that the surface coverage of
CO is limited to a maximum of about 0.7 when produced
from methanol [26, 37�39] and that several sites are neces-
sary for the reaction of methanol to CO [27, 28]. All of the
models used here give a maximum coverage of about 0.90.
While the value is higher than expected, the trend is real-
istic, and the addition of adsorbate interaction (repulsion)
in the models would likely reduce the maximum coverage
signi�cantly. Other adsorption isotherms than the Lang-
muir isotherm were not included in this work to keep the
number of parameters to be optimized at a minimum.

The OH coverage is di�cult to determine experimen-

tally, and is assumed to be closely related to the presence
of PtO at higher potentials. Within the potential window,
all models give no signi�cant PtO coverage, and full OH
coverage is observed at higher potentials. This e�ectively
blocks the surface. Technically, the models allow for the
OH formed to i) react with CO and form COOH (and then
CO2), or ii) react further to PtO. Case ii) is not favored
because it is not necessary to �t the data, as OH can block
the surface as well as PtO, resulting in a wide span of rates
for PtO formation in the optimized models, see Table 2.
The real case is more complex because the nature of the
oxygen donor (OH in our case) and the initial stages of
oxide formation are not well understood. As all the OH
coverages are similar in the models, the cyclic voltamme-
try and surface coverage results indicate that the 2Ceq is
the most realistic model. However, all models provided
physically reasonable results and dEIS was further used to
distinguish them.

3.5. Dynamic electrochemical impedance spectroscopy

Based on the �tted parameters, the impedance spectra
at any potential can be calculated based on the general
approach for a multistep reaction with adsorbed species
[20, 40]. The result of this is presented in Fig. 4a-o as
Nyquist, magnitude and phase angle plots for potentials
between 0.50 V and 0.70 V. Similar to the work by Sund-
macher and coworkers [2, 41], it is clear that models that
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Figure 2: The results of Maple modeling of the reaction mechanisms
showing the experimental cyclic voltammogram at 5 mV s−1 and
at 100◦C (black) along with the cyclic voltammograms modeled for
model 2Ceq (red), 3Ceq (blue), 4Ceq (purple), 3CNoEq (green), and
3Eeq (orange). The potential zone used for the model �tting proce-
dure is marked by the red box.

look similar when modeling cyclic voltammetry or steady-
state methods can have very di�erent features when mod-
eling impedance. The veri�cation of the models is largely
limited to pattern recognition, but some clear trends are
visible: i) the modeled data �t the experimental data well
at low overpotentials (< 0.60 V), but not as well at high
overpotentials, ii) all the models give qualitatively similar
features, a capacitive loop at high frequencies and an in-
ductive loop at low frequencies. In the case of 0.5 V, the
data �t to a capacitive circuit and addition of an induc-
tive loop was not statistically justi�ed. As this potential
is outside the �tting window, an extrapolation is involved
and the modeling is less certain.

Considering that the cyclic voltammetry was modeled
and dEIS spectra were calculated, the discrepancy ob-
served between the model data and the experimental spec-
tra is modest. Some discrepancy may be from the under-
lying assumption of only the indirect pathway, which can
be challenged at potentials above 0.57 V where Chojak-
Halseid and co-workers [23] observed a change in the CO2

yield at 100◦C from about 100% to about 93%. This means
that the direct path has an in�uence at these potentials
that is not accounted for in our work.

The second point is related to the similarity between
the models. The inductive loop has been shown to be
related to the change in CO coverage when the production
and removal of CO have a comparable rate [13]. As all
the models have a CO adsorbate incorporated and have
similar trends in coverage as a function of potential, Fig.
3, a qualitatively similar feature is expected for all the
models.

When comparing the key aspects of the models, the
�rst question, the number of Pt sites necessary for methanol
adsorption, the approach used here is inconclusive. From
the EIS spectra, the 3Ceq and 4Ceq spectra give similar re-
sults, whereas the 2Ceq is similar at high potentials, and
has a larger capacitive loop at lower potentials. A ten-
tative conclusion is that the 3Ceq and 4Ceq models are
the better representations of the experimental data. In
our further comparisons, we assume that the results from
single-crystal experiments and modeling [27, 28] hold and
that 3 Pt sites are necessary for methanol dehydrogena-
tion and adsorption. Of course, on a polycrystalline Pt
surface, many di�erent types of surface sites are present
that might skew this picture.

The second aspect, whether or not water adsorption
is reversible, can be decided by our work. The 3CNoEq
model, which does not include the reversibility clearly has
a third time-constant at lower frequencies, especially vis-
ible in Fig. 4a, d, and g. Notably, a slow irreversible
adsorption of water leading to surface deactivation may
explain the experimental di�culty with EIS in this po-
tential range, as would be consistent with model 3CNoEq.
However, this feature is at frequencies that are not accessi-
ble with the dEIS method and likely very hard to measure
experimentally with a potentiostatic EIS measurement.

Notably, the 3Ceq model and the 3CNoEq model are al-
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Figure 3: The surface coverage as a function of potential for the models a) 2Ceq, b) 3Ceq, c) 4Ceq, d) 3CNoEq, and e) 3Eeq.

most identical, and looking closely at the parameters listed
in Table 2, the ratio giving the equilibrium constant for wa-
ter adsorption, KOH = kOH/k−OH, is similar for the 3Ceq
and 3CNoEq models. This is actually a general feature
for all the models, and means that convergence is only
reached for our models if water adsorption is at or near
equilibrium. From this, the water adsorption parameters,
kOH/k−OH, can be determined with high accuracy. This
indicates that this step in�uences the starting point of the
high rate methanol oxidation. The value of KOH can be
used to �nd the reversible potential for water adsorption.
This can be done by �nding the potential at the point
where the CO and Pt coverages are equal, i.e., based on
Eq. (8) to be where 1 = KOH exp(FE/RT ). From this
and the �tted parameters in Table 2, the equilbrium po-
tential for water adsorption, Erev

OH, can be determined to
be between 0.92 and 0.95 V vs RHE.

The third aspect, the chemical or electrochemical na-
ture of the surface reaction between adsorbed CO and OH,
can be assessed by comparing the 3Ceq and the 3Eeq mod-
els. Here, the 3Eeq model has the worst RSS value in Fig.
1. However, when comparing the modeled dEIS results in
Fig. 4, it has a poor �t at low potentials, while at higher
potentials, above 0.60 V, it has a comparable �t with the
other models. With the underlying assumptions in our
models (�xed symmetry factors, no adsorbate interaction
etc), the chemical surface reaction, model 3Ceq, gives a

better �t than an electrochemical one, model 3Eeq, as has
already been shown for this system in the literature [2, 15].
The tentative conclusion from the modeled dEIS data is
that the 3Ceq and the 3CNoEq models are the more real-
istic models.

3.6. Revisiting the reaction mechanisms more closely

With the similarities being identi�ed between the 3Ceq
and 3CNoEq models, we can look at the 3Ceq model by
calculating the rate of CO, rCO, from the di�erence of the
rate of the methanol adsorption step, Eq. (1), and the
CO oxidation step, Eq. (4). This comparison is shown
in Fig. 5 where in a) the experimental current and the
resulting current from the 3Ceq model are plotted with
the CO coverage, θCO, and in b) the di�erence between
the CO production and removal step, rCO = v1 − vCOOH,
is plotted with the CO coverage.

From Fig. 5b, one can see that the OH adsorption is
activated slowly leading to CO removal and the CO rate,
rCO, is below zero from 0.37 V. At this potential, the over-
all rates are low and a small decrease in CO coverage is
the result. Both of the reactions are activated by an in-
creasing potential, and the CO oxidation rate is activated
faster than the CO production rate at potentials above 0.4
V resulting in a more negative rCO. At 0.46 V, there is
a local minimum in CO rate. Prior to this, between 0.40
and 0.46 V, the overall rate is dominated by the rate of
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Figure 4: Experimental and modeled EIS spectra for selected potentials. Left, Nyquist plot, middle, magnitude vs frequency, and right, phase
angle vs frequency. The potentials shown are a)-c) 0.50 V, d)-f) 0.55 V, g)-i) 0.60 V, j)-l) 0.65 V, and m)-o) 0.70 V. Showing the experimental
value (black boxes), and the models 2Ceq (red), 3Ceq (blue), 4Ceq (purple), 3CNoEq (green), and 3Eeq (orange).
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the net CO rate, rCO = v1−vCOOH, compared with the CO coverage,
θCO.

water activation, and the CO coverage is high. Beyond the
local minimum, the CO coverage has dropped signi�cantly
enough so that both the rate of CO production and CO
removal have a signi�cant in�uence on the overall current.
From 0.50 V to 0.90 V, the window modeled here, the
dominant shape of the dEIS spectra is a capacitive loop at
high frequencies and an inductive loop at low frequecies,
suggesting that the interplay between the production and
removal rates of an adsorbate, here CO, is the source of the
two features. Notably, this explains the trend in current vs
potential reported in our previous work [13]. In that work,
we argued that the overall response is controlled by both
the methanol adsorption reaction and the surface reaction
betweeen adsorbed intermediates, and that an increase in
potential leads to net removal of CO. At that point, the
shoulder peak corresponds with the �attening out of CO
coverage, and the Tafel slope drops down to a value corre-
sponding to methanol adsorption as the rate-determining
step. For the rates seen in Fig. 5b, there is a minimum in
CO removal rate at about 0.60 V, but no observable feature
in the voltammograms. On the other hand, the shoulder
peak, in this case at about 0.69 V, corresponds to where
the CO coverage is low, here modeled to be 0.1. This will
lead to a gradual transition to a rate limited fully by the
methanol adsorption rate, and consequently decreases the
apparent charge-transfer coe�cient. At about 0.83 V, the
main peak occurs where the CO coverage is practically
zero and the OH coverage is rapidly increasing, see Fig.

3b. As commonly thought to be the case, this and subse-
quent surface oxidation eventually blocks the surface and
decreases the rate of the MOR.

The method of analysis outlined in this work and pre-
vious works on this topic [13, 14] indicates that a bet-
ter understanding of the reaction mechanism is possible
through analysis of EIS data. A drawback of the ap-
proach used here is that the reaction mechanisms are still
over-simpli�ed. For example, the direct pathway is not
included, adsorbate interaction is ignored, and the sym-
metry factors of individual reactions steps are assumed
constant. However, these assumptions are common in the
literature. While these assumptions may in�uence the con-
clusions reached in this work, the greatest drawback is that
the reaction mechanisms is �tted to the data with the least
amount of information, i.e., the cyclic voltammetry data.
Therefore, an improvement of the method where the cyclic
voltammetry and dEIS spectra are �tted simultaneously
to optimize kinetic parameters is desirable. In particular,
this would be an important step forward if one wants to
include additonal parameters such as symmetry factors,
Frumkin/Temkin factors during adsorption processes, and
back reaction rate constants. A simultaneous �tting proce-
dure is not computationally feasible without an improved
algorithm, and this is currently being developed. Such a
process would allow for an unprecedented detailed under-
standing of the reaction mechanism from a macroscopic
point of view and would be a valuable support for stud-
ies approaching the problem at the micro level, i.e., �rst-
principles calculations and studies using nanoparticles or
single-crystals.

4. Conclusions

Amechanistic modeling study was done on cyclic voltam-
metry and dynamic electrochemical impedance spectroscopy
(dEIS) data for methanol oxidation on Pt in 0.5 M H2SO4

at 100◦C. In total, �ve di�erent reaction models were pro-
posed and tested and dEIS experimental results were used
to distinguish between the models.

The analysis of the results supports the conclusions
that i) water adsorption is reversible, and ii) the surface re-
action between adsorbed CO and adsorbed OH is a chem-
ical reaction.

The measurements con�rmed previous observations for
this reaction. For the indirect mechanism of methanol ox-
idaiton, water activation is the source of high overpoten-
tials. After the onset of CO oxidation through the activa-
tion of water, the overall rate is determined by a combina-
tion of the dissociative methanol adsorption and the CO
oxidation step until the shoulder peak. Beyond the shoul-
der peak, the overall rate is determined by the methanol
adsorption step until the main peak.

The authors believe that the method demonstrated
here can be optimized for other reactions and has potential
widespread application.
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