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A B S T R A C T

In the present work, an innovative methodology is used to contribute in the elucidation of methanol electro-
oxidation reaction on polycrystalline Pt surface. We coupled infrared spectroscopy to linear voltammetry and
evaluate the data using parallel factor analysis (PARAFAC) to extract hidden information concerning the oxidation
reaction. Five adsorbed species were simultaneously extracted and quantified at different applied potentials
corresponding to: formate, sulfate, water, total CO and COL shift. It was observed that the CO adsorbed content
starts at maximum on low potentials and gradually decreases up to 1.0 V. Meanwhile, the interfacial water content
on the surface of the CO-free Pt increases, which causes the shift on the COL band, resulting in a further decrease
of the interfacial water content. The water content increases again until up to 0.8 V, which it reaches a constant
value, due to formate production and subsequent adsorption of sulfate. Using this technique, it was possible to
determine the potential window where each chemical species is adsorbed on the surface, as well as the effect of
methanol concentration and scan rate on the mechanism.
1. Introduction

The electro-oxidation of small organic alcohols, such as methanol and
ethanol, has been studied extensively over the years because their
importance in the development of direct alcohol fuel cells [1–6]. Methanol
has been highlighted from other liquid fuels due the possibility of its
complete oxidation, generating CO2 [7]. However, methanol
electro-oxidation reaction (MOR) over platinum electrodes involve several
steps, which are reaction intermediates or catalytic poisons, depending on
the adsorption energy. The majority of works in the literature reports the
usage of electrochemical techniques coupled to spectroscopic ones to
investigate the reaction mechanism, such as on-line electrochemical mass
spectrometry and Fourier-transform infrared spectroscopy (FTIR) [8–12].
Although in situ techniques allow the detection of different species, it is
very difficult to correlate the reaction products with the common elec-
trochemical responses, as, for example, current-time, polarization or cyclic
voltammetric curves, due to overlapping processes. This is especially true
considering FTIR technique. Indeed, the correlation among the identified
species and electrochemical results is not a trivial task and, until now, this
relationship has been not totally clarified [3,11].
.
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Considering the difficulty to split the contribution of the different step
involved in both electrochemical responses and FTIR data, it is important
to look for experimental or computational tools to get the complete in-
formation relating these different techniques. One possibility is chemo-
metrics, which has been shown to improve the treatment of chemical
data [13–17]. In this sense, parallel factor analysis (PARAFAC) is high-
lighted in data processing for being very simple in a mathematical sense,
robust and the results can be easily understandable [14,15,18,19].
PARAFAC is a generalization of principal component analysis (PCA) for
multiway data or can even be described as a less flexible version of the
Tucker 3 method [19,20]. In a sense, PARAFAC can be considered as hard
modelling, since it is suitable for the analysis of systems with variables
clearly defined by physical-chemical laws [13,19–21]. This technique
has been proposed for modelling trilinear three-way data X (experi-
mentally measured signals), which could be described as following [22]:

xijk ¼
XN

n¼1

ainbjnckn þ eijk (1)

where xijk is an element of X, ain denotes the values of the profile in the
ctober 2019

mailto:ernesto@ufscar.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2019.113598&domain=pdf
www.sciencedirect.com/science/journal/15726657
www.elsevier.com/locate/jelechem
https://doi.org/10.1016/j.jelechem.2019.113598
https://doi.org/10.1016/j.jelechem.2019.113598


C.D. Silva et al. Journal of Electroanalytical Chemistry 855 (2019) 113598
sample mode for constituent n in sample i, and bjn and ckn are the cor-
responding profile values in both instrumental data modes for constitu-
ent n,with eijk representing the model errors (unavoidable measurements
noise). Modelling X through PARAFAC consists in fit the xijk elements
and retrieve the values of ain, bjn, and ckn through alternate least-squares
by minimizing the sum of the squared errors (SSE):

SSE¼
XI

i¼1

XJ

j¼1

XK

k¼1

e2ijk (2)

To make clear the ideas underneath PARAFAC, Fig. 1 illustrates data
processing by PARAFAC algorithm. PARAFACmodelling obtains triads of
vectors related to each component of the system, generating a unique
solution for a certain number of components. It is customary to arrange
them into three matrices: the matrix of scores A (size I x N, containing all
ain values), and the two matrices of loadings B (size N x J, containing all
bjn values), and C (size K x N, containing all ckn values).

PARAFAC can be easily implemented since this algorithm is available
free of charge in toolboxes elaborated for Matlab® (Mathworks) envi-
ronment [23,24]. This tool has been used in excitation–emission matrix
(EEM) fluorescence spectra [25–27], gas chromatography with mass
spectra detection (GC-MS) [28], high-performance liquid chromatog-
raphy (HPLC) [29] and for ultraviolet–visible (UV–Vis) and near infrared
(NIR) spectroscopy [30]. In the FTIR case, PARAFAC tool is especially
suitable for mechanism elucidation but is not a widely used tool, and, to
the best of our knowledge, has not be used to investigate electro-
catalytical data.

In this sense, the aim of this paper is to use this multiway chemo-
metric tool to extract the latent information regarding electrochemical
and FTIR spectroscopic data for methanol oxidation reaction (MOR) on
polycrystalline platinum surface.

2. Experimental section

The study of MOR on polycrystalline platinum was performed using
attenuated total reflectance surface-enhanced infrared absorption
Fig. 1. Illustrative representation of PARAFAC algorithm. Decomposition of a three-w
matrix B and C contain loadings for modes J and K (FTIR spectra and voltoabsorptiog
a second-order data array obtained by performing one ATR-SEIRAS/LSV experiment

2

spectroscopy (ATR-SEIRAS) experiments. The fundamental aspects of
this technique have been described in Refs. [31,32]. The working solu-
tions were prepared from concentrated H2SO4 (Fluka, trace select, for
trace analysis) and ultra-pure water (18.2MΩ cm). The solutions were
desaerated with nitrogen (99.0%, White Martins®) before the experi-
ments. A Pt wire and a reversible hydrogen electrode (RHE) were used as
counter and reference electrodes, respectively. A potentiostat (Em Stat,
Palm Sens®) was used to control electrode potential and to record linear
voltammograms. ATR-SEIRAS spectra were recorded with a Nicolet 6700
FTIR spectrometer equipped with an MCT detector, using p-polarized
light. The prism for the ATR-SEIRAS measurements was a triangular Si
crystal 4.00 cm2 in area.

A Pt film deposited on the triangular Si prism by chemical deposition
was the working electrode. Before chemical deposition, the Si substrate
surface was polished with alumina powder (1.00 μm grade) and cleaned
with acetone and water. First, to improve the adhesion of the Pt film to
the substrate, the polished surface was treated with Pd solution
(1mmol L�1 PdCl2 in 0.5% HF) at room temperature for ca. 1.5min [33].
Then, Pt film was deposited using a Pt plating solution, which was
dropped on the prism surface for approximately 3min at 60–70 �C tem-
perature. The Pt plating bath was prepared using the procedure described
in the literature [34].

Before the ATR-SEIRAS experiments, the Pt surface was electro-
chemically cleaned by repetitive potential cycling between 0.05 and
1.5 V vs. RHE in the supporting electrolyte (0.1mol L�1 H2SO4). The
spectral series were simultaneous recorded with the linear sweep vol-
tammetry (LSV) in order to identify the intermediates and products re-
action. Each spectrum consisted of 15 interferograms, collected with a
spectral resolution of 8 cm�1. The reference spectrum consisted of 64
interferograms and was recorded in the absence of methanol in the po-
tential 0.05 V before each simultaneous methanol electro-oxidation and
IR experiments. The procedure was aimed at recovering the unique
spectra of each species formed during MOR and correlate them to the
respective absorption profile as a function of the applied potential sweep.

Referring to Fig. 1, in this paper the horizontal slice on X represents a
second-order data array obtained by performing one ATR-SEIRAS/LSV
ay array data X in n triads of vectors. Matrix A contains scores for I experiments;
rams, respectively); E contains the residuals. The horizontal slice on X represents
.
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experiment. To build the three-way array data X, ATR-SEIRAS/LSV ex-
periments were executed following a 22-factorial design containing the
variables methanol concentration and LSV scan rate. The low and high
levels for each variable were, respectively, 0.5mol L�1 and 1.0mol L�1

for methanol concentration, and 5mV s�1 and 10mV s�1 for scan rate.
The four combinations were carried out in duplicate, comprising eight
experiments, presented at Table 1.

3. Results and discussion

To characterize Pt surface, cyclic voltammetry measurements were
carried out. Fig. S1 in the Supporting Information (SI) shows the plat-
inum characteristic profile in acid medium is observed, proving the
cleaning of the electrode and the electrochemical cell. After methanol
addition, a LSV curve was obtained (Fig. 2a). During the oxidation of
methanol, the most accepted model correlates the first reaction step, up
to 0.4 V (vs. RHE), to the dehydrogenation producing HCOH, and/or CO
species [8,35–37]. At 0.9 V (vs. RHE), HCOOH and CO2 are proposed to
form. However, the analysis of the curve peaks is a hard work, since
different intermediates can be simultaneously formed during this pro-
cess, such as CO, CO2, HCOOH, HCOH and HCOOCH3 [12,35,38,39]. The
ATR-SEIRAS data support the above propositions (Fig. 2b). In Fig. S2 in SI
is presented the ATR-SEIRAS for all studied condition, listed at Table 1.
Following literature description, the major bands are identified in
Table 2.

Scores matrix carry information on concentrations of N constituents
in each experiment (I¼ 8), whereas loadings matrices provide a quali-
tative insight into the behavior of the constituents in the instrumental
measurement modes – N spectra with J wavenumbers, and N voltoab-
sorptiograms with K applied potentials. The factorial design was
employed using two variables (methanol concentration and scanning
speed) in order to determine the influence of these variables on the
concentration variation of each species produced as an intermediate of
the methanol electro-oxidation reaction.

The first attempts of data analysis consisted on find the unique
spectrum of each of the seven bands originally assigned at Table 2.
However, modelling results always were composed of random noise
profiles and/or repeated profiles, which indicate that the correct number
of components was less than seven. Satisfactory results were only ob-
tained when five components were employed. Fig. 3a shows the outputs
of loadings matrix B (spectral profiles), in other words, the statistically
significant signals that compose the ATR/SEIRAS response. Component
#1 showed a profile with a peak at 1230 cm�1, similar to the stretch of
adsorbed sulfate. The profile of component #2 has a maximum at
1320 cm�1, which can be attributed to formate vibration. Component #3
presented a profile with minimum at 3510 cm�1, which is very similar to
the OH stretch of interfacial water (ν*OH) on Pt surface. No pure spectra
were found that could be attributed to OH stretch of interfacial water
(νOH) and to δ(HOH) – around 3670 cm�1 and 1620 cm�1, respectively –

which could be related to the low signal-to-noise ratio presented for both
bands. Component #4 presented a profile with a peak at 2060 cm�1,
while the component #5 has a more complex profile containing a band
with maximum at 2050 cm�1 and a plateau between 1780 and
1970 cm�1. These two last components could be related to CO species, at
Table 1
Design matrix followed for the execution of the ATR-SEIRAS/LSV experiments.

Experiment # Scan rate (mV s�1) Methanol concentration (mol L�1)

1 5 0.5
2 5 0.5
3 10 0.5
4 10 0.5
5 5 1.0
6 5 1.0
7 10 1.0
8 10 1.0

3

linear and bridge forms. In this case it was not possible to split the
spectral information of the two CO adsorbed forms in two specific bands.
Otherwise, it was possible to attribute components #4 and #5 to the total
adsorbed CO and to the shift of the band related to COL adsorbed species.
This is an important observation because the most common approach to
explain the MOR mechanism is by correlating it to the kind of CO-
adsorbed layer [37,40–44].

In an effort to understand how these components could be described,
it is observed that the COL band presented a shift during the potential
sweep. The contour plot of this band is given in Fig. 3b. The COL band
shift is a phenomenon observed in other papers about alcohol oxidation
[12,38,45–47]. This displacement could be correlated to changes in
dipole-dipole interactions [48] and to the vibrational Stark effect [49].
Kim et al. [48] explained the potential-dependent of dipole-dipole in-
teractions to the metal, which affect CO ad-layers structures. The authors
proposed that hydrogen co-adsorption can weaken CO intermolecular
coupling, since the hydrogen ad-layer reduces the magnitude of the
dipole-dipole coupling interactions [48]. Boscheto et al. [50] reported
the dynamic oscillatory behavior of methanol oxidation, and explained
that dipole-dipole interaction is more pronounced for COL coverage,
while the vibrational Starks effect influences the COL band position.
Although these effects were reported, the COL band shift was not
addressed to MORmechanism. Against this backdrop, we can understand
component #4 (Fig. 3a) as a blue shift of COL band during LSV and
component #5 as the all CO-adsorbed contribution (COB þ COL).

Fig. 4a shows the outputs of loadings matrix C, i.e., the behavior of
the spectra identified at Fig. 3a, as a function of the voltammetric scan
(voltoabsorptiograms). COad curve (COB þ COL) starts at a maximum
value, indicating of high coverage of COad at low potentials. The incre-
ment of potential reduces the total COad band intensity, promoted by CO
oxidation at low potentials. No COad absorption was observed at poten-
tials more positive than 1.0 V, which is a potential sufficient to promote
the rapid oxidation of this species, disfavoring its adsorption. The green
curve (COL shift) begins at 0.25 V and reaches amaximum at 0.6 V, which
indicates the influence of potential sweep on the shift of COL band. After
0.6 V, the COL-shifted band decreased to zero intensity at 0.85 V. The
formate band appears at potentials more positive than 0.7 V, reaching a
maximum at 0.9 V, and decreasing to a minimum value at 1.1 V. Sulfate
keeps the same intensity around all potential range, only increasing after
1.2 V. This fact illustrates the adsorption force of this species, already
reported by different works [51–54].

For methanol oxidation, the water dissociation is described as an
important step due this importance for oxygen donor of the reaction [36,
55,56]. Regarding water adsorption, the associated profile presented a
band with negative values. This means that the curve should be analyzed
differently from previous components. At low potentials, the
OH-coverage is small, but increases until 0.4 V, and, then, begins to
decrease, reaching the minimum intensity around 0.65 V. Iwasita
explained that competition of water and methanol for adsorption sites
becomes important as the potential is made more positive, especially at
0.4 V–0.7 V [55,57]. After this potential, OH-coverage increases again up
to 0.8 V, where it remains approximately constant. Considering the in-
formation that each profile represents, it can be said that the CO adsorbed
content starts at maximum and gradually decreases up to 1.0 V. Mean-
while, the interfacial water content on the surface of the CO-free Pt in-
creases, which causes the shift on the COL band, resulting in a further
decrease of the interfacial water content, what is described by
Langmuir-Hinschelwood mechanism, for CO2 formation [55,58]. The
water content increases again until it reaches a constant value due to
formate production and subsequent adsorption of sulfate. Fig. 5 provides
an illustration of MOR mechanism on Pt surface.

In the literature, the MOR kinetic is common correlated to the shape,
composition and size of particle, while the effect of the experimental
variables (scan rate and methanol concentration) are not evaluated in
recent works [11]. These variables deserve attentionwhen evaluating the
mechanism, since adsorbed composition on platinum depends on



Fig. 2. Investigation of methanol oxidation reaction (MOR) in polycrystalline Pt (Ptpc): (a) LSV curve of methanol 0.5 mol L�1 in H2SO4 0.1 mol L�1 at Ptpc (scan rate:
5 mV s�1, T¼ 25 �C, current density normalized by geometrical area). (b) ATR-SEIRAS spectra recorded simultaneously to linear sweep voltammetry.

Table 2
Assignment of the bands observed in the ATR-SEIRAS measurements [38].

ν/cm�1 Description

3670 OH stretching of interfacial water (νOH)
3510 OH stretching of interfacial water (ν*OH) on Pt surface without CO
2060 CO linear (COL)
1840 CO brigde (COB)
1620 H–O–H twist (δHOH)
1320 Formate stretching (νOCO� )
1230 Adsorbed sulfate (νHSO�

4
) on Pt
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methanol concentration and that dependence could explained some
discrepancies of results in the literature [36,55,59]. Fig. 4b shows the
average PARAFAC scores (outputs of matrix A) obtained for each
component at each experiment of the 22-factorial design. It is important
to note that profiles at loadings matrices are normalized to unit length,
leaving the concentration-dependent scaling factor to the ain elements of
matrix A. In this work, the element ain will be proportional to the con-
centration of component n in each experiment. Therefore, an analysis of
variance (ANOVA) was performed in the scores to infer whether the scan
rate or the methanol concentration show any influence on the concen-
trations of the species throughout the experiments. Pareto charts are
presented on Fig. 6. The Pareto chart is a graphical representation of a
t-statistic test for each effect. Each bar is proportional to the standardized
effect, which is the estimated effect divided by its standard error, pre-
sented in decreasing order of importance. The vertical line is used to
judge which effects are statistically significant at 95% confidence level.
Fig. 3. (a) Spectral profiles of the components obtained after PARAFAC analysis of AT

4

Any bar which extend beyond the line corresponds to the effects which
are statistically significant for the change of the concentration of the
component. Methanol concentration and scan rate presented no signifi-
cant influence on OH and sulfate concentrations. Some authors comment
that in methanol concentrations between 0.1 and 0.5mol L�1, there is a
higher probability of the Pt surface becomes covered for CO, and
hydrogen adsorbed species is inhibited due to the lack of free adjacent
sites [2,57]. However, the methanol concentration increment, to
1.0 mol L�1, presented a negative effect for formate, COL shift and
CO-total. It means that the concentrations of adsorbed formate and CO
decrease with increasing concentration of methanol. The same occurs for
scan rate on the concentration of adsorbed CO species. It appears that a
higher methanol concentration hinders the adsorption of that species.
Higher scan rates also promote the decreasing of the amount of adsorbed
CO, indicating that the dynamical balance of the species could be affected
by the evolution of the MOR [47,50,60].

4. Conclusion

The main idea of this paper was to report, for the first time, the usage
of a multiway chemometric tool, PARAFAC, to contribute to the eluci-
dation of MOR oxidation mechanism on Pt surface. Five components
associated to intermediate species were calculated from ATR-SEIRAS/
LSV data: formate, sulfate, water, CO total and COL shift. We also
conclude that changing common experimental conditions during the
electrochemical experiments, such as methanol concentration and scan
rate, could affect the surface concentration of the intermediates. Finally,
R-SEIRAS/LSV data. (b) COL band shift at ATR-SEIRAS experiments during LSV.



Fig. 4. (a) Voltoabsorptiograms of the five components. (b) Average PARAFAC scores obtained for each component at the experiments of the 22-factorial design. #1:
sulfate; #2: formate; #3: water; #4: COL shift; #5: CO-total.

Fig. 5. Illustrative scheme of the mechanism of methanol oxidation reaction.

Fig. 6. Pareto charts for the analysis of variance of the PARAFAC scores as responses to the 22-factorial design for (a) #1 (sulfate); (b) #2 (formate); (c) #3 (water); (d)
#4 (COL shift) and, (e) #5 (CO-total). Gray bars: positive effect. Blue bars: negative effect.

C.D. Silva et al. Journal of Electroanalytical Chemistry 855 (2019) 113598
this work shows that PARAFAC can be used to investigate the oxidation
of different small organic molecules, which are important in the devel-
opment of on electrochemical energy conversion devices.
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