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Abstract: The present paper reports cyclic voltammetric and a.c. impedance spectroscopy investigations
on the influence of the acetonitrile concentration on the kinetics (and individual product’s efficiency) of
the ethanol oxidation reaction (EOR), performed on a polycrystalline Pt electrode surface in 0.5 M H2SO4

and 0.1 M NaOH supporting solutions. The kinetics of the EOR were examined at room temperature
over the voltammetric potential range, which covers the electrooxidation of surface-adsorbed COAds

species, as well as the formation of acetaldehyde molecules. In addition, the time-dependent efficiency
of acetate and acetaldehyde formation in relation to the initial acetonitrile content for both acidic and
alkaline electrolytes was evaluated by means of spectrophotometric Ultraviolet/ Visible Spectroscopy
(UV-VIS) instrumental analysis.

Keywords: ethanol electrooxidation; AcN; acetonitrile; poly Pt electrode; impedance spectroscopy

1. Introduction

The process of the electrochemical oxidation of alcohols has a direct application in the so-called
Direct Alcohol Fuel Cells (DAFCs). As ultra-pure hydrogen fuel allows significantly greater electric
efficiencies to be reached than aliphatic alcohols in a Proton Exchange Membrane (PEM) fuel cell,
H2 production, storage, and large-scale distribution still constitute significant technical problems.
Conversely, the use of alcohols as hydrogen carriers in a DAFC device is beneficial, as liquid alcohol
involves simplified fuel storage and distribution systems. In fact, methanol and ethanol are the
most frequently investigated alcohols for PEM fuel cell applications, where C2H5OH is regarded as a
promising substitute for CH3OH, due to its considerably higher (8.0 vs. 6.1 kWh kg−1) energy-density
and the relatively low toxic properties of ethanol oxidation by-products (acetaldehyde and acetic acid).
In addition, it has to be stressed that ethanol is a renewable resource as it can be produced from a
variety of available agricultural-based products and biomass substrates [1–11].

The process of ethanol electrooxidation on platinum-based catalyst surfaces (the most important
catalyst known in electrochemistry) is a complex anodic reaction, involving the formation of various,
surface-adsorbed intermediates. It is commonly accepted [2,11–13] that following the surface
electrosorption step, the C2H5OH molecule can either dissociate to surface-adsorbed COAds species,
or become electrooxidized to form acetaldehyde. Afterwards, in the presence of adsorbed hydroxyl
groups, successive oxidation steps lead to the formation of carbon dioxide or acetic acid molecules,
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which eventually become desorbed from the catalyst surface. A number of various catalyst materials have
been extensively studied (both in acidic and alkaline media) in relation to the ethanol electrooxidation
reaction. These include bulk polycrystalline and single-crystal planes of Pt [3,9,13–17], PtRu [2,18–20],
PtRh [2,12,19,20], PtSn [1,2,6,7,15,21], PtPd [8,9], and many other alloys/co-deposits of Pd2Sn [22],
Pd2Ru/C [23], or metal oxides [10,11] (typically on carbon substrates). In fact, Pt-PbOx and Pd-CeO2 binary
nanocomposite systems were found [11] to be two of the most efficient ethanol oxidation reaction (EOR)
catalysts with respect to their C-C bond cleavage capabilities. On the other hand, the electrooxidation
of CO species adsorbed on the electrode surface was found to occur at lower potentials on catalysts
containing Sn and SnO2 additives when compared to single platinum group metals (e.g., Pd, Pt, and Rh)
and their binary composites (e.g., Pt-Rh/C and Pd2Ru/C) [23,24].

Moreover, the development of similar noble metal-based catalysts has been accelerated due
to their high electrochemical activity in oxidation reactions of various organic compounds and the
oxygen evolution reaction (OER), in relation to water electrolysis processes. The above is dictated
by the development of global trends in environmental protection concentrated on the reduction of
anthropological pollutants. Modern works on this topic include articles on carbon-supported Pt- and
Pd-nanoparticle catalysts, e.g., Ru0.9Pt0.1O2/C, Pt/C-LiCoO2, and PtIr2 alloy/C [25–28]. An advantage of
such systems over bulk-type catalysts is related to their extended electrochemically active surface area
(technological applications). However, only research activities conducted on basic (bulk-type) catalysts
allow complete investigations of the reaction mechanisms (along with the individual stages), including
important information on the catalyst’s structural selectivity (see, e.g., refs. [29–31] for details).

As numerous organic molecules are susceptible to the catalytic surface electrosorption and
reactivity phenomena, the presence of airborne organic compounds might have a significant impact
on the performance of PEM fuel cells. Acetonitrile (AcN), with the chemical formula CH3CN, is a
highly polar and volatile organic solvent that is commonly used in various industrial applications,
including extraction, plastic molding and casting, and some battery technologies. Therefore, its presence
in the air can have a substantial (detrimental or positive) effect on the catalytic performance of
noble metal-based electrochemical catalyst materials [32–37]. This work presents a comprehensive
electrochemical study of the process of ethanol oxidation on a polycrystalline Pt electrode in 0.5 M
H2SO4 and 0.1 M NaOH supporting solutions, examined comparatively in the absence and presence of
acetonitrile, at the set AcN concentrations.

2. Results and Discussion

2.1. Electrooxidation of Ethanol by Cyclic Voltammetry in the Absence and Presence of Acetonitrile

The cyclic voltammetric behavior of the influence of acetonitrile on the process of ethanol
electrooxidation (at 0.25 M C2H5OH) on a polycrystalline Pt electrode surface in 0.5 M H2SO4 and
0.1 M NaOH solutions is shown in Figure 1a–c below. For the experiments carried out in sulphuric
acid supporting electrolyte, two oxidation peaks, centered at ca. 0.80 and 1.30 V vs. a reversible Pd
hydrogen electrode (RHE), appear upon an anodic sweep (see the green plot in Figure 1a). Then,
when the Cyclic Voltammetry (CV) sweep is reversed towards the hydrogen reversible potential,
a single anodic peak, centered at about 0.60 V, appears in the CV profile. Ethanol electrooxidation
follows a surface adsorption step of ethanol molecules, which most likely takes place over the potential
range of ca. 0.20–0.40 V, partly in parallel with underpotentially deposited (UPD) H ionization from the
Pt surface (see an inset to Figure 1a). The lowest potential oxidation peak (0.60 V) is typically assigned
in the literature to the process of the oxidation of surface-adsorbed COAds species, while that observed
at 0.80 V is assigned to the formation of acetaldehyde [3,13,14,16]. On the contrary, the highest potential
anodic peak, observed over the potential range of 1.10–1.50 V, corresponds to the oxidation process
with the involvement of surface-adsorbed, oxygen-based species.
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Figure 1. (a) Cyclic voltammograms for ethanol electrooxidation on a polycrystalline Pt electrode,
carried out in 0.5 M H2SO4 and 0.25 M C2H5OH at a sweep rate of 50 mV s−1, in the absence and
presence of CH3CN (at the concentrations indicated); the inset shows a cyclic voltammogram for a
polycrystalline Pt electrode in pure 0.5 M H2SO4; (b) as in (a) above, but for 0.1 M NaOH supporting
solution; (c) as in (a,b) above, but in the presence of 0.25 M CH3CN.
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Then, the introduction of acetonitrile into the electrolyte results in a successive, radical diminution
of the maximum measured current-density and the voltammetric charge with respect to the 0.6 and
0.8 V oxidation processes (see the black, red, and blue plots in Figure 1a for the AcN concentrations
of 1.85 × 10−5, 1.85 × 10−4, and 1.85 × 10−3 M, correspondingly). It is strongly believed that this
phenomenon is associated with substantial inhibition of the Pt surface adsorption of C2H5OH molecules,
due to extensive AcN co-adsorption, along with the repulsive interaction of such-formed entities on
the surface of a polycrystalline platinum electrode (see a plausible model for the C2H5OH/CH3CN Pt
surface co-adsorptive interaction in Scheme 1 below).
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Scheme 1. Chemisorption and mutual interaction of CH3CN and C2H5OH molecules on the Pt surface.

On the other hand, Figure 1b presents the influence of acetonitrile on the process of C2H5OH
electrooxidation on a poly Pt electrode, but examined in 0.1 M NaOH solution. Hence, a single oxidation
peak, positioned at ca. 0.95 V vs. RHE (again, assigned to the formation of acetaldehyde), appears upon
an anodic sweep. Then, when the cyclic voltammetry sweep is reversed towards the hydrogen
reversible potential, another oxidation peak (centered at ca. 0.70 V: oxidation of surface-adsorbed
COAds species) arises in the CV profile (black plot in Figure 1b; also see the cyclic voltammetric profile
of a poly Pt electrode in ethanol-free 0.1 M NaOH solution in an inset to this figure). Contrary to the
behavior in sulphuric acid, the influence of AcN on the process of ethanol electrooxidation (apart from
some shift of the peak potential points towards less positive potentials) is radically less evident in
sodium hydroxide supporting electrolyte, even at the highest concentration of acetonitrile (compare
the black plots with red, blue, and green plots in Figure 1b, respectively).

Interestingly, a significantly higher acetonitrile concentration (0.25 M AcN) was needed to cause a
radical impediment (through Pt surface blockage) of the ethanol oxidation process in NaOH (Figure 1c).
A key point in the observed difference for the EOR between H2SO4 (with almost complete surface
blockage in the presence of 0.25 M AcN, observed over the potential range of 0.4–1.1 V) and NaOH
supporting electrolytes is related to the concurrent adsorption of hydroxyl (OH−) anions, which become
electrosorbed in sodium hydroxide over the potential range characteristic of the process of ethanol
oxidation. Surface-adsorbed OH species not only tend to stabilize (via dipole–dipole interactions) the
Pt-adsorbed ethanol molecules, but also prevent the extensive adsorption of acetonitrile molecules.
The latter is in line with the conclusions of recently published work from this laboratory (see Ref. [8,38]
given there), where, contrary to the conditions encountered in sulphuric acid, acetonitrile adsorption
in NaOH was practically limited to the potential range positive to that of UPD of H.

2.2. Influence of AcN on Ethanol Electrooxidation by a.c. Impedance Spectroscopy

The a.c. impedance behavior of the process of ethanol electrooxidation (in the absence and
presence of CH3CN) on the polycrystalline Pt electrode surface in 0.5 M H2SO4 and 0.1 M NaOH
supporting solutions is presented in Tables 1 and 2, as well as Figure 2a–c (equivalent circuit models
employed to fit the recorded impedance data), Figures 3a–c and 4a–c.
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Table 1. Resistance and capacitance parameters for the electrooxidation of ethanol (at 0.25 M C2H5OH)
on a polycrystalline Pt electrode in 0.5 M H2SO4 (at 293 K) in the absence and presence of acetonitrile
(at four indicated acetonitrile (AcN) concentrations), obtained by finding the equivalent circuits which
best fitted the impedance data, as shown in Figure 2a,b.

E/mV Rct/Ω × cm2 Cdl/µF × cm−2 RAds/Ω × cm2 Cp/ µF × cm−2

0.5 M H2SO4 + 0.25 M C2H5OH

550 1524 ± 34 29.3 ± 0.9 - -
650 2831 ± 243 53.2 ± 0.4 −3371 ± 263 69.1 ± 3.1
700 948 ± 60 37.9 ± 0.5 −1055 ± 37 97.0 ± 5.2
800 −439 ± 11 31.1 ± 0.5 −301 ± 1 60.2 ± 1.1
900 −1043 ± 83 36.9 ± 0.6 −854 ± 6 48.8 ± 0.6

0.5 M H2SO4 + 0.25 M C2H5OH + 1.85 × 10−5 M AcN

550 1587 ± 39 19.6 ± 0.4 - -
650 3852 ± 505 42.6 ± 0.3 −7697 ± 387 61.1 ± 1.3
700 2294 ± 219 33.3 ± 0.4 −2188 ± 56 67.7 ± 1.6
800 −451 ± 17 22.9 ± 0.4 −442 ± 3 22.6 ± 0.6
900 −1408 ± 112 28.7 ± 0.4 −1021 ± 7 40.3 ± 0.8

0.5 M H2SO4 + 0.25 M C2H5OH + 1.85 × 10−4 M AcN

550 1330 ± 14 42.1 ± 0.5 - -
650 3000 ± 131 54.6 ± 1.0 - -
700 1664 ± 26 32.7 ± 0.5 −1000 ± 111 664.1 ± 46.7
800 −2506 ± 459 20.8 ± 0.4 −379 ± 4 108.2 ± 1.7
900 −784 ± 124 35.6 ± 0.5 −214 ± 4 254.7 ± 11.0

0.5 M H2SO4 + 0.25 M C2H5OH + 1.85 × 10−3 M AcN

550 2460 ± 61 71.6 ± 1.4 - -
650 3028 ± 62 50.5 ± 0.4 - -
700 4192 ± 167 37.7 ± 0.4 −12,716 ± 2406 101.4 ± 9.0
800 9168 ± 2328 17.2 ± 0.2 −20,223 ± 1957 27.8 ± 1.2
900 −5929 ± 1895 28.4 ± 0.7 −5936 ± 105 30.2 ± 0.5

0.5 M H2SO4 + 0.25 M C2H5OH + 0.25 M AcN

550 131,404 ± 11,769 57.9 ± 0.5 - -
900 52,759 ± 3174 43.6 ± 0.8 - -

Table 2. Resistance and capacitance (and inductance) parameters for the electrooxidation of ethanol
(at 0.25 M C2H5OH) on a polycrystalline Pt electrode in 0.1 M NaOH (at 293 K), in the absence and
presence of acetonitrile (at four indicated AcN concentrations), obtained by finding the equivalent
circuits which best fitted the impedance data, as shown in Figure 2a,c.

E/mV Rct/Ω × cm2 Cdl/µF × cm−2 RO/ Ω × cm2 L/H

0.1 M NaOH + 0.25 M C2H5OH

600 2211 ± 91 26.4 ± 1.1 604 ± 47 247 ± 10
675 2842 ± 257 27.5 ± 1.9 494 ± 38 155 ± 8
800 121 ± 1 69.3 ± 0.3 - -

0.1 M NaOH + 0.25 M C2H5OH + 1.85 × 10−5 M AcN

600 1648 ± 53 28.0 ± 1.2 713 ± 55 328 ± 16
675 1428 ± 102 30.4 ± 2.9 482 ± 100 264 ± 26
800 141 ± 1 81.4 ± 1.8 - -

0.1 M NaOH + 0.25 M C2H5OH + 1.85 × 10−4 M AcN

600 1558 ± 61 27.9 ± 1.4 1123 ± 95 315 ± 25
675 659 ± 18 26.6 ± 1.7 - -
800 101 ± 1 85.0 ± 1.7 - -
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E/mV Rct/Ω × cm2 Cdl/µF × cm−2 RO/ Ω × cm2 L/H

0.1 M NaOH + 0.25 M C2H5OH + 1.85 × 10−3 M AcN

600 598 ± 7 28.5 ± 0.9 805 ± 70 380 ± 22
675 215 ± 2 34.2 ± 1.2 - -
800 61 ± 1 109.4 ± 5.4 - -

0.1 M NaOH + 0.25 M C2H5OH + 0.25 M AcN

600 1770 ± 13 19.0 ± 0.3 - -
800 16,046 ± 461 24.3 ± 0.3 - -
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Figure 2. Three equivalent circuits (a–c), used for fitting the obtained a.c. impedance spectroscopy
data in this work, where RS is the solution resistance; Cdl is the double-layer capacitance; Rct is the
charge-transfer resistance parameter for the electrooxidation of ethanol; RAds and Cp are resistance
and pseudocapacitance parameters for adsorbed reaction intermediates, respectively; and Ro and L
are inductive resistance and inductance parameters, respectively. The circuits include constant phase
elements (CPEs) to account for distributed capacitance.
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Figure 3. (a) Complex-plane impedance plot for a polycrystalline Pt electrode in contact with 0.5 M
H2SO4 and 0.25 M C2H5OH, recorded at 550 mV vs. a reversible Pd hydrogen electrode (RHE)
(at 293 K), in the absence and presence of CH3CN (at the concentrations indicated). The solid lines
correspond to representation of the data according to the equivalent circuit shown in Figure 2a; (b) as in
(a) above, but for the potential of 900 mV (in reference to Figure 2b), where the inset shows an example
of a high frequency semicircle response; (c) as in (a,b) above, but in the presence of 0.25 M CH3CN.

A single partial semicircle (related to the process of ethanol electrooxidation in H2SO4) appears
at the potential of 550 mV in the Nyquist impedance plot (see Figures 2a and 3a below). It should
be noted, however, that a radical detrimental effect of acetonitrile on the recorded charge-transfer
resistance Rct parameter could only be observed for the two highest AcN concentrations of 1.85 × 10−3

and 0.25 M AcN. Here, the Rct resistance values were 1524, 2460, and 131,404 Ω × cm2 for AcN-free,
1.85 × 10−3, and 0.25 M AcN (see Figure 3c) working in 0.5 M H2SO4 + 0.25 M C2H5OH electrolyte,
correspondingly. This behavior reflects a prevailing, acetonitrile Pt surface adsorption effect over
that for ethanol molecules (also see Scheme 1 above), being simultaneously in line with the cyclic
voltammetry features observed in Figure 1a. Then, for the potential ranges of 650–900 mV ([AcN] = 0
and 1.85 × 10−5 M) and 700–900 mV ([AcN] = 1.85 × 10−4 and 1.85 × 10−3 M), the impedance spectra
are characterized by two partial semicircles (an inset to Figure 3b shows an example of a high frequency
arc). Here, the high frequency semicircle response represents the reaction charge-transfer process
(Rct, Cdl), whereas a low frequency response would be associated with the surface adsorption of reaction
intermediates (RAds, Cp). As can be seen in Table 1, all recorded RAds and also some high potential Rct

resistances exhibited negative values (also refer to the corresponding Nyquist plots with a negative real
impedance part in Figure 3b). The above is indicative of instability within the examined electrochemical
system, which most likely involves surface oscillation of the adsorbed reaction intermediates (also see
Refs. [39–43] for details). Most importantly, increasing the AcN concentration (along with rising AcN
platinum surface adsorption) generally caused augmentation of the Rct and RAds resistance parameters
(their absolute values), where simultaneously absolute values of the adsorption resistance parameter
became considerably reduced upon a rising electrode potential (see Table 1 for details).
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Figure 4. (a) Complex-plane impedance plot for a polycrystalline Pt electrode in contact with 0.1 M
NaOH and 0.25 M C2H5OH, recorded at 600 mV vs. RHE (at 293 K), in the absence and presence of
CH3CN (at the concentrations indicated). The solid lines correspond to representation of the data
according to the equivalent circuit shown in Figure 2c; (b) as in (a) above, but for the potential of 800 mV
(in reference to Figure 2a); (c) as in (a,b) above, but in the presence of 0.25 M CH3CN (in reference to
Figure 2a).
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On the other hand, the double-layer capacitance values Cdl showed significant fluctuations,
from about 20 up to ca. 72 µF × cm−2 (irrespective of the AcN concentration), where Cdl increased
above the value of 20 µF × cm−2 commonly used in the literature for smooth and homogeneous
surfaces [44,45] could imply some contribution from the surface adsorption processes. At the same time,
the pseudocapacitance Cp parameter exhibited reduction upon a rising electrode potential, e.g., from
69.1 µF × cm−2 at 650 mV to 48.8 µF × cm−2 at 900 mV vs. RHE for the AcN-free H2SO4/C2H5OH
solution. A deviation from the purely capacitive behavior required the use of the Constant Phase Element
(CPE) components in the equivalent circuits (see Figure 2a,b). Here, this “capacitance dispersion”
effect could be assigned to increasing Pt surface inhomogeneity, and a combination of repeatedly
carried out flame-annealing procedures and extended potentiostatic impedance measurements [46–48].
In addition, the values of dimensionless ϕ1 and ϕ2 parameters for the CPE components oscillated
between 0.62 and 0.94.

Furthermore, Table 2 and Figure 2a,c and Figure 4a–c present the a.c. impedance spectroscopy
examination of the ethanol (again, at 0.25 M C2H5OH) electrooxidation reaction at the polycrystalline
Pt electrode, but in 0.1 M NaOH supporting solution. In the absence of acetonitrile for the potentials of
600 and 675 mV (refer to the respective CV profile in Figure 1b), the corresponding Nyquist impedance
spectra are characterized by a partial semicircle over the high frequency range and an inductive loop,
exhibited over the low frequency end (Figure 4a). The presence of the inductive loop (also see the
associated inductive resistance RO and inductance L parameters in Table 2) is most likely related to the
process of oxidative COAds species removal from the Pt surface, thus leading to the release of platinum
active sites [6,8]. Then, a single semicircle is present at 800 mV in the impedance spectrum, in relation
to the surface formation of the acetaldehyde molecule (Figure 4b). The presence of CH3CN in NaOH
does not seem to have any detrimental effect on the process of C2H5OH electrooxidation, until the
AcN concentration exceeds the value of 1.85 × 10−3 M. On the contrary, the recorded charge-transfer
resistance values seem to be inversely proportional to the rise in acetonitrile concentration (e.g., refer to
a series of Rct values, derived at 600 mV, of 2211, 1648, 1558, and 598 Ω × cm2, recorded for the CH3CN
concentrations of 0, 1.85 × 10−5, 1.85 × 10−4, and 1.85 × 10−3 M, respectively).

Therefore, it could be concluded that CH3CN (except for the highest 0.25 M concentration) was
found to cause significant facilitation of the EOR in NaOH supporting solution, which the authors
believe could be due to additional [CH3

. . . ..H] interactions (facilitating alcohol dehydrogenation)
between the surface-adsorbed species, as illustrated in Scheme 2 below. This finding could additionally
be supported by a radical difference in the recorded voltammetric current-densities between acidic
and alkaline supporting electrolytes, as shown in Figure 1a,b, correspondingly. In addition, as argued
by Briega-Martos et al. in Ref. [49] (on the role of acetonitrile in electrocatalytic enhancement of
the HCOOH oxidation reaction), the fact that relatively low acetonitrile concentrations lead to EOR
facilitation might also result from the so-called CH3CN “promoting effect”, due to its ability to block Pt
sites from the extended formation of COAds species or through stabilizing dipole–dipole interactions
with the surface-adsorbed reaction intermediates, e.g., acetaldehyde.
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Scheme 2. Chemisorption and mutual interactions of CH3CN and C2H5OH molecules on the Pt surface
in NaOH supporting solution.



Catalysts 2020, 10, 1286 11 of 16

In fact, in the presence of 0.25 M AcN, the Rct resistance becomes radically increased (especially
at the potential of 800 mV to over 16.000 Ω × cm2, see Figure 4c). These findings are totally in line
with those previously documented (for 0.1 M NaOH solution) by the cyclic voltammetry behavior in
Figure 1b,c, where the recorded maximum voltammetric current-density in Figure 1c (0.25 M CH3CN)
only reached about 20% of that recorded in the presence of 1.85 × 10−3 M AcN. Moreover, the Cdl

parameter exhibited similar fluctuation (ca. 19–109 µF × cm−2) to that observed for sulphuric acid
supporting solution presented in Table 1, whereas the values of dimensionless parameters ϕ3 and ϕ4

oscillated between 0.87 and 0.99. Deterioration of the EOR kinetics at a very high concentration of
acetonitrile is undoubtedly a result of very limited C2H5OH adsorption, due to the prevalent Pt surface
co-adsorption of CH3CN molecules.

2.3. Spectrophotometric UV-VIS Analysis of Ethanol Oxidation Products

The assessment of acetaldehyde and acetate contents was performed by means of the UV-VIS
spectrophotometry technique. The derived concentration values of ethanol oxidation by-products
were in fairly good agreement with the results of the electrochemical measurements for both
supporting solutions.

Increased CH3CN concentrations in the H2SO4-based solution resulted in a significant reduction
of the EOR by-products’ generation rate. After 3 min of continuous electrooxidation, the concentration
of acetaldehyde reached ca. 0.12, 0.04, and 0.03 M for the following solutions: AcN-free, 1.85 × 10−5,
and 0.25 M CH3CN, correspondingly. Analogous behavior was observed for the recorded acetate
concentrations of about 0.10, 0.02, and 0.02 M for the baseline solutions of AcN-free, 1.85 × 10−3,
and 0.25 M CH3CN, respectively. Then, after the initial three minutes of the process, the current-density
became significantly impeded for all examined sulfuric acid-based experimental samples, resulting in
no noticeable differences between the by-product concentrations in the further ongoing EOR process.
The above was most likely caused by the poisoning effect of the Pt electrochemically active surface by
the reaction products, mainly the COAds species.

Figure 5a,b below present the changes of CH3CHO and CH3COO- concentrations, recorded as
the time of the ethanol electrooxidation process in 0.1 M NaOH-based solution, respectively. Here,
the reaction time (up to 30 min), along with initial AcN content, had practically no influence on the
resulting concentrations of the products. The catalytic decomposition of ethanol (under the influence
of acetonitrile upon solution electrolysis) led (primarily) to the formation of acetaldehyde and acetic
acid (or rather acetate ions) molecules. The observed fluctuation of the recorded concentrations of
acetaldehyde and acetate over the duration of electrolysis resulted from the fact that both CH3CHO
and CH3COO− species are characterized by a high water solubility and volatility (high vapor pressure),
in addition to their well-known surface adsorption properties. In other words, during the course of
the experiment, one should expect equilibrated concentration (with some fluctuation) behavior of the
product, rather than its continuous increase, which is totally in line with the findings of Figure 5.
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3. Materials and Methods

3.1. Solutions and Solutes

High-purity electrolytes were made from water derived from an 18.2 MΩ Direct-Q3 UV ultra-pure
water purification system from Millipore-Merck (Burlington, MA, USA). Aqueous, 0.5 M H2SO4, and 0.1 M
NaOH solutions were prepared from sulphuric acid of the highest purity available (SEASTAR Chemicals,
Sidney, BC, Canada) and AESAR, 99.996% sodium hydroxide pellets, correspondingly. Ethanol (POCH,
pure, p.a., Gliwice, Poland) was used to prepare acidic and alkaline solutions at concentrations of
0.25 M C2H5OH. In addition, acetonitrile (electronic grade, 99.999% trace metals basis, Sigma-Aldrich
(Saint Louis, MO, USA)) was introduced to the solutions by means of Eppendorf micro-pipettes to obtain
AcN concentrations of 1.85× 10−5, 1.85× 10−4, 1.85× 10−3, and 0.25 M. Before conducting the experiments,
all solutions were de-aerated with high-purity argon (Ar 6.0 grade, Linde (Kraków, Poland)), whose flow
was maintained above the solutions’ mirror during all electrochemical experiments.
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3.2. Electrochemical Cell and Electrodes

An electrochemical cell, made of Pyrex glass, was used during the course of this work. The cell
comprised three electrodes: A polycrystalline Pt (1 mm diameter 99.9985% Pt wire: AESAR/Puratronic,
SA = 0.64 cm2) working electrode (WE) in a central part; a reversible Pd hydrogen electrode (RHE;
coiled 0.5 mm diameter, 99.9% purity Pd wire, Sigma-Aldrich (Saint Louis, MO, USA), sealed in soft
glass) as a reference; and a Pt counter electrode (CE; coiled 1.0 mm diameter, 99.9998% purity Pt wire,
Johnson Matthey, Inc. (London, UK), also sealed in soft glass), in separate cell sections. Before its
use, the Pd RHE was cleaned in hot sulphuric acid, followed by cathodic charging with hydrogen in
0.5 M H2SO4 (at a current of IC = 20 mA), until large quantities of H2 bubbles in the electrolyte were
distinctly observed. Both the working and counter electrodes, prior to their use, were flame-annealed
and quenched with ultra-pure water.

In order to minimize the ohmic resistance (IR) drop, the Luggin capillary was placed at the center
of the cell (also, a 0.5 mm diameter Pt wire was inserted between and within the tip of the Luggin
capillary and the RHE reference compartment). Prior to each series of experiments, the electrochemical
cell was taken apart and soaked in hot sulphuric acid for 3 h. After cooling down to ca. 30–35 ◦C,
the cell (along with all of its components) was carefully rinsed with Millipore ultra-pure water.

3.3. Electrochemical and other Equipment

Cyclic voltammograms were recorded at room temperature (296 K), at a sweep rate of 50 mV s−1,
by means of the Solartron 12,608 W Full Electrochemical System (1260 frequency response analyzer–FRA
+ 1287 electrochemical interface (EI)) (Solartron Group, Farnborough, UK). For a.c. impedance
measurements, the 1260 FRA generator provided an output signal of a 5 mV amplitude and the
frequency range was kept between 1.0 × 105 and 0.5 × 10−1 Hz. The instruments were controlled by
ZPlot 2.9 or Corrware 2.9 software for Windows (Scribner Associates, Inc., Southern Pines, NC, USA).
The impedance results presented in this work were obtained through the selection and analysis of
representative data series, where two to three impedance measurements were carried out at each
potential value. The reproducibility of such-recorded results was below 10% from one measurement
to another. The impedance data analysis was performed with the ZView 2.9 (Scribner Associates,
Inc., Southern Pines, NC, USA) software package, where the spectra were fitted by means of a
complex, non-linear, least-squares immitance fitting program—LEVM 6—written by Macdonald [50].
Two equivalent circuits for identified charge-transfer surface processes, including constant-phase
elements (CPEs) to account for distributed capacitance, were employed to analyze the obtained
impedance results, as shown in Figure 2a–c in the Results and Discussion section.

3.4. Assessment of Acetaldehyde and Acetate Contents upon Progress of the Ethanol Electrooxidation Reaction

Ethanol electrooxidation trials (at 0.25 M C2H5OH) were performed for both H2SO4 and NaOH
supporting solutions over the period of 30 min for the following AcN concentrations: 0, 1.85 × 10−3,
and 0.25 M CH3CN. The trials involved continuous CV cycling (at the sweep rate of 50 mV s−1) over
the working electrode potential range of 0.4–1.0 V/RHE.

In order to evaluate the content of acetaldehyde, the reaction of aldehydes with a Schiff’s reagent
(commercial reagent, Chempur, Piekary Śląskie, Poland) was used. The collected samples (acidic ones
after alkalization to a pH of about 9.0) were initially mixed with Schiff’s reagent at a 1:2 volume ratio
and incubated for 10 min at room temperature. On the contrary, a color reaction with iron III chloride
was used to determine the concentration of acetate ions in working electrolyte samples. For this
purpose, the samples were mixed with 0.1 M FeCl3 × 6H2O solution (POCH, Gliwice, Poland) again at a
1:2 volume ratio, and incubated for 10 min at room temperature. Then, absorbance values were derived
through spectrophotometric measurements, carried out at wavelengths of λ = 550 nm (acetaldehyde
samples) and λ = 450 nm (acetate specimens) by means of an EPOCH 2 plate reader (BioTek, Winooski,
VT, USA). The obtained results were then compared with the standard curves.
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4. Conclusions

The ethanol oxidation reaction (EOR) gains its technological importance through the application of
ethanol solution in direct ethanol fuel cell devices. A combination of a.c. impedance spectroscopy and
cyclic voltammetry electrochemical techniques, and spectrophotometric UV-VIS analysis (necessary to
assess the efficiency of key reaction products), allowed us to effectively examine the influence of
acetonitrile (an important industrial solvent and possible environmental contaminant) on the kinetics
of the ethanol electrooxidation reaction, performed on a polycrystalline platinum electrode surface.

The obtained results provided evidence for a significant and damaging role of Pt surface-adsorbed
acetonitrile in the process of ethanol oxidation in sulphuric acid solution. On the contrary, under alkaline
experimental conditions, adsorbed CH3CN molecules (at relatively low concentrations) could
function as the reaction-promoting element through mutual dipole–dipole stabilizing interactions,
which, except for acetonitrile, also include hydroxyl OH species and surface-adsorbed reaction
intermediates. In the latter case, the EOR becomes radically facilitated, which implies the significant
importance of alkaline-based DAFC technologies, under frequently encountered environmental
(industrial) conditions.
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