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Abstract:

Palladium is one of the best anodic catalysts for Alkaline Direct Alcohol Fuel Cell (DAFC) applications.
However, its adoption in Fuel Cells (FC) is still limited because of the deactivation of the catalyst, which
hinders the long-term performance stability of the devices. In this article, we report the results of a Fixed
Energy X-Ray Absorption Voltammetry (FEXRAV) investigation of a carbon-supported palladium
electrocatalyst operating in a complete alkaline direct ethanol fuel cell (DEFC). Our results show palladium
dissolution unambiguously, especially at cell polarizations corresponding to high anodic stresses. We have
also investigated the behaviour of Pd electrocatalyst in a direct alkaline formate fuel cell (DFFC). Data show
that when using formate as a fuel, the electrode Pd loss is negligible compared to the case of DEFC.

1. Introduction:

Direct alcohol fuel cells (DAFCs) are considered as a viable alternative for mid to low energy generation
applications; these systems share average output electrical powers, together with low to no need of
ancillaries for their duty cycles [1]. In this class of fuel cells, alcohol is fed in a liquid in the anodic
compartment, while oxygen is supplied as gas in the cathodic compartment. The use of low-cost fuels, such
as methanol, ethanol, glycerol and ethylene glycol, poses a significant advantage in the technological
transfer of such devices[2]. These alcohols show a slight energy density difference in respect to fossil fuels
[3,4] in their liquid form and can be produced "greenly" by fermentation of agricultural products and waste
biomasses [5,6]. Moreover, the "direct" approach, which differs from the direct H, fuel cell and the
reformer fuel cell approaches, permits the use of liquid alcoholic solutions to feed in the anodic
compartment in ambient conditions, hindering all the risks related to the handling of high-pressure
hydrogen reservoirs [7]. Among all the alcohol-fuelled cells, passive DAFCs represent a subclass geared
toward portable application and low temperatures [8]. In these FCs, oxygen is usually delivered by the air to
the cathode, while a static tank is used as a reservoir for the alcoholic fuel at the anode. This approach
enhances the portability of this kind of cell, limiting their dimensions by eliminating the need for a flow
system to the electrodes [9]. As a drawback, in the long-term runs, the depletion of the fuelling species
from the solution could produce significant variations in the cell working potentials by modifying the mass
transport, leading to faster degradation of the adopted catalysts.

In this context, platinum group metals (PGMs) are still considered the best electrocatalytic materials for the
majority of the reactions (both cathodic and anodic) that can be exploited in low-temperature alcohol fuel
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cells [10-14]. Due to PGMs cost and scarcity, the main challenge faced by researchers in the past few years
was related to the decrease of precious metals loadings at the catalyst by maximising efficiency for both
anodic and cathodic reactions. This objective was pursued by modifying the chemical nature of the
catalysts (alloying PGM elements with less precious ones) [15,16] and/or by changing the catalyst
architecture (novel nano-designs that maximize surface) [4,17]. Pt is still considered the prime choice
catalyst for cathodic catalysts, while promising results were obtained with Porphyrin-like structures [18].
These M-N-C catalysts (M=Fe, Co) manifest a lower cost in respect to PGM catalysts (at the expense of
lower durability) with no potential losses due to fuel crossover, thanks to their oxygen-selective nature.
Oppositely, producing an effective anodic catalyst for alcohol electro-oxidation is still related to the
adoption of PGMs [19]. Again, platinum is considered as the best catalyst for such reactions and is often
employed in combination with Ruthenium [20] and other less noble metals, forming PtRuM [21-25] and
PtRUMOXx [26-28](M=Ti, V, Mn, W, Ni, Mo, etc.). Palladium, in respect to platinum, shows better activity
towards alcohol oxidation in alkaline media [29,30], especially when in conjunction with CeO, [31,32] or Co
[33]. The use of alkaline solutions could significantly improve FCs durability; indeed, the acidic environment
is responsible for the degradation processes of the cells' structural components, the carbon support of the
catalyst, and the ionic exchange membrane [34].

It has been shown that the main functional issue related to the use of Pd as anodic catalyst regards its
deactivation, which leads to a loss in performance for palladium loaded DAFCs in alkaline media [35,36].
Studies have shown that palladium deactivation could occur by different pathways: a) nanoparticles
coarsening (decrease in the electroactive area [37]), b) Formation of insoluble species on the surface [38-
41], and c) Palladium dissolution [42,43]. These three effects could simultaneously contribute to the loss of
cell performance to a certain extent, depending on the cell working potential and the fuel used [44,45].
Regarding alkaline Ethanol Oxidation Reaction (EOR) on Pd, initial evidence suggested that the fastest
degradation mechanism is the one that leads to the formation of adhered species on the surface of the
catalyst [40,41], which hinder fuel turnover. This phenomenon could indeed be responsible for loss in
performances of palladium in the long run when it is subject to relatively low and constant potentials
(below 0.6 V vs RHE). However, anode potential could vary widely in operative conditions in FC
applications, exceeding palladium oxidation potential. Our previous experiments [46,47] at the European
Synchrotron Radiation Facility (ESRF, BM-08 "LISA" CRG beamline), performed by stressing Pd/C
nanoparticles in the 0 to 1.2 V vs RHE potential range using KOH 2M and KOH 2M + EtOH 2M electrolytes,
highlighted loss in the electrochemical performances of the catalyst as a consequence of loss in palladium
mass at the electrode. During these experiments, we used the Fixed Energy X-Ray Absorption Voltammetry
technique (FEXRAV [48]) to uncover changes in the speciation of palladium. FEXRAV is particularly well
versed in the study of the deactivation of metallic catalyst nanoparticles due to its elemental sensitivity. It is
a mixed in-operando X-Ray Absorption Spectroscopy/Electrochemical technique that involves acquiring the
x-ray absorption coefficient of an electrode subjected to electrochemical stimulus. During the acquisition,
the X-Ray beam energy is held constant; the choice of the energy value is made by considering the
maximum variation of the absorption coefficients of the species we expect to be formed at the target
during electrochemical cycling. By setting the right X-ray beam energy it is then possible to determine the
speciation of an element of choice, permitting the study of the transition between the metallic and ionic
forms of a catalyst. By the use of the fuel cell we designed, FEXRAV enabled live characterization of both
the variations between Pd® and Pd** at the electrode (by sampling the fluorescence x-ray signal), and of the
Pd>* present into solution (by the acquisition of the transmitted absorption x-ray coefficient). During our
first experiments [46] we adopted a fixed beam energy of 24,370 keV (Figure 1-c). This value showed
maximum Pd*/Pd® variation in the absorption coefficient (increase in u by the increase of PdO). Results
visible in Figure 1 demonstrated that, apart from local variations inside a single voltametric cycle (the
valley-peak absorption coefficient variation in phase with the variation of potentials at the electrode), a
constant loss of metallic palladium nanoparticles occurs in the long run (decrease in the overall absorption
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signal n) by formation of Pd** hydroxides into solution, when the electrode is subject to oxidative potentials
for both alkaline and alkaline + ethanol electrolytes. A comparison between our results and computational
speciation models [47] highlighted the presence of two main species in our system, Pd‘” and Pd** (Pd(OH),*
), and only a minor amount of PdO as transient species at the electrode, thus confirming a dissolution
pathway instead of a poisoning effect.
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Figure 1 — Half-cell FEXRAV experiment: a) using KOH 2 M electrolyte and b) using KOH 2 M + EtOH 2 M electrolyte. The potential
variation E at the electrode (black) and absorption coefficient derived from the fluorescence data (red) are reported vs time. c)
XANES spectra of the Pd® and Pd’* (PdO) standards, depicting variation between the two u signals at 24370 eV.

We were then able to observe dissolution in the Pd/C catalyst in a half-cell set-up under high oxidative
potentials. This situation was not completely representative in respect of the potentials the same catalyst
could endure in a live fuel cell. The main purpose of this work is to investigate the behaviour of the same
palladium catalyst in a complete FC, to check whether the same dissolution we observe in the half-cell
experiments can be seen. With this study, we demonstrate the applicability of the FEXRAV technique to
characterize complete fuel cells in-operando. In the article, we report the characterization of two complete
Pd-based DAFCs by FEXRAV; a DEFC, for comparison with the half-cell experiments, and a DFFC. In addition,
electrochemical characterization of the two fuel cells is also presented, to investigate the dissolution's
influence on FC performances.

2. Experimental:
2.1.XAS Beamline Set-Up:

FEXRAV Experiments were conducted at the BM-08 LISA CRG Beamline [49] at the European
Synchrotron Radiation Facility (ESRF) in Grenoble in the course of four experimental sessions (08-01-996,
MA2936, MA3173, MA3431 and CH6101, in chronological order). A dynamically focusing sagittal
monochromator equipped with a pair of Si (311) crystals was employed for the first three sessions. During
experiment MA3431, samples were measured after the first part of the BM08 refurbishment using a pair of
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flat Si [311] monochromator crystals. In all experimental sessions, a pair of Pt-coated mirrors (E cuoff = 27
keV for the first experimental sessions, E s = 40 keV for MA3431) was used for harmonic rejection and
vertical focusing on the sample; beam size on the sample was approximately 2000 um (H) x 200 um (V) [=
100 * 100 um for MA3431]; energy resolution (AE/E) was = 10™. Measurements were carried out in
fluorescence mode, employing a 12-element solid-state (high purity Germanium) detector and transmission
mode [50]. The beamline was equipped with ion chambers, one measuring the incoming beam (l) and the
other reading beam transmitted through the sample (I;) and a reference Pd foil (Ig). This particular setup
permits both to avoid signal variations due to changes in the incoming photon beam (by simple
normalization of the sample signal using ly) and calibrate the acquisition energy through the simultaneous
analysis of the reference.

Moreover, the |, gives information on the palladium present in the bulk of the solution in the form of
solute Pd* ions. Finally, the fluorescence detector was placed on the side of the cell to collect the
fluorescence signal coming mainly from the working electrode. A schematic view of the adopted
experimental geometry can be found in Figure 2; it shows the top view of the electrochemical cell used for
both Half-cell and Fuel Cell experiments, which was held in a 45° geometry concerning the incoming beam,
enabling the acquisition of both I; and I,. ATHENA software package [51] was used to average multiple
spectra and extract the normalised absorption edge.

b)

Figure 2 — Schematic top view of a) the Half-cell setup and b) the Fuel Cell setup during the synchrotron experiments.
lg incident X-Ray Beam, I; transmitted X-Ray Beam, I Fluorescent signal. During initial half-cell experiments, only the I signal was
sampled.

2.2.Electrochemical Set-Up:

2.2.1. FEXRAV experiments

A custom-made PMMA electrochemical cell was used for the synchrotron experiments on Fuel Cells
(Figure 3-a). The cell was already used for half-cell experiments with minimal variations [46]. The cell
design can be conceptually divided into two main parts, the head and the body. The head is responsible
for the working electrode/MEA assembly (Figure 3-b). For Fuel Cell experiments, it is in between the
adapter and the cell head that the MEA was mounted, as depicted in Figure 3-b. The head is
responsible for the delimitation between the anodic part (the body) and the cathodic part (the outer
environment, in contact with atmospheric O,. Both Cell head and Adapter pieces have 5 mm holes
enabling contact of the catalysts with the reactive species. . The body is composed of a central
cylindrical shaft (10 ml) as an anodic reservoir for the electrolytic solution. Its volume was calculated to
avoid substantial fuel concentration variation in the lifespan of a single experiment. The body also
possesses various threaded holes, which enable the injection of different fluids in the working solution.
A central thread is used to suspend the whole cell assembly to the motorized holder of the line to
permit cell alignment to the beam. A PARSTAT 2263 potentiostat/galvanostat, programmed from the
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control room, was adopted for the Synchrotron experiments. Two different solutions were used as
electrolytes during the experiments: a) KOH 2M (Sigma-Aldrich) + EtOH 2M (Sigma-Aldrich) and b) KOH
2M (Sigma-Aldrich) + KCOOH 2M (Sigma-Aldrich). Solutions were prepared without disareation to
simulate the expected conditions for an actual fuel cell during its working life. No catalyst loss into the
bulk of the solution was noticed for both the half-cell and the fuel-cell experiments.
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Figure 3 — a) Exploded view of the electrochemical cell. b) Exploded view of the fuel cell stack on the head assembly.

2.2.2. DAFCs performance experiments

The electrochemical cell was purchased from Scribner-Associates (USA). The MEAs (membrane
electrode assemblies) were assembled by mechanically pressing together the cell hardware's anode,
cathode, and membrane. The MEAs were composed of a nickel foam support coated with the Pd/C
catalyst as the anode, a commercial Tokuyama A-006 anion-exchange membrane, and a FeCo/C
catalyst supported on carbon cloth as the cathode. The cathode O, flow was regulated at 0.1 L min™
using a Scribner 805e fuel cell station. The aqueous fuel solution (2 M KOH + 2 M ethanol or potassium
formate) was delivered to the anode at 1 mL min~". The fuel cell performance was monitored with an
ARBIN BT-2000 5A 4 channels instrument (Arbin Instruments, College Station, TX, USA). FCs
experiments were recorded by applying a series of linear voltage ramps with a 10 mV s scan rate
(from OCP to 0.2 V for the formate cell, and from OCP to 0.1 V for the EtOH Cell, in order to visualize
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the power curves peak completely) followed by a constant voltage step lasting 30 minutes (from 0.6 V
to gradually lower values until 0.1 V) and 1 minute of rest, using a two-electrode configuration.

2.3. Catalysts:

A Pd/C nanoparticle catalyst was adopted as Working Electrode/anodic catalyst for Half-cell and Fuel
Cell synchrotron experiments. It consisted of Pd nanoparticles, 5 nm in diameter, dispersed onto a
carbon-black matrix in a weight ratio of 10%. Catalyst synthesis and characterization can be found in
[52]. To be deposited on the inner part of the EC cell by drop-casting, the catalyst was mixed with
NAFION ionomer, isopropanol and water in the 1:0.01:2:10 weight ratio and sonicated for 15 minutes.
The drop-casting procedure led to an electrode Pd loading of 4 mg/cm? for fuel-cell experiments and 2
mg/cm?for half-cell OCP experiments.

For off-line performance experiments, the anode ink was prepared by mixing 100 mg of the previously
cited catalyst with 100 mg of a 10% aqueous suspension of PTFE to form a dense catalyst paste; the
paste is spread onto a 5 cm” Ni-foam support (Heze Tianyu Technology Development Co., China) to
obtain a catalyst coated electrode with a Pd metal loading of 2 mgem ™.

A Fe-Co/C catalyst was used as the cathodic catalyst for the Fuel Cell FEXRAV and performance
experiments. Its preparation and characterization can be found in [53]. To be used as the cathode, the
catalyst was first mixed with a PTFE suspension and water to obtain a dense paste spread on a carbon
cloth with a load of 2 mg/cm®. The cathodic catalyst proven stability in the range of potentials and
timespans explored in the present article; for this reason, no cathodic catalyst degradation was
considered during fuel cell experiments [37,53].

Tokuyama A-006 was finally adopted as the membrane for the MEA assembly.

3. Results:
3.1.FEXRAV on Fuel cells

Two analogous DAFCs were assembled as described in the experimental part (2.2.2.). The first cell was
fed with a KOH 2M + EtOH 2M solution, while the second one was fed by a KOH 2M + KCOOH 2M
solution. The cells were left about 1 h to stabilize. After this period, Open Circuit Potential (OCP) was
acquired between the anodic and the external cathodic leads (0,690 V for the EtOH FC, 0.852 V for the
Formate FC). The cells were then mounted on the sample holder in the experimental hutch of the
beamline and connected to the potentiostat in a two-electrode configuration. X-ray incident beam
energy was fixed at a value of 24,370 keV. Cells were then cycled between their OCV and 0 V 13 times.

Data collected during these tests can be found in Figure 4 (EtOH FC) and Figure 5 (KCOOH FC), where
the variation of cell potential in time is paired with the variation of the absorption coefficient for both
the fluorescence (L, red line) and transmitted (uy, blue line) signals. We were able to identify two types
of variations in the absorption signals: an overall trend related to the variation p from the beginning to
the end of the experiment, and a single cycle variation, which takes into consideration the speciation
inside the single voltammetric scan. The fluorescence signal obtained from the DEFC showed similar
results in our previous half-cell experiments (Figure 1-b [46]). Its overall decrease after each
voltammetric cycle was previously attributed to a decrease in palladium loading at the electrode
(overall u variation > single cycle Pd*/pd® u variation). This phenomenon is relevant if compared with
the opposite trend of the transmitted signal, which was not considered in the previous half-cell
experiments. Even if it is not possible to correlate the two sets of data quantitatively due to
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experimental geometry, the transmitted signal can also sample part of the fuel solution, giving hints of
the presence of palladium in the aqueous phase. Following the transmission detector signal, an
increase in the overall u between the cycles was noticeable. The opposite trends of the two u can be
explained only by the dissolution of the metallic palladium, which leaves the electrode in the form of
soluble hydroxypalladiates into the bulk of the solution. A different trend was observed for the cell
fuelled by potassium formate. It was still possible to notice a variation of the absorption signal due to
the transition between Pd® and Pd* species for a single cycle. However, small to negligible variation
was seen in the overall signal (in between the cycles) for both fluorescence and transmission s,
suggesting no variation of the palladium loading at the electrode (overall p variation << single cycle
pd*/pd® u variation), thus no long-term loss of palladium into the electrolyte due to dissolution.
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Figure 4 — FEXRAV cycles for the KOH 2 M + EtOH 2 M complete cell. The variation of the WE potential (black) is coupled in time with
the variation of the X-Ray Absorption fluorescent signal (red) and the variation of the X-Ray Absorption transmitted signal (blue)
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Figure 5 — FEXRAV cycles for the K Formiate 2 M + KOH 2 M complete cell. The variation of the WE potential (black) is coupled in
time with the variation of the X-Ray Absorption fluorescent signal (red) and the variation of the X-Ray Absorption transmitted signal
(blue)

For each FEXRAV cycle, potential values correspondent to the beginning of the transition between Pd°
and Pd** were also collected (Figure 6). The definition of such potentials was paramount in order to
mitigate palladium oxidation and dissolution. The values were obtained by extracting the potential
values relative to the ps change in slope, just before the peak signal increase, for the forward
voltametric scan in each FEXRAV cycle. E values were extracted from L instead of p,; the increase in
the transmitted absorption coefficient could in fact suffer from delay due to the palladium diffusion
into solution. From Figure 6 we defined two safe potentials taken as the highest potentials from the
plateau: 0.476 V for the DEFC, and 0.402 V for the DFFC (both the potentials are related to cathode vs.
anode).
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Figure 6 — Potentials related to the beginning of the oxidation of Pd for the DEFC (left) and DFFC (right)

To completely exclude the chemical dissolution of the catalyst in contact with the fuels, we acquired X-
ray Absorption Near Edge Spectra (XANES) of the fresh catalyst in the half-cell experimental
configuration during OCP. For this experiment, performed during the last beamtime, we used sodium
salts (NaOH and NaCOOH from Sigma-Aldrich) instead of potassium ones to achieve lower x-ray
attenuation from the electrolyte. Spectra were collected sequentially for about 4,5 hours. From each
spectrum, the normalized absorption coefficient calculated from the transmission signal p, at 24.370
keV was extracted, normalized by the value of the first spectra and plotted vs the time (Figure 7). This
approach should detect an increase in the absorption coefficient in time with the decrease of palladium
loading at the electrode. The choice of the half-cell setup fits well for the comparison with a whole fuel
cell. In fact, from a thermodynamical point of view, the potential difference between electrodes in a FC
during OCP should be equal to the difference between every single electrode in contact with its fuel.
This is precisely the case for our half-cell experiment, in which the anodic catalyst is placed inside the
cell, in contact with the same concentration of fuel + electrolyte. During the experiment, no variation of
Wy in time outside the experimental uncertainty was recorded; at the same time, during FEXRAV
experiments, a discrete variation of absorption coefficient has been seen, especially for ethanol
electrolytes. The comparison between OCP and FEXRAV experiments confirmed that no spontaneous
dissolution/oxidation of the catalyst occurs when the Pd/C is in contact with the two fuel solutions
without applied potential. For the OCP experiments, variation in the p is comparable with the
experimental uncertainty.
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3.2.Fuel Cells Performance degradation

Power curves for both DEFC (KOH 2M + EtOH 2M) and DFFC (and KOH 2M + KCOOH 2M) were acquired
after potentiostatic cycles at increasingly harmful polarizations. This different approach regarding dynamic
potential cycling used in FEXRAV was meant to investigate potential-dependent changes in the FC
performance in light of the catalyst dissolution. Once prepared, the cells were left to stabilize for about one
hour to reach a steady OCP between cathode and anode (0.709 V for the Ethanol cell, 0.954 V for the
formate cell). After the stabilization period, we acquired linear sweep voltammetry, followed by a 30
minutes potentiostatic cycle and a final 1-minute rest at the OCP. This measurement block was repeated six
times for each cell, decreasing the potential by a 0.1 V factor for each subsequent potentiostatic cycle (0.6
V,05V,04V,03V,0.2Vand 0.1V between electrodes). This was made in order to stress the anodic
catalyst even further with each subsequent potentiostatic cycle. A last linear sweep voltammetry was
acquired after the 0.1 V potentiostatic procedure.

The analysis of the power curves extracted from the linear sweeps (Figure 8) gives a better understanding
of the FCs loss in performance. In the ethanol FC (Figure 8-a), power curves peaks constantly decrease after
each potentiostatic scan, reaching a steady-state after the 0.2 V step. For the DEFC we found a decrease in
the peak power density from 21.7 mW/cm? to 6.5 mW/cm? (- 70%) between the first linear sweep and the
0.2 V sweep. Formate FC (Figure 8-b) show a different trend, and identical power curves can be seen after
the 0.4 V potentiostatic step. Here, for the DFFC, peak power density decreases of only 36% from 38.9
mW/cm? (1% linear sweep) to 25.3 mW/cm® (0.4 V linear sweep). This result suggests degradation of the
anodic catalyst in DFFC with a lower extent compared to the DEFC.

In Figure 9 the E vs time curves (black), coupled with the | vs time profiles (red) are reported. As expected,
the DFFC exhibits greater performances, reaching higher current values at the same cell potential of DEFC.
This is due to the ease with which potassium formate is fully oxidized to carbonate through a direct 2e-
path [54]. Figure 9 shows that, for the EtOH FC, plateau current (current collected during galvanostatic
steps) increases with the decrease of the potential between the two electrodes, from 0.6 V to 0.1 V.
Different trend can be seen for the KCOOH FC. Below 0.4 V approximately same plateau end current is
visible, but with increased in its slope during the potentiostatic stimulus.

Figure 10 shows the FC Open Circuit Potentials (OCPs) collected after each potentiostatic step step. From
the figure, a smaller OCP variation can be seen regarding the initial value. Moreover, Open Circuit Potential
variation seems to follow a similar pattern for both the DEFC and DFFC, suggesting a potential decrease
phenomenon which is independent from the specific thermodynamics of the catalyst-fuel system.
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4. Discussion

Figure 11 (bottom row) shows that two different absorption coefficient trends occur for ethanol and
formate FCs: 1) For the KOH 2 M + KCOOH 2 M electrolyte (Figure 11-d), no variation of p; and p; between
voltammetric cycles can be seen, 2) For the KOH 2 M + EtOH 2 M electrolyte (Figure 11-c), a linear decrease
in the s is detectable starting for the first voltametric cycle, changing its slope after the 6™ voltametric
cycle, thus following two distinct trends. For the DEFC, s loss is in fact faster for the first part of the
FEXRAV experiment, and slower for the second one, eventually reaching a steady horizontal state.
Oppositely, a dependency can be seen considering L variation, which fastly increases for the first six cycles,
and tends to smoothen up for the following ones. We observed similar trends during our previous FEXRAV
half-cell experiments [46,47] performed using the same catalyst and fuel (Figure 11-b, top row). Here, we
adopted disareated KOH 2 M .+ KOH 2 M electrolyte (Figure 11-b) in a three electrodes set-up, reaching
higher oxidative potentials as voltammetry upper vertex (1.2 V vs. RHE).

The comparison between half-cell and fuel-cell experiments in EtOH solution confirms that similar
deactivation phenomenon occurs, and thus that the main factor inducing performance loss is related to the
anodic catalyst. Previous half-cell experiments in pure KOH 2M electrolytes showed a different trend
(Figure 11-a). Here i reported an almost monotonous decreasing trend, which seems to slightly change in
slope only during the last FEXRAV cycles. We ascribe this fact to a possible decrease in the electroactive
surface area due to the Pd nanoparticles dissolution. Figure 11 permits two important qualitative
considerations. We relate the first one to the influence of the fuel on the dissolution of palladium, and the
second one to the influence of the fuel on the fuel cell performances.
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Figure 11 — Summary of the overall absorption coefficients (14 «-15) trends between the half-cell experiments ([46,47], top row) and
the fuel-cell experiments (present article, bottom row)

4.1.Influence of the fuel on Pd dissolution

By considering that a decrease in the fluorescence absorption coefficient can be related to a loss of Pd mass
at the electrode (as already stated in 3.1.) we can confirm that a) palladium subjected to anodic stimulus in
KOH 2 M solution dissolves with the same rate when subjected to subsequent voltametric cycles, b)
palladium subjected to anodic stimulus in KOH 2 M + EtOH 2 M incurs in an initial dissolution process, but
having reached a certain particle dimension, the process slows down, eventually reaching a steady state (no
dissolution, same trend is visible both for the half-cell experiments and for the FC experiments), and c) no
Pd mass loss is visible during anodic stressing in KOH 2 M + KCOOH 2 M. This different behaviour can be
justified by the nature of the fuels used. Both Ethanol and Formate possess different degrees of reducing
capabilities in respect to Pd; EtOH is used to reduce Pd salts to nanoparticles during synthetic processes
[55] being a milder reducing agent in respect to formate, which is adopted to recover metallic palladium
from waste solutions at an industrial level [56]. Experimental evidence confirms this: the comparison
between half-cell measurements reported in our previous work [46] suggested a faster Pd mass loss at the
electrode for the KOH 2 M electrolyte in respect to the KOH 2 M + EtOH 2 M one. In the latter case a
protective effect of the fuel due to reprecipitation/oxidation prevention could occur. For the DFFC mass
loss is not evident at all, suggesting that formate plays a major role in the metallic palladium protection, not
by avoiding its oxidation (u variation in a single FEXRAV cycle is still visible), but by reprecipitating its
dissolved compounds.
The palladium species we expect to be present in our system during the oxidation process are PdO (solid, at
the electrode) and Pd(OH),* (the dissolved form of Pd). These species were identified by our calculated Pd-
O-H Pourbaix diagram [47], where Palladium hydroxylates were added according to the work of Mountain
and Wood [57]. However, the presence of mainly Pd** species is in line with the results presented in works
from other groups [58] for the same explored potential range. However, presence of PdO and Pd(OH),”
leads to a technical limitation. FEXRAV technique is able to follow the evolution of different Pd compounds
during voltametric cycling at the working electrode. XAS, which is an element-sensitive technique, is
capable of probing interactions between palladium and its first coordination shell in a fast and quantitative
manner. Unfortunately, as stated in our previous articles on the topic ([46,47]), the species we expected
from the calculated Pourbaix diagram give rise to similar XAS features. For this reason, FEXRAV alone
cannot be used to qualify and quantify the amount of single Pd** species present both on the electrode and
in solution.
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4.2.Influence of the fuel on the FC performances

In both the analysed fuel cells it can be seen a certain degree of performance degradation in time. The
continuous loss in DEFC performance is consistent with the palladium mass loss seen during FEXRAV
experiments. It is possible to argue that in DEFCs the capping of the Pd electroactive surface by
adsorbed/insoluble species plays a minor role in catalyst deactivation due to its dissolution. On the
contrary, for DFFCs, a certain degree of FC performance loss is still visible, even if no dissolution of Pd was
noticed during FEXRAV. Thus, for DFFCs, we can’t exclude the occurrence of other catalyst degradation
pathway (i.e. irreversible adsorption of species on the surface of the catalyst [39]). This suggests an initial
deactivation process that is independent of the catalyst mass loss, and an increase in stability of the FC
thanks to the reducing capabilities of the fuel [59].

A final consideration can be done in respect to Open Circuit Potentials values. The initial OCV is significantly
higher for DFFC (0.960 V) compared with the DEFC (0.709 V). In both cells a decrease in OCV values is
observed over time, until to -9.6 % in DFFC and -14.7% in DEFC. This phenomenon could be ascribed to the
back-diffusion of water that results in cathode flooding, especially in lower current density region [60—62].
In the case of DFFC, current densities at high overpotential respect OCV (0.2 V and 0.1 V potentiostatic
cycles) are similar; this is probably due to a diffusive control of the reaction and/or cathode limitations,
since as seen from the power curves recorded between these two potentiostatic cycles, the performances
remain unchanged. On the contrary, in the case of DEFC, ethanol oxidation is more difficult and it occurs
only partially, through a 4e- path, leading to the formation of potassium acetate. Current densities of the
order of 50 mA/cm?2 are observed only at high overpotential (0.1 V potentiostatic cycle), but if we compare
this current value with that of formate, this corresponds only to the oxidation of the half of the moles of
ethanol.

5. Conclusions

Results showed unambiguously the dissolution of Pd under polarization cycles of DEFCs (KOH 2M + EtOH
2M). We proved this by in-situ in-operando X-Ray Absorption Voltammetry, by observing the decreasing
trend of the fluorescence absorption signal (loss of Pd mass at the electrode) and the increasing trend of
the transmitted signal (increase in Pd** content in solution). Pd mass loss in DEFC followed a similar
(bimodal) trend in respect to our previous EtOH half-cell experiments, but different (monotonous) trend in
respect to half-cell experiments performed using only KOH as electrolyte. Analogous FEXRAV experiments
were performed using formate (KOH 2M + KCOOH 2M), a fuel with higher reducing capabilities, showing a
steady-state for both the absorption signals. This suggested no Pd dissolution in the timespan of the
experiments, even during dynamic potential cycling between DFFC OCP and 0.1 V. To exclude purely
chemical influence on the dissolution phenomenon, we acquired XANES spectra of the Pd/C catalyst at the
OCP, in contact with the two fuel solutions. On a 5 hours' test, no variation in absorption coefficient above
the method's sensitivity was noticeable, confirming the stability of the catalyst in a non-working, purely
chemical situation. Power density curves acquired after potential steps at increasing cell polarization
showed performance degradation trends between ethanol and formate fuels. Mainly, DEFCs degrade
heavier compared to DFFC. We argue that the different palladium dissolution trends in the two systems
may play a significant role in FCs loss in performance.
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