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This manuscript describes the investigation towards the multifunctional synthesis, characterization, and appli-
cation of different Pd, Ag and Bi-carbon black supported electrocatalysts in two different fields in electro-
chemistry: fuel cells and electrochemical sensors. Throughout morphological and electrochemical
characterizations, comprising scanning and transmission electron microscopies, X-ray powder diffraction, elec-
trochemical impedance spectroscopy, and cyclic voltammetry techniques, the materials were characterized to
better understand their properties towards proposed applications. Afterward, the materials were employed for
ethanol oxidation in alkaline media, with investigations by chronoamperometry, cyclic voltammetry, and by
closing a direct alkaline fuel cell, which the PdsoAgssBips/C composite presented attractive ethanol catalysis
behavior, with a maximum power density of 19.70 mW cm~2, at 30.59 mA cm 2. Also, the proposed device was
applied for dopamine determination by square wave voltammetry. In this sense, two linear behaviors, respec-
tively ranging from 0.2 to 1.0 and 4.0 to 40 pmol L™ were obtained, due to two distinctive mechanisms. This
higher activity has been attributed to the synergism among the used metals and proportions contributing to the
bifunctional and electronic effects. As synthetic samples investigations were accomplished, data reinforces the
proposed material as a possible interfacing composite in electrochemistry.

1. Introduction The current constant CO, emission into the atmosphere, from the use

of most fossil fuels, is attributed as the main responsible for the wors-

Through the constant and historical evolution of systems and species,
nature presents us with various materials with a multitude of functions,
allowing humanity to adapt and develop, building tools and exploring
mechanisms and resources in creative ways, such as the use of metal
hydroxides in different electrochemical applications [1]; hybrid
organic-inorganic compounds, from ancient clays and dyes to modern
nano-scaled pigments, medicine, and catalysts [2]. The advantage of
such materials relies not solely on their multiple applications, but also
on permitting science to discover, interpret and use different properties
on already known materials [3,4].
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ening of the greenhouse effect, damaging our entire ecosystem [5,6]. In
consideration, science has provided various technological advances in
the production of renewable energy, including electrochemical fuel cells
[5-10]. Among these, there are types of cells that revolve around the
breaking of highly energetic bonds, such as C—C, such as ethanol, which
presents itself as a fascinating option for such purpose, and is widely
obtained by agriculture, through the cultivation of the Saccharum genus
species and the principal component obtained by biomass fermentation
[7,10].

Two major classes of cells excel at liquid ethanol (ETOH) conversion
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to electricity regarding acid and alkaline electrolyte-based systems. Both
present interesting options in the matter of cell efficiency, but acid fuel
cells bring some problems into consideration, such as the strict control of
the aggressive solution and operation procedure, but majorly the
amount of Pt — a substantially expensive and scarce metal — needed in its
electrodes, for acceptable results. Therefore, some attention was given
to alkaline direct ethanol fuel cells (ADEFC), using non-Pt-based elec-
trocatalysts, parameters in which Pd-based approaches greatly outshine
other metals [7,10,11].

Pd offers interesting properties, such as relatively lower cost and
more abundant obtention than Pt, as well as presenting higher structural
stability and activity towards the ethanol oxidation reaction (EOR) in
alkaline media than the acid alternative. However, in its pure form, Pd is
highly susceptible to surface poisoning, revealing the necessity to
modify the catalyst structure for reliable execution [11-14]. In this
context, literature brings different investigations about various com-
posites and alloys with the objective of both optimizing the catalytic
activity of Pd, as well as making the EOR more viable. Among these, the
use of carbon-based substrates can be evidenced, since, in addition to
useful electrical conduction, can provide increased surface area for
metallic particles [5,6,8-10,14]. In particular, the addition of new
components should provide interactions favorable to the increase of
active surface area between the elements, further avoiding the poisoning
effect [6,15-18]. The addition of Ag and Bi to Pd/C catalysts, for
example, can enhance its performance, as suggested by the literature,
due to the elimination of intermediate adsorbed species [19] and the
Langmuir-Hinshelwood mechanism for surface CO removal [20], among
other aspects, such as diminishing the relative material cost when
comparing to pure Pd catalysts. Moreover, trimetallic compounds
represent promising approaches in several areas, including electro-
analysis, as each metal brings various shapes, surface energies, stabil-
ities, and activities, resulting in interesting synergistic effects to be
explored [21-25].

Also, carbon nanomaterials, including carbon black, are commonly
employed as electrical conductors and performance enhancers in elec-
trochemical sensors [26-30]. Carbon black, especially, can conduct
electrons through a variety of mechanisms, according to Medalia [31],
including electron tunneling, dielectric breakdown and internal field
emission, capacitance, and graphitic-like conduction. Due to its struc-
ture and chaotic organization, this latter mechanism is the most preva-
lent in higher concentrations.

Accordingly, the literature suggests that the architecture of carbon
black supported electrocatalysts could also be of interest for the detec-
tion of neurological-related catecholamines and hormones, such as
dopamine, an important neurotransmitter in mammals, that is recently
being correlated to the Huntington’s and Parkinson’s diseases, with
many works [32-34] referring to the molecule as an important probe for
molecular diagnostics. Both diseases are of increasing concern in the
medical and research fields, especially Huntington, due to their quite
recent upbringing of mechanisms [35-37].

An interesting interaction that spontaneously occurs between cate-
cholamines and metallic surfaces is the bidentate chelating and bridging
(inner and outer sphere) bonding mechanisms of catechol OH groups
with the metallic surface [38-40]. This behavior is especially attributed
to the presented metals [39,41,42]. In this work, it was employed in
competition with metallic composite, for the formation of Ag,0O on the
electrode surface, allowing a lower detection limit for the proposed
sensor. Therefore, we propose the synthesis, characterization, and
multifunctional application of Pd, Ag, and Bi-supported on carbon black,
as interesting electrocatalysts for the EOR in ADEFCs and as a
proof-of-concept toward dopamine determination.
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2. Experimental
2.1. Material and reagents

All reagents used in the present study were acquired from the Merck
group (Sigma Aldrich) and/or Fluka, in analytical grade. Ultrapure
water (Heal Force), with resistivity > 18.2 MQ cm was used in the
preparation of all solutions. For the electrochemical characterization of
the device, 1.0 mol L™} KOH (pH 13) and 0.1 mol L™ phosphate buffer
(Sgrensen, different pH values) were used as supporting electrolytes,
while the last was also employed for dopamine determination (pH 6.1,
defined by literature [43]).

2.2. Equipment

All electrochemical analyses were carried on by a potentiostat/gal-
vanostat PGSTAT204 Metrohm (Eco Chemie), managed by Nova 2.1.5
software. A three-electrode system was used, configuring an Ag/AgCl
(3.0 mol L' KCI) as the reference, Pt as counter-electrode, and a
modified or bare glassy carbon electrode (GCE) as the working elec-
trode. For all voltammetries, a waiting time of 60 s between the elec-
trode surface and the analyte solution contact was established before the
start of the experiments. The electrochemical impedance spectroscopy
(EIS) data was obtained in 0.1 mol L~! PB (pH 6.1), with the following
parameters: applied potential (E,pp) of —472 mV, potential amplitude of
10 mV, sine waves type throughout all analysis, and 10 frequency in-
crements per decade, in the range of 1.0 x 10°— 1.0 x 1072 Hz. The
morphological imaging was performed by Scanning Electron Micro-
scopy (SEM) using a Thermo Scientific Prisma E Scanning Electron Mi-
croscope (SEM) with ColorSEM Technology and integrated energy-
dispersive X-ray spectroscopy (EDS). Transmission electron micro-
scopy (TEM) images were obtained using a JEOL JEM 1200 instrument
at 200 kV (dark-field imaging obtained with the same bright field im-
aging ). X-ray diffraction (XRD) was performed by a Miniflex II X-ray
diffractometer, with a CuKa (A = 0,15,406 nm) radiation source, in the
angular range of 3° to 90°, with a step of 0.02° and 10° min ! analysis
time. Fourier transform infrared spectroscopy (FTIR) was obtained by a
Tensor II (Bruker), in 4.0 cm ™! resolution and transmission mode from
400 to 4000 cm ™. An 827 pHmeter (Metrohm) was used in all pH de-
terminations. For experiments in fuel cells, Electrode-Membrane-
Electrode (MEAs) assemblies were prepared by hot pressing at 125 °C
for 7 min under pressure (225 kgf cm ™), using pre-treated Nafion® 117
membranes, placed between the anodic electrocatalysts (Pd/C,
PdsoAgso/C, PdsoBiso/C, PdsoAglsBi()s/C, and PdsoAg45Bi05/C) and
cathodic electrocatalysts (commercial Pt/C, Basf). The prepared binary
and ternary anodes and the cathodes were made with an electrocatalyst
mass charge of 1.0 mg(Pd) cm 2 [44]. The cell was operated at a tem-
perature of 70 °C. The polarization curves were obtained using an
AutoLab PGSTAT302N, also with Nova 2 software for data collection.

2.3. Electrocatalysts preparation

All electrocatalysts composites used in this work have 20% of their
total mass as metals and the following were synthesized: Pd/C,
PdsoAgso/C, PdsoBiso/C, PdgoAglsBi()s/C, and PdsoAg45Bi05/C. These
materials were synthesized using a method already found in the litera-
ture [5,45]. First, salts of the desired metals (analytical grade) were
aliquoted together with the carbon support. Afterward, 0.4 mol L™ HCI
was added and the mixture remained under constant stirring for 2 h.
Then, concentrated ammonium hydroxide solution was added until pH
11 was reached. Subsequently, an aqueous solution of NaBHy, of con-
centration whose mass of the reducer corresponded to five times the
mass of the total metals, was added to the system in one step, and the
mixture remained under constant stirring for another 2 h. The material
was then washed with ultrapure water during vacuum filtration, to
remove impurities, until reaching pH 7.0. After 4 h of drying in an oven
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(60 °C), the materials were ready for use. Finally, electrocatalysts
composites were used in the modification of glassy carbon electrodes,
for the study of their behavior investigation. Fig. 1 represents the entire
process.

2.4. Electrode preparation

First, a dispersion of 2.0 mL of the electrocatalysts was prepared with
ultra-pure water (1600 pL), isopropyl alcohol (400 pL), Nafion (40 pL),
and 12 mg of the composite. Subsequently, a GCE was properly sanded
(lemniscate movement) on a velvet surface soaked in concentrated
alumina solution and cycled in cyclic voltammetry for 50 scans, in 0.1
mol L7! H,S04 solution, with scan rate (v) of 50 mV s~ for surface
cleaning. After, 6.0 pL of the dispersion was cast on the GCE surface, and
following 1.5 h of drying in ambient temperature, the device, entitled
PdxAgyBiz/C/GCE (where X, Y, and Z represents the percentages of each
metal when present) was ready for use.

2.5. Parameters optimization

The optimization of the operational parameters for the square wave
voltammetry technique (potential step = s, pulse amplitude = a, and
frequency = f) was conducted with 2% complete factorial experiments in
the following ranges: frequency: 5.0 to 20 Hz, pulse amplitude: 60 to
100 mV and pulse increment: 1.0 to 5.0 mV. These analyzes were per-
formed in the presence of 1.0 pmol L™ dopamine, in a 0.1 mol L™}
phosphate buffer solution (pH 6.1, value defined from the literature).
Table S1 shows the experimental matrices of the 2% complete factorial
experiments (variables, real and coded values, and responses). All ex-
periments were carried out in triplicate and random order [46,47]. In
sequence, the two most significant variables (pulse amplitude and fre-
quency) were optimized by applying a 22 central compound arrange-
ment, in the 60 to 100 mV range for pulse amplitude and 2.0 to 10 Hz for
the frequency, under the same experimental conditions as described
above. The potential step was defined as 5.0 mV, as the experiment with
the highest current magnitude occurred with this value. Table S2 pre-
sents the matrix for this experiment.
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2.6. Sample preparation

The dopamine detection by two different mechanisms was per-
formed using the addition and recovery method in synthetic urine.
Table S3 shows all the reagents used, as well as their proportions, ac-
cording to the literature [48-50]. The samples were prepared in phos-
phate buffer (0.1 mol L™}, pH 6.1, with equivalent ionic strength) and
spiked with known concentrations of the analyte, ranging from 0.3 to 20
pmol L~!. Subsequently, the determination was performed by the
addition and recovery method, following both calibration curves, in
their respective concentration ranges.

3. Results and discussion
3.1. Morphological, structural, and electrochemical characterizations

The surface of the modified device with each of the synthesized
materials was characterized by SEM, XRD, and TEM techniques, with the
data presented in Fig. 2 for the SEM images, Fig. 3 for XRD diffracto-
grams, and Fig. 4 for TEM images. More details about each SEM image
can be found in Figs. S1-S5. Through all SEM images, it is possible to
note distributed small metallic clusters, with specific structural mor-
phologies varying with the catalyst identity. The Pd/C images reveal
that in the prepared conditions, the catalyst film presented disruptions
in several places. However, the addition of other metals appears to
decrease the frequency of these. PdsoAgso/C electrocatalysts present a
high exposition of metallic agglomerations, even more abundantly than
Pd/C, throughout the whole external layer. On the other hand, the
presence of Bi in these composites conferred wave-like smoother phases,
even with smaller concentrations of this element. Both ternary catalysts
have shown more localized metallic regions compared to the binary
materials, commonly following this wave-like shaped region. The sup-
plementary material includes individual discussions for each
electrocatalyst.

In the diffractograms is possible to verify the Pd/C, PdsoAgso/C,
PdsoBis0/C, PdgoAgisBips/C, and PdsoAgasBigs/C patterns, to analyze
the crystallinity, interactions between the metals, towards the planes are
subject to such interactions in the final material. As can be observed in
the literature [51], the 20 = 25° diffraction peak is associated with the
presence of graphite (002) of the carbon black support, being its only

Fig. 1. Electrocatalysts preparation scheme. (I) the reagents were aliquoted on an analytical balance (II) for subsequent addition of HCl. (III) After constant stirring,
the solution was alkalized with ammonia solution, and (IV) NaBH4 was added for complete reduction. (V) after filtration and thermal processes, (VI) the electro-

catalysts are ready for electrode modification.
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Fig. 2. SEM images of (A) Pd/C, (B) PdsoAgso/C, (C) PdsoBiso/C, (D) PdgoAg15Bips/C and (E) PdspAgssBios/C; 1-3 represents increasing magnifications and 4

presents the EDS imaging.
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Fig. 3. (C) X-ray diffraction patterns of Pd/C (black), PdsoAgso/C (red),
PdsoBiso/C (green), PdgpAgisBigs/C (gold) and PdspAgssBigs/C (blue).

response in the spectrum, since the material is considerably amorphous.
For Pd/C, diffraction peaks can be observed in 40, 47, 68, 82 and 86 ° ,
referring to the (111), (200), (220), (311) and (222) planes, the first
being the main catalytic plane of the material and all of them corre-
sponding to the face-centered cube structure (FCC) of Pd and its alloys.
From the Braggs law for the (220) plane peak, it is possible to estimate
the lattice parameter of the system: 0.373 nm, which is in concordance
with other Pd/C found in the literature [51,52]. In this case, the average

crystallite size is 6.0 nm, calculated by the Scherrer equation for the
mean values of each peak. With the addition of Ag and Bi in the com-
posite catalyst, it is possible to note the shift of the above-mentioned
peaks toward smaller angles (indicated by the dashed red line),
implying the expansion of the FCC structure to accommodate these
metals [53]. There is also a decrease in the graphitic character in ternary
materials in relation to Pd/C, due to the decrease in 25° peak intensity.
The average crystallite size for all the studied materials was also
calculated as above: 4.0 nm for PdsgAgso/C, 3.5 nm for PdsBise/C, 3.9
nm for PdspAg4sBips/C, and 4.1 nm for PdgpAg;5Bigs/C.

The TEM is an important tool to identify particle distribution and
different structural behavior in a sample, potentially helping to under-
stand different systems behaviors. As previously stated, TEM images of
Pd/C, PdgsAg15Bips/C, and PdsgAg4sBigs/C were presented in Fig. 4. Itis
possible to observe that, when compared to Pd/C (Fig. 4A),
PdgsAg15Bigs/C has a more concentrated metal distribution (Fig. 4B), in
the form of bigger agglomerates, as well as having dispersion spots in
carbon regions (indicated by dark-field imaging, Fig. 4B4), suggesting a
more damaged carbon structure. The PdsoAgssBips/C structure
(Fig. 4C), however, closely resembles Pd/C, with more homogeneously
distributed metals throughout the sample. Also, both dark-field imaging
of Pd/C and PdsgAg4sBios/C indicates electron dispersion spots in re-
gions attributed to metallic particles dispersion.

To understand the catalytic behavior of the investigated materials,
we have studied their electrochemical responses in the presence of the
alkaline medium. Therefore, cyclic voltammetries were carried out with
a 1.0 mol L™! KOH, as these materials are proposed for EOR in alkaline
media; in a working potential window of —0.85 to 0.5 V, with a scan rate
W) of 50mV s L Fig. 5A presents these data and all results of EOR were
normalized by the specific material Pd mass.

The Pd/C (Fig. 5A, black line, and Fig. S6A) behavior is similar to
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Fig. 4. Representative TEM images of Pd/C (A), PdgsAg15Bips/C (B) and PdsoAgssBigs/C (C); 1-3 represent increasing magnifications in bright field mode and 4
presents the dark field mode at the highest magnification.
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Fig. 5. (A) Cyclic voltammograms obtained by GCE modified with Pd/C (black), PdsoAgso/C (red), PdsoBiso/C (green), PdgoAg15Bigs/C (gold) and PdsoAgssBigs/C
(blue) in presence of 1.0 mol L™ KOH; v = 50 mV s~ %; (B) Chronoamperograms obtained by GCE modified with Pd/C (black), PdsoAgso/C (red), PdsoBiso/C (green),
PdgoAg15Bigs/C (gold) and PdsyAgssBigs/C (blue) in equimolar presence of 1.0 mol L™! ETOH/KOH; E = —0,20 V, t = 1800s; (C) Cyclic voltammograms obtained by
Pds0Ag4sBips/C/GCE in 0.1 mol L' PB (pH 6.1); v = 100 mV s (D) Dispersion plot correlation of |i| vs scan.
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others found in the literature [54-56], where it is possible to observe
distinct redox processes peaks and regions: although it is not well
defined in alkaline media, the hydrogen adsorption region on the Pd
surface can be seen between —800 and —500 mV and the PdO formation
peaks can be observed at —161 and 22.0 mV, which are subsequently
reduced, evidenced by the peak at —337 mV. The PdsoAgso/C behavior
(Fig. 5A, red line, and Fig. S6B), presents significant changes when
compared to Pd/C. According to the literature [57,58], the presence of
Ag near the same percentage as Pd favors the catalytic process in ADEFC.
In this configuration, the formation of Ag>0O can be observed near 370
mV and the metallic oxide reduction peak is of increased magnitude
compared to Pd/C.

As reported by literature [59], 5.0% of Bi in the catalyst is enough to
promote better performance in the EOR, and increasing this percentage
could be detrimental to this activity. Fig. 5A (green line and Fig. S6C)
presents the electrochemical behavior of Pds(Biso/C, in the previously
described conditions and it is possible to note a significant behavior
change when compared to the other materials. The metal oxide anodic
peaks presented an increased resolution, suggesting a strong
surface-oxygen interaction and the catalytic process could be compro-
mised by intense poisoning. Therefore, considering this data and the
literature, the proportion of Bi in ternary materials was set at 5.0%.

Two ternary electrocatalysts were synthesized and investigated to
further evaluate the Pd to Ag proportional response: PdgoAg15Bigs/C and
Pds5gAg4sBios/C. In the first, the logic of maintaining a higher proportion
of Pd was sought to assess whether this would be responsible for better
catalysis, together with a synergistic effect between all metals. The
presence of small quantities of Ag and Bi was enough to cause the
presence of an unassuming hydrogen adsorption region in potentials
smaller than —500 mV, as can be seen in Fig. 5A (golden line and
Fig. S6D), already diverging from the Pds5oBiso/C behavior. The vol-
tammogram also presents a single anodic oxide formation peak near 26
mV and the reduction peak is only higher in magnitude than Pd/C.
However, by replacing 5.0% of Ag with Bi in PdsgAgso/C, considerable
changes emerge (Fig. 5A, blue line, and Fig. S6E): the first anodic peak
(60 mV) presented a better resolution, while the second shifted to more
negative potentials (from 370 to 305 mV); and the cathodic peak of these
processes had the highest current magnitude among all, almost doubling
the ones from PdspAgso/C and PdsgBiso/C. These characteristics could
imply a highly active surface if the material proves to be poisoning
resistant.

3.2. Stability analyses for ETOH oxidation and sensorial applications

For a catalyst to be efficient in a real EOR application, despite
facilitating the desired reaction to develop, it also should maintain its
activity for longer periods. Accordingly, it is necessary to evaluate the
generated current stability, carried out in this work by chro-
noamperometry. A potential of —0.20 V was applied to all materials for
30 min in 1.0 mol L™} equimolar presence of ETOH/KOH. Fig. 5B pre-
sents the obtained chronoamperograms. Table S5 shows the significant
data, where a considerable current drop after the first 200 s can be seen,
associated with the contribution of the double layer loading and the
EOR. For such loading, the distance between the layers is associated
with the carbon material, as it is more exposed at the interface. There-
fore, as the percentage of this material is the same for all catalysts (80%),
the difference in current at the end of the experiment can be associated
with the efficiency of the composite for the EOR [60]. The current value
(at the end of the chronoamperograms) decreases in the following order:
PdsoAg45Bi()5/C, PdsoAgso/C, PdsgAglsBios/C, Pd/C, and PdsoBiso/C,
indicating that PdsoAg4sBigs/C is the most active for this catalytic pro-
cess among the studied materials. In addition, for this composite, two
other properties are also notable with the others: (i) the current decay
over time, where the material presents a 6% lower decay rate compared
to Pd/C; and (ii) the highest total charge generation, calculated by
integrating the chronoamperograms, which is 16 times greater than that
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of Pd/C. This behavior difference could be explained by different effects:
(i) the bifunctional mechanism of EOR catalysis, in which the C—C bond
is cleaved and adsorbed in the metallic surface [61]. After, a complex
series of reactions can occur, as explored by Dub and Gordon [62],
leading to different molecules. As an example, the production of ketones
and aldehydes in the metal surface could impair the chemoselectivity of
the C=C and C=O cleaving, as only one reaction route could desorb
these molecules and it may not be energetically viable for the system to
do it; (ii) structural and electronic effects could also be present. As the
XRD data suggests that Ag and Bi are added to the Pd FCC structure,
effectively forming alloys, the electron transportation of each composite
could also be different [63], especially considering the different atomic
radii. Taking into account all these aspects and the data collected, the
PdspAg4s5Bios/C performance indicates preferable behavior for the EOR,
as well as being structurally cohesive for such application, with other
investigated composites.

To evaluate the application of the composite in its electrochemical
sensing, it is necessary to understand its behavior regarding surface
stability. In this context, there is the formation of a few species could be
expected for such a purpose, primarily due to the electrolyte/sample
composition [64,65]. All the same, if such a phase is complex in nature,
with constant compositional variations, the device may not work as an
electrochemical sensor, as its optimal working window is impaired by
instability. For this purpose, the PdsgAg45Bips/C/GCE was submitted to
100 successive cyclic voltammetries in 0.1 mol L™! phosphate buffer (pH
6.1), at a scan rate of 100 mV s’l, to observe the variation of its elec-
trochemical behavior and Fig. 5C shows the obtained voltammograms
for the 1st, 10th, 25th, 50th’ and 100th scan.

The presence of four main peaks associated with the presence of
metals in this profile can be observed, in addition to the hydrogen
adsorption and desorption region. Peaks I and II refer to the formation of
Ag and Pd oxides on the device surface. Although, in similar systems,
Ag-0 and PdO are commonly formed in regions close to 200 mV [60,66]
and 800 mV [64,65], respectively, the presence of Bi;O3 can infer in the
masking of these peaks, since it is formed in the intermediate region
between both [12,59]. Thus, it is more appropriate to treat this profile as
belonging to the alloy as a whole. Peak III can refer to the counterpart
reduction of Ag,0, but in comparable systems, in the literature, this
peak is not commonly discussed. Peak IV refers to the complete disso-
ciation of the metal oxides formed [12,59,60,64-66]. Fig. 5D presents
the current modulus values for the previous analyzes of the four signals
discussed. Among these, only peak III presents a distortion in the profile
and a deviation close to 10% (n = 100, 5.24% for I, 1.15% for II, 9.73%
for III, and 2.88% for IV). Despite being a change in current during the
100 scans, these data suggest that this change is non-significant for the
proposed application, as long as the method is standardized. To main-
tain the profile pattern, this test was repeated before all electrochemical
investigations.

3.3. Electrochemical impedance spectroscopy

An important analysis regarding the electrochemical performance of
the system is the EIS. It provides information that helps in the modeling
of the device and the different processes that can occur on its surface, a
characteristic that is interesting both for applications in real fuel cells
and for the sensing of different species. To carry out this study, the
applied potential of —472 mV was selected, as it represents, in 0.1 mol
L~! phosphate buffer (pH 6.1) a region of the voltammogram close to the
beginning of hydrogen adsorption for all electrocatalysts.

The technique requires a range of potentials in which there is elec-
tronic transfer. Therefore, it is estimated that the most suitable potential
is the one with the greatest current generation per unit of energy.
However, the PdsoBiso/C catalyst has a considerably lower response
than the others, limiting the potential to be applied in favor of com-
parison between all materials, as can be seen in Fig. S7. Fig. 6A and B
show, respectively, the Nyquist diagrams and the equivalent circuit for
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Fig. 6. (A) Nyquist diagrams for Pd/C/GCE (black), PdsoAgs0/C/GCE (red), PdsoBiso/C/GCE (green), PdgoAg15Bips/C/GCE (gold) and PdsoAgasBigs/C/GCE (blue),
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(D) Impedance module and frequency correlation; E = —472 mV.

the materials, the latter being a modification of the Randles circuit to
incorporate diffusion effects of the system. Table S4 includes all data of
interest for the circuit of each electrocatalyst: solution resistance (Rs),
charge transfer resistance (Rp), and the parameters for the constant
phase element (CPE, YO, and n) and the element of Warburg for the
open-circuit terminal, T (YO and B), where YO is the parameter with
diffusion coefficient information, calculated by

Y0 =

a

(€Y

where a and b are the linear and angular coefficient of the Nyquist di-
agram region that presents an angle of 45° n is the exponential value of
the mathematical definition of the CPE, being 1.0 for completely smooth
surfaces and decreasing as roughness increases; and B is defined as the
square root of the diffusion time, obtained by the equation

B = V21RC )
where R and C correspond to the [RC] circuit values of the fully
capacitive region of the Nyquist diagram (lower frequencies).

The T element arises due to the characteristic absorption of H atoms
by the Pd surface over time [65,67], up to the boundary zone (GCE
surface), distorting the diffusion region, which the conventional War-
burg element no longer comprehends such a system. Bode diagrams for
all materials are shown in Fig. 6C and D. As expected, the profiles denote

a lower charge transfer for Pd/C since the (111) plane is known to be
efficient for such a process and the absence of other metals in the
composition can facilitate structuring. It is noteworthy that the mate-
rials PdspAgso/C and PdsoAgssBigs/C have relatively close charge
transfer resistance to each other (771 and 1035 Q, respectively) indi-
cating that this change in structure has an impact of ~300 Q, suggesting
effects caused by the greater atomic radius of Bi, as displacements from
the plane of catalysis, since Ag has an atomic radius close to that of Pd.

From the phase angle and modulus diagrams of the impedance, it can
be seen that the profile of all materials is highly influenced by their
surface capacitance presenting the —phase peaks and the difference in
inclination of the modulus in the regions of lower frequency. Further-
more, the maximum phase values are smaller than 7/2°, increasing in the
sequence: Pd/C < PdsoAgSO/C < Pd50Ag45Bi05/C < PdgoAglsBios/C <
PdsBis5o/C, also indicating that most process impedances suffer little to
mid-term influence of its capacitance, except PdsoBiso/C, which is
considerably more affected. Rs value is increasing according to the order
PdsoAgso/C < PdsoAg45Bi05/C ~Pd/C < PdsoAglsBi()s/C < PdsoBiso/C,
implying that the ternary material PdsoAg45Bigs/C possibly has the same
charge transfer effects as Pd/C, regardless of its composition and specific
mechanisms.



L.O. Orzari et al.
3.4. Applications of the trimetallic composite

3.4.1. Ethanol oxidation study

To start understanding the functioning of the catalysts, the half-cells
were applied in the evaluation of the catalytic profile for EOR. The
oxidation of ETOH in alkaline media can be achieved through different
concomitant pathways. In this context, the adsorption involves different
species over the Pd surface, mostly leading to three main products: ac-
etate (Eq. 03 to 07), acetaldehyde (Eq. 08 to 10), and carbon dioxide
(Eq. (13)). It is important to highlight that the acetaldehyde route is also
responsible for the formation of acetate ions, as presented in Egs. (11)
and 12. The C—C breaking to produce COz in this latter path is still not
well understood in the literature. However, the path is recognized as
responsible for catalyst poisoning, due to reactions between adsorbed
CO and OH species leading to strongly bonded carbonates over the metal
surface [68-70].

Acetate production pathway

CH3CH,OH,,; — CH3CH,OH 45 3)
OH - OHygs + e~ @
CH3CH,0H,4s + 3 OHugs = CH3CO,g5 + 3 HyO + 3 ¢~ 5)
CH3CO,4s + OH,gs — CH3COOH (6)
CH3COOH + OH™ —» CH3COO™ + H,O )
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Acetaldehyde and acetate production pathway

20H —2OHus+2¢” ®

CH;3CH,OHg + OHygs — CH3CH,0® + H,0 )

CH3CH,0° + OH,gs —» CH3CHO + H,O (10)

CH3CHO + 2 OH™ — CH3COOH + H,O + 2 ¢~ 1D

CH3COOH + OH™ — CH3COO™ + H,0 (12)
Carbon dioxide production pathway

COygs + 2 OHygs + 30H™ = COz + HyO0 + ¢ 13

Therefore, 1.0 mol L™! ETOH was added to the systems described in
Section 3.1. Cyclic voltammograms were obtained in the same working
window, also at 50 mV s~ . Fig. 7A presents all the cyclic voltammo-
grams obtained, and, as before, each case will be discussed individually.

The profile presented by Pd/C presents a standard for evaluating the
performance of other materials. Fig. 7A (black line) and S8A show such a
profile, where it is possible to see the ethanol oxidation peak at 103 mV,
of 135 mA mg’l, with an onset potential (E,p) equal to —391 mV, ob-
tained by the abscissa of the point of tangents interpolation between
non-Pharadaic and Pharadaic regions. It is also observed that in the
reverse (cathodic) direction, there is an anodic process related to the
desorption of species produced by the adsorption of ETOH on the
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Fig. 7. (A) Cyclic voltammograms obtained by GCE modified with Pd/C (black), PdsoAgso/C (red), PdsoBiso/C (green), PdgoAg15Bigs/C (gold) and PdsoAg4sBigs/C
(blue) in equimolar presence of 1.0 mol L! ETOH/KOH; v = 50 mV s 1 ; (B) Polarization curves: potential and power density vs current density, of a 5.0 cm? ADEFC,
operating at 50, 60, 70 and 80 °C, using Pd/C as anodic electrocatalyst, and commercial Pt/C as cathodic electrocatalyst; anodic and cathodic metal loading of 1.0

mgpq) Cm

~2, with Nafion® 117 membrane, fed with 1.0 mL min~" 2.0 mol L' ETOH in KOH 1.0 mol L™}, mass flow rate of 150 mL min~' of O,. Polarization curves

of (C) potential vs current density and (D) power density vs current density, of a 5.0 cm? ADEFC, operating at 70 °C, using Pd/C, PdseAgso/C, PdsoBiso/C,
PdgoAg15Bios/C and PdsoAg4sBigs/C as anodic electrocatalyst, and commercial Pt/C as cathodic electrocatalyst; anodic and cathodic metal loading of 1.0 mgpq)
em ™2, with Nafion® 117 membrane, fed with 1.0 mL min~! 2.0 mol L™} ETOH in KOH 1.0 mol L™}, mass flow rate of 150 mL min~! of O,.
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material surface.

The obtained Pds5pAgso/C profile (Fig. 7A, red line; and S8B) dem-
onstrates that the addition of Ag, in these proportions, gives a consid-
erable increase to the catalyst performance. An oxidation peak is
observed at 131 mV, with a peak current equal to 340 mA mg ™!, as well
as an E,p of —411 mV. The discussed potentials were shifted in opposite
directions, indicating that the process started earlier (lower energy
barrier) and peaked later (increased overall process time duration), both
indicators of an enhanced system. For the cathodic step, the detachment
generated an anodic peak of magnitude closer to that of the anodic peak,
having a current gain of 1.5 times and a 29% current difference between
these processes.

As discussed earlier, the amount of Bi atoms in the catalyst could
provide impairments in the catalysis, and, as Fig. 7A (green line) and
S8C show, Pds(Biso/C is not an efficient material for this application.
The oxidation peak is present at 185 mV, with a magnitude of 226 mA
mg ! and an Eqp of —225 mV. In the cathodic scan, the material does not
present the desorption profile, having a cathodic peak at —347 mV,
which can indicate a severe poisoning of the device [63]. This material
presents a 67% current gain, but these other factors make it impossible
to use this metal proportion for the proposed application.

Fig. 7A (golden line) and S8D show the profile obtained for the first
ternary catalyst, PdgpAg15Bios/C, where an anodic peak at 68 mV is
present, with a current generation of 206 mA mg ™! and an Eop of —403
mV. The anodic process in cathodic scanning shows a peak, in which
there were no significant losses in intensity, indicating a low tendency to
poisoning. Like PdsoAgso/C, this has an E,p, value slightly shifted to more
negative potentials, as well as a current gain of 52%. Although the peak
potential has shifted to more negative potentials, this material presents
interesting results, having its efficiency inferior only to PdspAgso/C.

The second ternary catalyst, PdsoAg4sBiops/C, has its profile shown in
Fig. 7A (blue line) and S8E. It is observed that the material provided a
peak potential of 219 mV, with a magnitude equivalent to 1669 mA
mg~ ! and E,p of —486 mV, and the peak from the cathodic scan dem-
onstrates a 3.5-fold current loss. However, the gain in the generated
current for the oxidation of ethanol surpasses that of other materials,
being equivalent to 12.4 times greater than that generated by Pd/C. In
addition, both potentials described above indicate opposite shifts, also
foreshadowing an enhanced process concerning Pd/C, possibly due to
structural and electronic effects.

To better evaluate the applicability of the studied materials, ADEFCs
experiments were performed, evaluating the power and current density
obtained closer to real conditions. In this regard, Fig. 7B shows the
polarization curves, in different temperatures (50, 60, 70, and 80 °C) for
the electrochemical oxidation of ethanol by Pd/C, in presence of 2.0 mol
L~! ETOH, in 1.0 mol L™! KOH in different temperatures. This step is
essential to guarantee optimal system output energy-wise. As can be
noted, the temperature of 70 °C was the most efficient, presenting the
best reaction kinetics. For this reason, this temperature was selected for
the experiments of all electrocatalysts in this study.

The polarization curves obtained in a 5.0 cm? ADEFC, operating at
70 °C, using the anodic electrocatalysts Pd/C, PdsoAgso/C, PdsoBiso/C,
PdgoAg15Bips/C, and PdspAg4sBigs/C are illustrated in Fig. 7C and D.
Among these, PdsoAgso/C, PdsoAg45Bi()5/C, and PdgoAglsBios/C elec-
trocatalysts showed open-circuit potential values equal to ~1250, 1161,
and 1097 mV, respectively, all higher, in comparison, to the Pd/C
electrocatalyst (997 mV). The open-circuit potential value of the
PdsoBis5o/C electrocatalyst was 972 mV (Fig. 7C). The PdsoAgso/C
electrocatalyst showed a maximum power density value for the EOR of
25.65 mW cm 2 at 34.67 mA cm ™2 and higher compared to the other
electrocatalysts: Pd/C and PdsgAgssBigs/C demonstrated approximate
efficiency (19.97 mW cm 2 &~ 19.70 mW cm’z, at 35.53 mA cm 2 and
30.59 mA cm 2, respectively); The maximum power density of
PdsoBi5o/C equals 16.66 mW em 2 in 30.05 mA cm 2 and of
PdgoAg15Bips/C corresponds to 17.75 mW em 2 at 27.21 mA cm ™2, as
seen in Fig. 7D.
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As already discussed, these experiments corroborated that the
addition of 50% Ag content in Pd/C electrocatalyst promoted the elec-
trocatalytic activity for the electrochemical oxidation of ethanol in the
alkaline medium, with PdsoAgso/C presenting a maximum power den-
sity of 25.65 mW cm™2 in alkaline medium. This value is superior in
comparison to the other synthesized electrocatalysts. As also explored,
the addition of Ag is expected to enhance the catalysis possibly due to a
combination of active area and the presence of oxygenated species. This
fact is due to a synergistic effect of the presence of surface oxides and
structural changes caused by the dissolution of Ag; while the inclusion of
Bi over the Pd structure,when in higher concentrations, can cover active
sites at the main metal surface, preventing the oxidation of ethanol.
These effects were in agreement with the data observed in the chro-
noamperometry for both bimetallic catalysts.

For the ternary electrocatalysts, the lower maximum power density
of PdgpAgi5Bips/C demonstrates that the removal of these 20% Pd
severely hinders the efficiency of the catalyst in more realistic situations.
However, the PdsyAgssBigs/C obtained data also suggests that the sub-
stitution of 5% Ag for Bi, at PdsoAgso/C, presented material with close
behavior to that of the pure Pd/C. Even though at 70 °C, this ternary
electrocatalyst does not hold to its higher semi-cell performance, the
experiment put forward the question of electrocatalysts cost-benefit. To
produce 100 mg of Pd/C, US$7.62 in precursor metallic salts (Pd nitrate
(I) dihydrate, Sigma Aldrich, the price obtained in 07/07/2022) must
be applied in its synthesis. By dividing the maximum power density of
this electrocatalyst by its metal cost, we obtain the value of 2.62 mW
em 2 US$L Submitting PdsgAg4sBigs/C to the same analysis, this
electrocatalyst gives us a value of 5.09 mW cm ™2 US$™}, 1.94 times
higher maximum power density per dollar invested in the material
production, for the EOR in alkaline media. Therefore, all these analyses
endorse that the ternary electrocatalyst PdsoAgssBigps/C can be an
alternative to pure Pd electrocatalysts.

3.4.2. Dopamine determination study

Due to the efficiency demonstrated in the catalysis of ETOH, the
catalyst PdsoAgssBigs/C was selected as the modifier for the electro-
chemical sensor, supporting the idea of multiple functions. Firstly, it is
necessary to know the electrochemical profile of the device in the
presence of the desired analyte. Therefore, the modified electrode was
applied for the detection of dopamine with the cyclic voltammetry
technique, in a 0.1 mol L.™! phosphate buffer solution, in the presence of
10 pmol L' of the neurotransmitter, at v 100 mV s, as shown in
Fig. 8A. Dopamine was selected as the analyte and proof-of-concept due
to its relationship with several neurodegenerative maladies, especially
Huntington’s and Parkinson’s diseases, in addition to its range of data
found in the literature and its easy acquisition by the laboratory.

As can be seen, the presence of this molecule has three main effects:
(I) the increase in current in the hydrogen adsorption region, which may
be related to the release of protons; (II) the presence of an anodic peak at
122 mV, referring to the direct oxidation of dopamine hydroxyls; (III)
the decrease in the magnitude of the peaks of first metallic oxidative
interaction, especially for the peak associated with the formation of
Ag50 in Section 3.1. The technique chosen for more sensitive dopamine
detection was square wave voltammetry, and to obtain better peak
resolution and reliable data, optimizations were necessary. Therefore,
data from the screening experiments described in Section 2.5. are pre-
sented in Table S6, as well as the effects calculated among the param-
eters (f = X1, a = X2, and s = X3) and the response obtained.

Analyzing the results, it is possible to notice that the effects provided
by variable X3 (s) are considerably less significant than the others, even
if in its confidence interval it does not exceed a null value, it permeates
~1.0% of influence in the sum of squared effects. Therefore, the optimal
value for s was defined as 5.0 mV, which is the value when the highest
peak current magnitude was obtained during the experiments. Thus, the
two remaining parameters were subjected to 22 central composite
arrangement analyses. From the responses in Table S3, it was possible to
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generate surface response surface and contour curve for the peak current
behavior with a x f, in the presence of dopamine, as shown in Fig. S9.

With the analysis of these data, it is possible to determine the su-
perposition region that is expected a greater sensitivity for the deter-
mination of dopamine. Therefore, the defined optimal parameters are s
=5.0mV, a =100 mV and f = 6.0 Hz, denoted by a four-pointed star in
the figure. The pH (6.1) was defined according to the literature [43,71].
Several experiments were carried on with the optimized parameters, in
presence of variable dopamine concentrations: 0.20, 0.30, 0.40, 0.50,
0.60, 0.70, 0.80, 0.90, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10, 20, 30
and 40 pmol L1, which data are present in Figs. S10, 8B to D. The
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former presents the whole behavior, in which can be seen that the
anodic peak corresponding to the formation of metal oxides (487 mV)
and there is a decrease in magnitude as the dopamine concentration
increases, even before the electrochemical signal of the molecule
oxidation (262 mV) is visible. This behavior remains linear until the
direct oxidation peak of the analyte becomes visible. The literature
brings several works that explore the formation of stable complexes of
different metals with the catechol group [38-40], such as the work of
Oliveira et al. [72], which used Ni hexacyanoferrate anchored at Ni
nanoparticles. The presence of rifampicin led to a decrease in the faradic
process, suggesting an interaction between the antibiotic and metallic
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Fig. 9. (A) possible coordination of the catechol group with the metallic sur-
face. (B) The direct oxidation reaction of dopamine.

ions.

Therefore, Fig. 9A presents our proposed mechanism involving the
device surface and the dopamine molecule. This event occurs due to the
ease of coordination of the oxygens present in the catechol group with
the metallic surface, both of which can be directly bonded to a single
atom or a 1:1 bond (O:M). This mechanism can occur at room temper-
atures, does not destabilize the resonance of the molecule, and is pre-
sented especially with Ag [41] and Pd [42]. The literature suggests [39]
that this complex can be formed with Bi, but works involving this
element have not been found. As its percentage in this material is
considerably lower than that of other metals, it is estimated that this
bond is not prioritized. Fig. 9B also shows the dopamine direct oxidation
mechanism, involving 2 protons and 2 electrons.

With delimitation of the linear regions, two analytical curves were
constructed, one for each mechanism. The relationship between the
signals of the metal and the dopamine coordination can be seen in more
detail in Fig. 8B and C. The peak decays linearly between 0.2 and 1.0
umol L7 corresponding to the linear equation igoorg. (HA) = —2.25 X
Cpopamine (pmol L) + 6.68, with R* = 0.990. The limit of detection
(LOD) was calculated based on 3 times the standard deviation of the
linear regression, divided by the calibration curve slope [73], and the
value obtained was 0.14 pmol L™!. Fig. 8D and E show the linear range
for the calibration curve of the direct dopamine oxidation peak, suitable
between 4.0 and 40 pmol L_l, corresponding to the linear equation ipj.
(HA) = 3.00 X Cpopamine (#mol L™1) — 9.85, with R? = 0.999. For this
process, the LOD was calculated by 3.0 times the standard deviation of
10 blank analyses, divided by the analytical curve slope [73], and is
equal to 0.035 pmol L2,

To evaluate the device in more complex samples, synthetic urine was
synthesized with the addition of known concentrations of dopamine.
The tests were performed according to the experimental conditions of
the analytical curve and Table 1 shows the obtained data, which range
from 92.0 to 114% for the dopamine direct oxidation peak and from
92.6 to 110% for the coordination process peak.

The performance of the PdAAgBi/C/GCE for dopamine determination
has been compared to similar works in literature, as presented in
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Table 1
Determination of dopamine in synthetic urine samples by the direct oxidation
peak of dopamine and the peak of dopamine-metal complexes.

Dopamine direct oxidation signal

Sample Add(pmol L) Detected(umol L™1) Recovery%
A 4.00 4.46 114

B 8.00 8.17 102

C 20.0 18.4 92.0
Dopamine-metal complexation signal

Sample Add (pmol L™1) Detected Recovery%

(pmol LY

A 0.300 0.329 110

B 1.00 0.926 92.6

C 0.700 0.757 109

Table S7. It is observed that the selected works present similarities in the
employed materials and/or methodology. As can be noted, this work
presents itself as an interesting approach for both functions, being
relatively close in the linear range, LOD and sensibility when compared
to other works.

4. Conclusion

This paper seeks to contribute to the idea of producing multifunc-
tional materials due to their expanding usefulness, by presenting ternary
electrocatalysts designed for such a function, showing promising mate-
rials for ETOH oxidation and dopamine electrochemical sensing. The
electrocatalysts synthesis is relatively easy and with considerable effi-
ciency. EOR analysis suggests that the PdsgAgssBigs/C material has
potential for this application, presenting a current and charge produc-
tion of, respectively, 12.4 and 16.5 times greater than that of Pd/C
(observed in chronoamperometry and cyclic voltammetries), with a
relatively low rate of poisoning, which was attributed to the bifunctional
and electronic effects, due to the presence of oxide species observed in
voltammetry and the shift distinguished in XRD peaks, indicative of the
alloy formation. The analyses in real ADEFCs (70 °C) demonstrated that
even though the PdsgAgssBips/C, cannot compete with PdsoAgso/C in
maximum power density, its behavior was similar to that of Pd/C, but
with almost half the material cost production, further cementing its
attractive capabilities. Although the formation profile of metal-
associated peaks appears, at first, to limit the device working potential
range (by overlapping peaks), the data presented suggest a linear
interaction of the surface with dopamine in a given region. Thus, it was
possible to construct two calibration curves: the first, related to this
mechanism, starting from 0.2 to 1.0 ymol L™}, resulting in a recovery in
a urine sample synthetic between 92.6 and 110%; and the second,
related to the dopamine oxidation peak, covers the range from 4.0 to 40
pmol L™! and presents recoveries between 92.0 and 114% in the same
sample. With these data, it is also suggested the practicality of preparing
materials for two different research fronts, rarely studied together.
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