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ABSTRACT: The application of organic fuels in fuel cells is an

attractive way to circumvent the major drawbacks of hydrogen as e
an energy carrier, yet catalysis is still a bottleneck for efficient gg
oxidation. One of the most promising bifunctional anode catalysts g &

is PtRu, which has proven to be the state-of-the-art electrocatalyst
in alcohol oxidation processes. While plenty of works so far have
addressed the activity and mechanism of oxidation reactions on
PtRu, less is known about the influence of organic fuels on the
stability during operation. In this contribution, the effect of 3 Bjefstsetr g e
isopropanol, methanol, ethanol, formic acid, ammonia, and carbon -
monoxide on the stability of carbon-supported PtRu was studied
both in acidic and alkaline media. The scanning flow cell coupled
to an inductively coupled plasma mass spectrometer (online ICP-
MS) technique allowed the tracking of dissolution events that
occurred during the applied electrochemical protocol in real-time. Our main conclusion is that PtRu/C remained stable in the
operation range of fuel cells. In addition, if the upper potential limit was further increased PtRu/C was less stable in alkaline medium
in which, if compared to acidic electrolyte, approximately 4-times higher Ru and 14-times higher Pt dissolution was measured in the
absence of the studied fuels. The onset potential of dissolution was not affected by the presence of fuels (except CO), while
dissolution rates were notably affected, most visibly in the case of isopropanol and ammonia in alkaline media and carbon monoxide
in both acidic and alkaline media. The observed phenomena are briefly discussed underlining the necessity of more detailed and
mechanistic studies to fully understand the reason behind dissolution processes in the presence of the investigated fuels.

KEYWORDS: fuel cells, stability, alloy electrocatalyst, platinum, ruthenium

1. INTRODUCTION catalyst by strongly adsorbed intermediate species, such as CO
formed during the oxidation process.”””

Ammonia is a rather interesting fuel, among the ones
mentioned above, since N, forms upon its oxidation making it
a viable option to fabricate zero-emission fuel cells. The
achievable current densities of such devices were rather low
(1-10 mW cm™2) until lately, when Gottesfeld et al. reported
a record power density of 450 mW cm™ at 100 °C operating
temperature (with a platinum group metal (PGM) anode and a
non-PGM cathode), which is a significant step for the
application of direct ammonia fuel cells in the transportation
sector.”

An alternative approach to tackle the shortcomings of H, is
to use liquid organic hydrogen carriers (LOHC). LOHC

Hydrogen is considered to be a promising candidate to play a
key role as an energy carrier in the future’s sustainable energy
economy. However, it has certain disadvantages, which have to
be addressed prior to its widespread application. One such
disadvantage is its low volumetric energy density (e.g., 5.6 MJ
dm™ in the case of hydrogen compressed to 700 bar) that is
far less than, e.g. gasoline’s (32 MJ dm™)." In addition, a
complex infrastructure is needed for its safe (explosion hazard)
storage and transportation, which is still not readily available.”
One option to overcome these issues is to use organic fuels,
such as alcohols (almost exclusively primary),’ formic acid,”
ammonia,”® etc. Two decades ago significant efforts were
made to develop fuel cells utilizing these chemical energy
carriers, which are capable of competing with the proton

exchange membrane (PEM) fuel cells. Despite the advanced Received:  May 11, 2020
research interest, no widespread breakthrough has been Revised:  August 28, 2020
achieved so far. The major limitation of these systems is the Published: August 31, 2020

sluggish oxidation kinetics due to the complex reaction
mechanisms leading to low electrocatalytic activity.® Another
significant problem is the poisoning of the anode electro-
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systems typically consist of a liquid, “hydrogen-lean” aromatic
compound, and its hydrogenated (“hydrogen-rich”) counter-
part.'” This concept is particularly attractive because H, can be
handled in high volumetric energy storage density under
ambient conditions along with the usage of currently available
infrastructure for transporting and distributing today’s fossil
fuels. The main disadvantage of the technology is that the
dehydrogenation process, which is necessary to harvest H,
from the LOHC, is endothermal and requires a substantial
input of energy.'' A rather interesting option to solve this
problem was proposed recently:'? transfer hydrogenation from
H18-DBT to acetone and the direct use of the formed 2-
propanol as a fuel in a PEM fuel cell.

Fuel cell technology can be industrially relevant only if high
power densities are achieved with the ability to maintain the
achieved performance as long as possible (e.g, the lifespan of
the operated vehicle) at a reasonable cost. Electrocatalysts used
both on the anode and cathode side are the cornerstones to
fulfilling all these requirements. Most research efforts in
electrocatalysis focus on improving activity, thus the amount of
catalyst (this is especially important for noble metals) can be
decreased, resulting in lower manufacturing costs.'> However,
the stability of the catalyst becomes extremely important when
such low amounts are used, because even minor losses can
significantly deteriorate device performance.'”'* The decrease
of fuel cell performance is mostly attributed to the degradation
of the cathode electrocatalysts, however, the stability of the
electrocatalysts employed on the anode side is equally
important. For example, the performance of a direct methanol
fuel cell using PtRu/C as an anode electrocatalyst can be
dropped by as much as 20—30% just during a long-term
durability test.">~'” This effect was attributed to the
degradation of PtRu'”'* and the crossover and subsequent
deposition of Ru on the cathode."'”'® As it is visible, selective
dissolution of one component can be a significant issue in
bimetallic catalysts."” Hence, this example underlines that it is
vital to understand degradation processes that could occur
during the operation of the fuel cell. Dissolution, as it has been
mentioned above, is one of the most important among those
mechanisms and has been extensively studied in the past few
years for single metals such as Pt,"*?° Ir,*! Ry Rh,** etc.
both in acidic and alkaline media. On the other hand, the
stability of catalysts can be greatly influenced by many factors,
such as ions and other species present in the solution,'>*’
pH,”* support,” alloying,'* etc. Valid predictions on long-term
performance, however, demand actual measurements under
these conditions. A versatile tool to track dissolution in parallel
with running an electrochemical protocol is to couple an
electrochemical cell to an ICP-MS (online ICP-MS). This
unique technique, developed in our lab, allows the time-
resolved quantification of even trace amounts of elements
during electrochemical measurements giving invaluable in-
sights on dissolution/degradation mechanisms. More informa-
tion on the method and its featured applications can be found
in our previous reports.%_28

Oxidation of fuels on the surface of the electrocatalyst is
usually a very complex process,” ' involving a set of
elementary reaction steps such as (i) adsorption of the
reactant, (ii) intermediate formation, (iii) product formation,
and (iv) desorption of the formed product from the catalyst
surface. Activity relies greatly on how strongly the
intermediates are adsorbed on the metal surface, however, it
is still not clear how they affect the stability of the given

electrocatalyst. It has been already demonstrated that CO,
which is a common intermediate formed during the oxidation
of primary alcohols, drastically decreases the stability of Pt by a
factor of almost four.””** The reason behind this phenomenon
is that the adsorbed CO enhances Pt dissolution during the
cathodic scan by blocking reduced Pt sites and, hence,
preventing redeposition of the dissolved metal ions. In addition
to this effect, the complexation of Pt can also happen in parallel
with the formation of Pt-carbonyls. Fewer reports can be found
for the effect of various other fuels present in the electrolyte
solution on the stability of the electrocatalyst. To address this
issue, PtRu was chosen as a model catalyst system, since it is
the state-of-the-art bifunctional electrocatalyst applied for the
electrocatalytic oxidation of primary alcohols such as
methanol™ and ethanol.”* To our knowledge, only the
effect of methanol on its stability was addressed, and an
increased Pt and Ru dissolution was experienced in its
presence. It was assumed that the enhanced Ru dissolution is
due to the consumption of surface oxides (Ru,O;), while
increased Pt dissolution is due to inhibited redeposition and
higher destabilization of the surface due to increased Ru
dissolution.” Apart from this report, only ex-situ studies can
be found on this matter, which were performed almost
exclusively in the presence of primary alcohols'*'**¢

In this study, the effect of various fuels on the stability of
carbon-supported PtRu 1:1 electrode (simplified to “PtRu” in
the text) is presented. The stability of PtRu was first
investigated in the presence of primary and secondary alcohols.
Further measurements were carried out in HCOOH- and
NHj;-containing electrolytes. Although PtRu is not the most
active alloy to oxidize these fuels, they are still included in our
current work to map the stability of the alloy, as either Pt or Ru
itself or their combinations with other elements might be
proven to be useful in catalyzing NH;- or HCOOH-oxidation,
respectively. Finally, despite the fact that CO is not a fuel, it
has been also selected, since it is the most common
intermediate in primary alcohol- and formic acid-oxidation
reactions and this is why it is essential to explore how it affects
the degree and kinetics of dissolution. Stability data presented
in this paper were collected both in acidic and alkaline
electrolytes, and the effect of pH combined with the effect of
different fuels on the stability of PtRu are discussed in detail.
Hence, the main goal of this work is to benchmark and
compare the dissolution stability of PtRu in the presence of
different organic fuels, keeping other experimental parameters
identical.

2. EXPERIMENTAL SECTION

2.1. Chemicals. HCIO,, (70%, Suprapur), KOH (Suprapur,
> 99.995%, VWR), isopropanol (ACS, 99.5+%, VWR),
methanol (ACS, 99.8%, VWR), ethanol (ACS, EMSURE,
99.9%, VWR), formic acid (ACS, VWR) and NH,SO, (99%,
Merck) were all purchased from Merck and used without
further purification. Carbon-supported PtRu (Pt:Ru 1:1) was
purchased from Tanaka. Ar (99.999%), H, (99.999%) and CO
(99.999%) were purchased from Air Liquide Deutschland
GmbH. All solutions were prepared using ultrapure water
(182 MQ cm, TOC < S ppb) prepared by a Merck Millipore
Milli-Q_system.

2.2. Preparation of Thin Films. Thin films of PtRu were
prepared on a glassy carbon (GC) substrate (SIGRADUR G,
HTW § X 5 cm?) by drop-casting. Prior to this step, all GC
substrates were ground with SiC grinding paper (mounted on a
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MD-Gekko disc) applying 300 N force, and 200 rpm rotation
speed. The sample holder was counter-rotated during this
procedure with 150 rpm. This was repeated at least two times
using four different grain sizes: 220, 1000, 2000, and 4000
(corresponding to 68, 18, 10, and S um grain size,
respectively). Afterward, the GC electrode was polished with
the same device on a MD-Mol (cat. Number: 40500079)
polishing pad using DiaPro MD-Mol paste (water-based
diamond suspension; particle size of 3 ym, Struers) with the
following parameters: 150 N, 200 rpm, the sample holder was
also counter-rotated with 150 rpm for S min. Flat GCs were
cleaned with Kimwipes and isopropanol. Finally, the electrodes
were rinsed with Milli-Q water, dried, and stored under
ambient conditions overnight prior to drop-casting of the
catalyst inks. For the ink preparation, 3.3 mg catalyst was
dispersed in 1 mL ultrapure water and sonicated for 40 min
with 25% intensity using a sonicating horn (Branson SFX 150).
Sonication was on for 4 s, which was interrupted by a 2 s break.
The dispersion was placed in an ice bath during sonication.
Immediately after sonication 0.2 uL aliquots were pipetted and
drop-cast on the GC substrate reaching approximately 20 ug
cm™? metal loading. The spots dried under air at room
temperature. The diameter and quality of each spot was
determined using a laser scanning microscope (Keyence VK-
X250) and ranged between 800 and 1000 pm. All electro-
chemical and dissolution data were normalized against the
individual geometric surface area.

2.3. Stability Measurements Using Online Inductively
Coupled Plasma Mass Spectrometry. Stability measure-
ments were performed with a custom-built scanning flow cell
(SFC) coupled to an inductively coupled plasma mass
spectrometer (Nexion 300X, PerkinElmer). A graphite rod
(99.995% trace metals basis, Sigma-Aldrich) was employed as a
counter electrode, which was connected to the SFC on the
electrolyte inlet. An Ag/AgCl/3 M KCI reference electrode
(Metrohm) was connected to the SFC through a capillary
channel in close proximity to the working electrode surface.
The drop-casted spots on the GC substrate served as working
electrodes. More detailed information on the setup can be
found elsewhere.”*™** All electrochemical protocols were
carried out using a potentiostat (Gamry, Reference 600)
during stability measurements. The GC plate with working
electrodes was contacted with and XYZ translation stage
(Physik Instrumente M-403), which also allowed the rapid
screening of multiple electrocatalyst spots. All instruments
(stage, peristaltic pump, gas control box, and potentiostat)
were simultaneously controlled by a custom-made LabView
software. The ICP—MS was calibrated daily by a four-point
calibration slope made from standard solutions (Merck
Centripur Pt, Ru, Re, Rh) containing the investigated metal
ions in a given concentration in either 0.1 M HCIO, or 0.05 M
KOH solution. '¥’Re and '*Rh were used as internal
standards. The purged electrolyte flow rate was controlled by
the peristaltic pump of the ICP—MS (M2 pump, Elemental
Scientific) and calibrated daily. The average flow rate was 3.54
+ 0.05 uL s™.

2.4. Conditions and Protocols during the Electro-
chemical Measurements. Electrochemical measurements
were carried out either in acidic (0.1 M HCIO,) or in basic
(0.05 M KOH) solutions. Five different fuels were tested in
each medium. The concentration of all fuels (except CO where
the electrolyte was saturated prior to measurements) were
maintained at 0.05 M because of the limitations of the online

ICP—MS due to the organic load. The list of all fuels along
with the conditions are presented in Table S1 of the
Supporting Information (SI). HCOOH was only measured
in the acidic electrolyte because of precedent literature data, in
which it was found that the performance of the electro-
oxidation of HCOOH is maximal at a pH close to its pK, value
and rapidly decreases with increasing pH.‘?’1 Additionally,
electrooxidation of NH; was only investigated in basic
electrolyte. The reference electrode was calibrated against a
reversible hydrogen electrode (RHE) prior to the measure-
ments as follows: the pH of the electrolyte solutions was
measured at the beginning of each measurement day and used
to convert the potentials measured versus the Ag/AgCl
reference electrode to the reversible hydrogen electrode
scale, using the following equation:

ERHE = Eapplied + EAg/AgCl + 0.0591 X PH,

where Ey,/xoc = 0.197V

In the case of the acidic electrolytes, the pH was identical to
the pH of pure 0.1 M HCIO, — pH ~ 1. While in the case of
the alkaline measurements, the pH was identical to the pH of
pure 0.05 M KOH — pH = 12.5. The only exception was if
NH; was present in the electrolyte in which case the pH
decreased to ~9.2. Two electrochemical protocols were used
as follows: catalyst spots were contacted by the SFC close to
the open circuit potential (+0.05 Vyyz) and a potentiodynamic
measurement was started shortly after. The first protocol
consisted of five cyclic voltammograms (CV) starting at 0.05
Ve and going to five different upper potential limits (UPL,
+0.3, +0.6, 0.9, +1.2, and +1.5 Vgyp) at 10 mV s™'. The
second protocol consisted of two CVs starting at +0.05 Viyg
and cycling to +1.2 Vg UPL applying 2 mV s~ scan rate.
Both protocols were ended with a potentiostatic hold for 3 to §
min to allow the online ICP—MS signal to return to its
baseline. Each protocol was conducted on a “fresh” catalyst
spot in at least as a duplicate to test reproducibility.

2.5. Physical Characterization. Elemental composition of
the electrocatalyst samples was studied with X-ray photo-
electron spectroscopy (XPS). XPS survey spectra were
recorded before and after electrochemical testing, using a Phi
Quantera II X-ray scanning microprobe system. Spectra were
recorded at a pass energy of 280 eV, a 0.5 eV step size, and 500
ms dwell time per step. The Al Ka radiation (25 W, 15 kV)
was focused on a 100 ym diameter spot on each sample. The
resultant spectra were analyzed using the instrument-specific
relative sensitivity factors in CasaXPS with a Shirley-type
background of the Pt 4f and Ru 3p peaks.

Morphology of PtRu was mapped with scanning electron
microscopy (SEM) before and after electrochemical testing. A
Zeiss Crossbeam 540 Gemini II was operated at an
accelerating voltage of 10 kV.

3. RESULTS

3.1. Fundamental Electrochemical Behavior. Com-
pared to catalysts at fuel cell cathodes that experience high
anodic potentials often, anode catalysts are unlikely to be
exposed to potentials higher than +1.0 Vgyg. Still, the anode
potential can be seriously increased at high loads, fuel
starvation, and at the onset of the oxygen reduction reaction
(ORR) during shutdown due to the presence of O, in the
anode compartment. Information on the exact potentials
during such cell reversal is limited, which implies that stability

https://dx.doi.org/10.1021/acscatal.0c02094
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Figure 1. Cyclic voltammograms recorded for PtRu in 0.1 M HCIO, (left) and in 0.05 M KOH (right) solutions and in the presence of various
fuels applying 10 mV s~ scan rate. Data recorded for the blanks are presented in each graph (pale red curves). Electrolytes were saturated with Ar

except in the case of CO.

must be studied in a broad potential window. Additionally,
high anodic potentials are often used in numerous accelerated
degradation protocols in fundamental studies.””** Such
potentials can result in the degradation of the catalyst layer
through noble metal dissolution. Thus, the main goal of our
work was to measure at which potentials can the dissolution of
Pt and Ru be expected. First, to map the stability of PtRu in
this potential regime, five CVs were recorded using +0.3 Vi,
+0.6 Vpyp +0.9 Vigp, +1.2 Vi and +1.5 Vi as upper
potential limits, applying 10 mV s™' scan rate. A set of CVs
going to +1.2 Vpy, recorded in 0.1 M HCIO, and 0.05 M
KOH with different fuels is presented in Figure 1. An increase
in current can be observed on all CVs recorded in the presence
of the various organics, corresponding to the electrocatalytic
oxidation of the respective fuel. In the following, different
phenomena observed on these CVs will be described more in
detail.

In acidic medium (Figure 1, left), two anodic peaks can be
identified in the presence of isopropanol compared to the
blank, while only one peak is observed in the case of the
methanol- and ethanol-containing solutions. The first, less
intensive peak, appeared at an onset of & +0.08 Vg, while the
second one at & +0.38 Vpyg. Only one peak is visible for
methanol and ethanol with onsets at & +0.29 Vgyp and =
+0.25 Vyypg, respectively. These onsets are in line with previous
literature results.”” Two oxidation peaks in the presence of
isopropanol were observed previously for PtRu/C microporous
thin films,”” and PtRu sputtered samples.”' Since this
phenomenon was seen only for PtRu alloys and not for their
single-metal counterparts, the oxidation peak can be associated
with the presence of Ru in the sample. The CV recorded in the
HCOOH-containing electrolyte shows only one oxidation
peak appeared at & +0.20 Vyy onset potential, with a
maximum current density of 5.1 mA cm™ This is ca. 1 order
of magnitude higher than the ones obtained in the case of the

10861

alcohol-containing electrolytes. Data recorded for the CO-
saturated electrolyte (in terms of the onset of oxidation and the
overall shape) is similar to those collected during CO-stripping
experiments, typically used for the determination of the
electrochemically active surface area of Pt.*>~** However, there
is a significant difference in experimental conditions compared
to such studies, namely: the electrolyte was constantly
saturated with CO in our case. This resulted in higher anodic
currents after the sharp oxidation peak thanks to the constant
supply of CO adsorbing on the catalyst surface.

As for the CVs gathered in alkaline medium (Figure 1,
right), significant differences can be seen compared to the
acidic measurements. The current densities corresponding to
alcohol oxidation are notably higher, also, the first of the two
isopropanol oxidation peaks shifted toward more positive
potentials and “blended in” the second peak. The onset
potentials are close (~+0.25 Vyyp) to the ones, determined
from the CVs measured in HCIO,. Additionally, no electro-
catalytic activity was observed toward the oxidation of NHj.
Indeed, the measured currents are even slightly smaller,
compared to the blank curve. Finally, both in terms of the
magnitude of the current density and the position of the
oxidation peak, similar to in acidic pH electrolyte behavior was
observed in the presence of CO.

3.2. Potential-Dependent Dissolution Rates of PtRu.
To gain insights on the stability of PtRu in the presence of the
various fuels, the electrochemical cell was coupled to an
inductively coupled mass spectrometer (online ICP—MS). In
this way, the rate of both Pt and Ru dissolution can be tracked
in real-time. To identify differences between fuels, measure-
ments were also carried out in pure 0.1 M HCIO, and 0.05 M
KOH solutions. A slow potential scan was applied (v = 10 mV
s7') with a gradually increasing UPL from +0.3 Vyyg up to
+1.5 Vg with 0.3 Vyyg increments. Results, measured in 0.1
M HCIO, are presented in Figure 2 (magnified data are shown

https://dx.doi.org/10.1021/acscatal.0c02094
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Figure 2. Dissolution rates of Pt and Ru for PtRu 1:1 catalyst
recorded during a protocol consisting of five CVs with increasing
upper potential limit from +0.3 Vyyg to +1.5 Vpye (AE=03V, 0 =
10 mV s7') in 0.1 M HCIO, and in 0.1 M HCIO +fuel solutions.

in Figure S1). First dissolution features are visible during the
potentiostatic hold prior to recording the CVs. These emerged
when the SFC got in contact with the working electrode.
Transient Pt dissolution only starts during the forward scan of
the fourth CV at +0.98 Vg, while transient Ru dissolution
starts as low as +0.9 Vyyg. Onset potentials marking the start
of dissolution, are summarized for all samples and protocols in
Table S2. Both the anodic and cathodic dissolution increases if
the UPL is higher (up to +1.5 Vyyg). However, the increase is
more significant for the cathodic dissolution as it was already
demonstrated for Pt in both acidic and alkaline electrolytes.”*
In the case of Ru, transient dissolution during the reverse scan
can be already identified at UPL as low as +0.9 Vyy although,
these signals are close to the baseline. Striking changes can be
seen in dissolution rates if the UPL is +1.5 Vgyyp: one
additional peak appeared during the forward scan that is
accompanied by the presence of two peaks during the reverse
scan.

The dissolution features are qualitatively similar to the ones,
measured for the blank in the presence of fuels. Both the
onsets of dissolution and the shape of the dissolution peaks
were unaffected by the addition of the fuels. The only
exception is the dissolution of Pt if the solution was saturated
with CO, in which case only cathodic dissolution occurred.

To make dissolution features more visible, an additional
protocol was carried out applying 2 mV s~ scan rate. Two
consecutive scans were recorded with the same UPL to see if
dissolution changed after the first scan. The results are
presented in Figure 3. For Pt, the two previously observed
dissolution peaks are much better resolved at this slower scan
rate. Apart from that, there are no differences occurred
compared to the “faster” cycles. The picture is a bit different
for Ru: four dissolution features are visible instead of three.
Analogous to the data recorded applying 10 mV s~ scan rate,
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Figure 3. Dissolution rates of Pt and Ru for PtRu 1:1 catalyst
recorded during a protocol consisting of two CVs from +0.05 Vi to
+1.2 Vyyp applying 2 mV s™' scan rate in 0.1 M HCIO, and 0.1 M
HCIO +fuel solution. The curves were smoothed using an FFT filter
and only the smoothed data was processed further.

the presence of fuels did not change the rate of dissolution
noticeably. Another important conclusion is that the
dissolution features that appeared during the second scan are
almost identical to the ones recorded during the first scan.
Once again, the only exception to the previously described
trends in the CO-containing electrolyte, in which several peaks
appeared and the dissolution rates were visibly higher
compared to the blank data.

Data collected for Pt and Ru dissolution in alkaline medium
are similar to that obtained in acidic conditions both in terms
of the onset of dissolution and the shape of the dissolution
profiles (Figures S2 and S3). However, several differences can
be identified: (i) the curves are noisier, (ii) the dissolution
rates are significantly higher especially for Pt, and (iii)
dissolution features are notably influenced by the presence of
the various fuels. The noise originates from the fact that both
the salts ((NH,),SO, and KOH) and organics were applied in
a concentration close to the limitations of the device.
Dissolution rates measured for both metals are visibly higher
compared to the data collected in acidic medium. According to
precedent literature data,”>** at least approximately 4-times
higher dissolution was expected for Pt (with +1.5 Vg UPL).
In contrast to this expectation, it can be already seen
(qualitatively speaking) that the difference in our case is
much higher. This experience can be explained by the fact that
here the stability of an alloy was tested instead of its pure Pt
counterpart, which can change the stability of both elements.
This will be elaborated further in the discussion. Furthermore,
only one anodic peak can be identified on the dissolution
curves recorded during the forward scan, instead of the
expected two.”* The onset of dissolution has shifted to +1.05 —
+1.1 Viyg, while Ru dissolution only starts around +0.97 Vg,
which is approximately 20 mV higher compared to the one,
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at least two measurements. Each measurement was performed on a fresh catalyst spot.

determined in the acidic medium. Besides, there is no
difference in the number of dissolution features if the UPL
was kept at +1.2 Vypyg, but only one cathodic peak can be
detected if the UPL was increased to +1.5 Vyyg.

Similar to the data, collected in acidic media, dissolution
features in the presence of the various fuels are comparable to
the ones obtained in 0.05 M KOH except for the case of the
CO-saturated electrolyte. This applies both to the shape of the
curves along with the onset of dissolution. However, notable
differences in the magnitude of dissolution rates occurred upon
addition of the fuels. It is the most pronounced in the case of
isopropanol, in which a decreased dissolution of Pt and Ru was
measured. Stability of both Pt and Ru seems to be similar in
electrolytes with and without alcohols. The suppression of
dissolution for both metals was also observed in the presence
of NH,, for which dissolution features almost “blend in” the
baseline. The saturation of the electrolyte with CO resulted in
enhanced Pt dissolution in parallel with the merging of the
anodic and cathodic dissolution peaks, while Ru dissolution
did not change visibly.

10863

In the same way as in the case of 0.1 M HCIO,, data were
also recorded applying 2 mV s™' scan rate in 0.05 M KOH
based electrolytes (Figure S4). No additional peaks appeared
on the recorded dissolution curves, however, measurement
data were much noisier in alkaline media that makes the
distinction of subtle changes challenging. This effect is
especially strong in the presence of methanol, ethanol, and
CO. Nevertheless, what one can conclude safely is that similar
dissolution features can be identified as in the higher scan rate
case. A further difference to the data acquired in acidic
medium is that visibly less metals dissolved during the second
cycle compared to the first one.

3.3. Amounts of Pt and Ru Dissolution in Acidic and
Alkaline Media. To quantify the previously described
qualitative observations, all dissolution curves were integrated.
The amounts of dissolved metals, calculated from all data
recorded applying 10 mV s~ scan rate both in acidic and
alkaline media, are presented in Figure 4, while the ones
obtained for the protocols carried out with 2 mV s™' scan rate
are shown in Figure 5.
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There is a huge difference between results calculated for the
acidic and basic electrolytes. The amount of the dissolved Ru
in pure alkaline media was 4-times higher, while a 14-fold
increase was determined for Pt compared to the ones obtained
for the acidic electrolyte. Additionally, the amount of Pt (e.g.,
in the blank measurement) was approximately S-times less
than the amount of Ru dissolved during potential cycling in 0.1
M HCIO,, while the quantity of the dissolved Pt and Ru was
comparable in alkaline medium. The quantity of dissolved Pt
and Ru calculated for the measurements performed with 2 mV
s7! scan rate resulted in similar trends compared to data
recorded at higher scan rates. Since two scans were recorded
applying identical parameters it was possible to quantitatively
study how the amount of dissolved metals changed after the
first scan. It is visible that Pt and Ru dissolved in similar
amount as during the first scan in acid. Contrastingly, as it has
been already qualitatively concluded from Figure S4, much less
Pt and Ru dissolved during the second scan in alkaline
medium. This decrease was approximately 50%.

4. DISCUSSION

In the following, the effect of each fuel on the dissolution
characteristics of PtRu is going to be discussed. Since the
current work is a comparative study, the following discussion is
by no means complete; further dedicated studies with each of
the fuels will be required to obtain a more detailed
understanding of PtRu stability in a given system. The
discussion is divided into subsections adhering to the following
criteria: dissolution characteristics experienced in the absence
of fuels are discussed together, alcohols are discussed together,
but to make statements more clear, data gathered for the acidic
and alkaline media are discussed separately. Data collected in
the presence of CO in acidic and alkaline media are presented
together in a single subsection, while the effect of all the other
fuels are discussed separately. Finally, the effect of dissolution
on the surface composition of PtRu is added as a final section
to highlight the extent of degradation.

4.1. PtRu Dissolution in the Absence of Fuels. The first
visible feature on each dissolution curve, i.e., the contact peak,
which corresponds to the reduction of the native oxides
present on the surface of PtRu.*> The observed scenario is
similar to the one that occurs in a real device during start-up or
after shutdown during which potential is left at rest due to the
penetration of air into the anode side. This further justifies the
need for measurements in an extended potential window since
measuring the exact potential in such special cases is rather
complicated. The onset potentials for Pt (Table S2) in acidic
media (Figure 2) match with the oxidation potential calculated
from thermodynamics (+0.98 Vyy;). The onset of dissolution
for Pt in 0.05 M KOH (+1.10 Vgyg) is close to the one
determined in 0.1 M HCIO,. The one for Ru (+0.97 Vyyg) is
slightly higher than expected from the respective Pourbaix
diagram (+0.74 Viye)."® The dissolution rate of Ru in the
PtRu alloy shows a different picture compared to the one
measured previously for a Ru foil in alkaline media. While
transient dissolution with observable dissolution peaks during
the forward and reverse scan starting at +0.97 Vyyp was
observed for PtRu, Ru foil was dissolving constantly at high
anodic potentials in the oxygen evolution reaction region.”
However, it is important to note that our data were collected
for an alloy in contrast to pristine metals, meaning that the
presence of Pt might stabilize Ru. The difference between the
onset potentials of dissolution determined for Pt and Ru

proves that the online ICP—MS signals were originated from
dissolution rather than the detachment of the catalyst layer.
The onsets of the signals measured for Pt and Ru should be
identical if particle detachment would be the major
process.”** The transient dissolution peak appeared around
+0.95 Vpyg corresponds to the reduction of the previously
formed PtO, layer leadin§ to higher dissolution rates compared
to the forward scan.””** Ru dissolution has already started
during the reverse sweep of the third cycle (UPL = +0.9 Vpyg),
originating from the reduction of various Ru oxide species
(most likely RuO,-2H,0 and Ru(OH),).* If the UPL was
increased to +1.5 Vpyg, then an additional anodic peak
appeared. This can be assigned to the formation of RuO,,
which is unstable causing enhanced Ru dissolution. The two
cathodic peaks are corresponding to the reduction of RuO, to
Ru, respectively. As it was mentioned above, trends in Pt
dissolution were not altered when the scan rate was lowered to
2 mV s~ (Figure 3). Contrastingly, an additional dissolution
peak is visible in the case of Ru. This fourth small peak
appeared during the reverse scan and perhaps can be tied to
the reduction of the surface oxides, however, it is hard to state
the exact species judging from the thermodynamics. The peak
corresponding to the reduction of RuO,-2H,0 and Ru(OH),
to Ru might be separated due to the slower scan rate.

The amount of dissolved Pt and Ru calculated for the acidic
and basic electrolytes (Figure 4 and 5) differed, namely,
significantly more Ru and Pt dissolved in alkaline media. This
indirectly shows that while much less Pt dissolved compared to
the amount of Ru in 0.1 M HCIO,, the amount of Pt and Ru
were comparable in 0.05 M KOH. If we take a closer look,
these two observations are closely related. First of all, it has
been already observed, that dissolution rates of Pt and Ru are
notably higher in alkaline media. This behavior was attributed
to the altered lifetime and amount of the formed metastable
intermediates.”* Such high increase in the dissolution of Pt was
not expected since earlier studies on Pt showed only a 4-fold
enhancement in basic electrolytes (if +1.5 Vyy UPL was
applied).”™” In this case, however, the situation is a bit more
complex, because of the presence of Ru atoms next to Pt since
Ru is highly unstable especially in alkaline media due to the
formation of RuO,*” species causing severe dissolution.”” As a
consequence, the catalyst surface was locally destabilized due
to the corrosion of Ru that in turn lead to significantly higher
Pt dissolution.

4.2. Effect of Alcohols on PtRu Dissolution in Acidic
Media. Pt dissolution in acidic media was less in the presence
of all studied alcohols (applying 10 mV s™" scan rate), while Ru
dissolution was less if the UPL was kept at +1.2 Vyyy, but
identical to the blank at +1.5 Vg UPL (Figure 4). To see the
dissolved amount of Pt in the presence of alcohols better,
magnified sections of Figures 4 and 5 are presented in the SI
(Figure SS). The reason behind this decrease in the
isopropanol-saturated electrolytes can be that the formed
acetone™*’ irreversibly adsorbs’® on the catalyst surface, thus
blocking it. As a result, less surface oxides dissolve during the
reverse scan leading to decreased dissolution. This hypothesis
was supported by recent results gathered with electrochemical
real-time mass spectrometry (EC-RTMS)®' and electro-
chemical infrared reflection absorption spectroscopy (EC-
IRRAS).>> The onset potential of acetone formation is
approximately +0.05 Vgyp on PtRu. Besides acetone the only
detected product is CO,, which forms with a gradually
increasing amount above +0.8 Vpyz UPL. As a result, the
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poisoning effect of acetone is less pronounced at higher
UPLs.”"”” Higher dissolution rates were expected in the
methanol-containing solutions suggested by the only study
which we know of dealing with the stability of PtRu/C in the
presence of methanol. The authors explained this with the
adsorption of the formed CO intermediate on the catalyst
surface facilitating the dissolution of PGMs.>> We have also
predicted this outcome based on our previous studies showin

the effect of CO on dissolution characteristics of Pt.**>
However, an opposite effect was experienced since all three
alcohols stabilized the surface, except for Ru with UPL = +1.5
Viye Additionally, the stabilization effect decreased with
increasing UPL. Our hypothesis is that at this high UPL RuO,
forms, which is unstable leading to enhanced Ru dissolution.
This effect overcompensates the stabilizing effect, caused by
the adsorption of reaction intermediates. Differences between
literature and our results might originate from the fact that a
commercially available catalyst was employed in our study in
contrast to a custom-synthesized one.

As for the stability of catalysts in the presence of ethanol,
there was only one precedent study published.”® This dealt
with the stability of Janus-type carbon-supported Pt—SnO,
electrocatalyst in the presence of ethanol in 0.1 M HCIO,. The
effect of ethanol manifested in a lowered onset of dissolution
(+0.57 Vgyg) and a significantly enhanced Pt dissolution in
parallel with the appearance of a new dissolution peak. These
findings contradict the ones in our study, but here it is
important to note that the studied catalyst in that paper was
not an alloy and that Sn is much less stable than Ru. According
to the authors, the increased dissolution was explained with the
Sn dissolution, which made more new Pt sites accessible to the
electrolyte enhancing the corrosion of Pt. Additionally, the
mechanism of ethanol oxidation proceeds differently on PtRu
compared to Pt-SnO,, namely: the OH,4, formed on Ru can
directly oxidize CO bound to Pt, while OH_q4 has to spill over
to Pt to successfully oxidize CO in the case of Sn. The amount
of dissolved Pt and Ru follows the same trends as in the case of
methanol and isopropanol and can be explained similarly. The
observed difference (lower dissolved amount of Pt and Ru in
the presence of alcohols) is much smaller if the scan rate was
decreased to 2 mV s™' (Figures S and SS). This effect probably
occurred because the potential stayed for a longer period in a
potential window in which neither Pt nor Ru is stable
alleviating the previously described poisoning effect.

4.3. Effect of Alcohols on PtRu Dissolution in Alkaline
Media. As for the total amount of Pt and Ru dissolved during
the electrochemical protocol in alkaline media in the presence
of the alcohols (results are shown in Figure 4) stabilizing effect
was only observed upon the addition of isopropanol (20—30%
less dissolution for Pt and 50% less for Ru compared to the
blank). This decrease is more severe than it is in the acidic
electrolyte. Contrastingly, there was not much of a change for
methanol and ethanol. If we take a look at the total amount of
the dissolved Pt and Ru calculated for the scans with 2 mV s™*
scan rate (Figure S3), then the amount of Pt and Ru decreased
in the presence of isopropanol and ethanol. However, the
decrease in the case of isopropanol is less pronounced than in
the case of the faster scans. Finally, the quantity of both noble
metals notably increased if methanol was added to the
electrolyte solution. Since we are not aware of any
comprehensive reports on the stability of PGM alloys in
alkaline media in the presence of either primary or secondary
alcohols it is rather difficult to make solid conclusions for the

experienced phenomena. The experienced increase in the
dissolution of both Pt and Ru in the methanol-containing
electrolyte at the slower scan rate might root in the fact that
the system stayed much longer at potentials at which both Pt
and Ru are unstable resulting in increased dissolution.
Although, if this is the case, then higher PGM dissolution
should have occurred in the presence of ethanol as well, which
contradicts our measurement data. Similar to the acidic
electrolyte, the decrease of dissolution in isopropanol-
containing solutions can be due to the altered adsorption/
desorption characteristics of acetone from the catalyst surface.
However, here it seems that the main oxidation product is still
acetone and not CO, as it was in the acidic electrolyte resulting
in lower dissolution even at the highest applied UPL.

4.4. Effect of Formic Acid on PtRu Dissolution in
Acidic Media. Dissolution characteristics (in terms of the
amount of the dissolved metals) were not influenced strikingly
by the presence of formic acid if the scan rate was 10 mV s~
There was only a slight increase in Ru dissolution (20%)
accompanied by 25% less Pt dissolution at the highest UPL.
However, at 2 mV s™! scan rate, 50% and 100% more Pt and
Ru dissolved compared to the blank sample. The electro-
oxidation of formic acid can proceed via three pathways: (i)
direct pathway, where formic acid is directly oxidized to CO,,
(ii) indirect pathway, where the adsorbed formic acid gets
dehydrated, forming adsorbed CO which is oxidized to CO, in
a subsequent step, and (iii) the formate pathway, where first an
adsorbed formate forms, which is oxidized to CO, in a separate
step.””*® The role of Ru in the PtRu alloy is to supply O atoms
in the form of adsorbed hydroxide, thus suppressing the
formation of CO, which otherwise would block the surface of
Pt.°®>” However, it seems that if the scan rate is high enough,
formic acid had little influence on dissolution properties of
PtRu, while visible changes occurred if the scan rate was 2 mV
s™!. This observation is rather similar to the one, made in the
case of alcohols, thus results can be explained similarly; either
more CO,, forms due to the lower scan rate,”> and/or the
potential stays longer in the potential-window in which neither
Pt nor Ru are stable. Similar effects of formic acid on catalyst
stability were observed in a previous study performed on Pt
ultrathin films grown on Au by surface limited redox
replacement of an underpotentially deposited Pb layer. An
approximately 4—S-times higher Pt dissolution was experi-
enced in the presence of formic acid, which is much higher
than the ones calculated for Pt in our case.”® This difference
might be explained by the different parameters used in this
study: there, only Pt was applied as the catalyst, measurement
of Pt dissolution was performed ex-situ and the scan rate and
UPL were different (UPL was as high as the onset of Pt
dissolution). In general, to see if Ru has any effect on the
stability of PtRu and to identify the processes behind the
experienced increase in dissolution at slow scan rates, more
detailed investigations has to be carried out on PtRu alloys
with varying Ru content in catalyst and formic acid in
electrolyte.

4.5. Effect of Ammonia on PtRu Dissolution in
Alkaline Media. Results gathered in the presence of ammonia
are rather interesting since, as it was presented in Figure 1,
PtRu seems to be inactive toward the electrocatalytic oxidation
of ammonia. The calculated amounts of Pt and Ru showed a
strong stabilization of the alloy since approximately 2—5-times
less Pt and S-times less Ru dissolved from the catalyst surface if
the electrolyte contained ammonia (10 mV s™' scan rate,
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Figure 4). It is well-known that NH; and NO,” can form
thermodynamically stable complexes with PGMs (e.g, [Pt-
(NH,),]**)** at this pH, which can modify, for example, the
redeposition of Pt and Ru. However, the effect of complex
formation should be an increase in dissolution. According to
our data, this scenario does not play a notable role in the
dissolution characteristics in the presence of ammonia. The
origin of a decrease in dissolution for both metals perhaps is
the adsorption of NH, and NO,, species on the catalyst, which
leads to the passivation of the surface and in the end to the
formation of less oxides. The presence of such intermediates
on the surface of Pt was proven by EC-RTMS®' and in situ
infrared spectroscopy.’”®* Similar behavior was seen for Pt in
the presence of small amounts of Cl™ ions.'” Both the activity
(CVs) and stability data implies that the adsorption of these
intermediates on the surface of PtRu is irreversible in the
potential window of our investigations. Again, it is important to
note here that it is impossible to make solid explanations
because the literature lacks reports on the stability of PGMs
and their alloys in the presence of ammonia accompanied by
detailed studies in which each intermediate is carefully
identified. Therefore, it is not known if the seen effect would
be the same if the studied material is active in the
electrocatalytic ammonia oxidation reaction. To crack this
mystery, similar steps have to be made as in the formic acid-
case.

4.6. Effect of CO on PtRu Dissolution in Acidic and
Alkaline Media. The amount of Pt dissolved has increased by
about 2.4- and S-times in 0.1 M HCIO, saturated with CO
applying +1.2 Vyyg and +1.5 Vgpyp UPL, respectively.
Contrastingly, the amount of Ru was only increased by 1.5
times, but if the UPL was increased to the most positive value
Ru dissolution was notably decreased by 1.4 times. Moreover,
CO was the only fuel in which presence the onset of
dissolution for both Pt and Ru shifted toward less negative
potentials (+0.86 Vgpyp for Pt and +0.67 Vg for Ru).
According to the determined dissolved amounts, it seems that
the presence of CO had a much bigger influence on the
stability of the Pt counterpart. This may have emerged because
the mode and energy of CO adsorption is different on Ru as it
has been already proposed by many other reports in the
literature.”*~°° In the case of the measurements performed
applying 2 mV s~ scan rate the differences compared to the
blank are doubled (5-times more Pt and 3-times more Ru
dissolved) meaning that the scan rate has a key effect on
dissolution characteristics in the presence of CO. In contrast to
the measurements in 0.1 M HCIO,, only negligible changes
were observed compared to the blank in the CO-saturated 0.05
M KOH solution. Although if the scan rate was 2 mV s, 4-
times more Pt and 3.6-times more Ru dissolved suggesting that
the scan rate had an even bigger effect on dissolution
compared to the acidic case. The increase in dissolution in
the presence of CO was already reported for pure Pt
electrodes, which was attributed to the blockage of the Pt
surface toward oxidation (this is why there is very little anodic
dissolution), and also blocking the reduced Pt sites during the
reverse scan prevented the redeposition of Pt on these sites.”
The two processes combined resulted in enhanced dissolution.

Here we also have to briefly explain the experienced
difference in the dissolution of Pt and Ru in between the
alcohol, HCOOH-, and CO-containing electrolytes. The
common thread in these systems is the presence of CO,4 on
the surface of PtRu. However, significantly higher dissolved

amounts were measured if the electrolyte was saturated with
CO (see the explanation above). It has been shown by surface-
enhanced infrared absorption spectroscopy (SEIRAS) meas-
urements that CO,4 can only be detected below ~+0.6 Vyyg
(PtRu/C, methanol oxidation) and below ~+0.8 Vi (Pt/C,
methanol, and HCOOH oxidation).®”~"® The amount of CO,4
starts to rapidly decrease above the onset potential of oxidation
of the respective fuel. This means that there is no CO,4 present
at the potential window in which Pt and Ru are unstable.
Contrastingly, if the electrolyte is saturated with CO, there is a
constant supply of CO even at these relatively high potentials,
which can adsorb on the electrocatalyst surface facilitating its
dissolution.

A tremendous amount of studies were published on the
electrocatalytic oxidation of CO either in acidic*”* or
alkaline”'™”® media. According to these, several factors can
influence this process for example: first, to oxidize CO on the
PGM it is necessary to have oxygenated species adsorbed on
the surface in close proximity to the adsorbed CO, which will
donate O atoms. In an acidic environment, the formation of
such species occurs through the activation of adsorbed water
(which predominantly takes place on Ru in PtRu alloys), while
in alkaline solutions these are mostly OH™ ions adsorbed from
the surrounding electrolyte.”” Additionally, the presence of
different cations (K* vs H') can also influence activity.”
Finally, it has also been proposed that on pure Pt(111) and
Pt(111)Ru alloy the mechanism of the electrocatalytic
oxidation of CO in alkaline media proceeds via either a
Rideal—Eley or a mixed Rideal—Eley and Langmuir—Hinshel-
wood mechanism as opposed to acidic pH, at which the
reaction follows a Langmuir—Hinshelwood mechanism.”" It
can easily be seen that factors influencing the electrocatalytic
activity can also affect the stability of PtRu, and thus the
observed dissolution characteristics.

4.7. Effect of Dissolution on the Composition of PtRu.
To see how dissolution alters the surface composition and
morphology of the catalyst XPS and SEM measurements were
conducted. First, the composition of the electrocatalyst after
performing the electrochemical protocol (five consecutive CVs
with gradually increasing UPL from +0.3 Vg to +1.5 Viyg
with AE = 0.3 V applying 10 mV s~ scan rate) was calculated.
Figure 6 shows the Ru content of the samples compared to the
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Figure 6. Ru content of PtRu before (pristine) and after performing
the electrochemical protocol both in the absence and presence of
fuels. The electrochemical protocol consisted of five subsequent CVs
with gradually increasing UPL starting from +0.3 Vyyg to +1.5 Vg
(AE = 0.3 V) applying 10 mV s™' scan rate.
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nominal composition before (“pristine”) and after the
electrochemical protocols both in the absence and in the
presence of fuels. Survey XPS spectra (Figure S6) were
recorded from PtRu before and after electrochemical testing
both in acidic and alkaline media. It is visible that according to
the XPS data, the Ru content is almost identical to the nominal
composition provided by the manufacturer in the pristine
sample. The most important conclusion here is that the XPS
data nicely reflect the trends already observed from the ICP—
MS measurements. It matches well with the PtRu composi-
tions calculated from the dissolved amounts (see Figures 4 and
5). The Pt/Ru ratio only slightly changes in acidic media, while
this change in composition is much higher in alkaline media.
The only exception is when NHj is present in the solution;
here the Ru content is identical to the nominal value. The
highest change in composition occurred in 0.05 M KOH
(~42.6 at% Ru) and when it was saturated with CO (~42 at%
Ru).

The change in morphology after the electrochemical
protocols was mapped with SEM (Figures S7 and S8). It is
important to note here that the magnification of our SEM
images allows only qualitative comparison. The PtRu nano-
particles can be observed as small bright spots sitting on the
underlying nanocarbon particles. Additionally, the nanocarbon
support did not corrode upon applying the electrochemical
protocol (samples are identical to the ones used during the
XPS measurements), it retained its original morphology. The
same applies to the PtRu nanoparticles in acidic media: all
SEM images are identical to the one that was collected from
the pristine sample. However, there are visible changes that can
be discovered in the case of the samples tested in alkaline
media: the number of PtRu nanoparticles is lower but their size
is notably bigger compared to the pristine PtRu sample. The
only exception is when NH; was the fuel, in which case the
morphology of the electrocatalyst occurs similar to that of the
pristine PtRu sample. In conclusion, the observed morpho-
logical changes are in line with the online ICP—MS and XPS
results.

5. CONCLUSIONS

The influence of various fuels on the stability of carbon-
supported PtRu was studied with online ICP—MS. It was
identified that the dissolution of Pt and Ru starts at +0.98 Vg
and +0.81 Vg, respectively. This implies that during regular
operation within the typical range of a fuel cell anode,
dissolution is not crucial. Hence, so far reported stability issues
of PGM catalysts below +0.8 Vyyyp can, therefore, be traced
back to other degradation mechanisms (e.g., particle detach-
ment, surface atom rearrangement, poisoning, etc.).M’S(”m’75
The onset potential of dissolution for both Pt and Ru was not
affected by the presence of fuels (the only exception is CO in
acidic medium where both metals started to dissolve at
approximately 130—140 mV lower positive potentials). In
general, while the onset of PtRu dissolution is similar in all
electrolytes, stability in alkaline media was significantly lower
regardless of the presence of any fuel. Although it is important
to note that the onset of dissolution was not shifted notably by
changing the pH from acidic to alkaline. Transferring these
new findings to the practical application of PtRu/C in fuel cells
we suggest that, to make sure that performance losses are not
originating from the dissolution of the catalyst layer, all
experiments probing both the activity and the stability of the
given catalyst should be designed in a manner to stay below the

reported dissolution potentials. Additionally, it also needs to be
carefully investigated if there are any events that occur (e.g,
crossover of O, from the cathode side), which increases the
OCV up to a point where the dissolution of Pt and especially
Ru can take place. Presently, this is especially important since
one major intention is to lower the PGM content of catalyst
layers as much as possible. Therefore, any loss of catalyst and a
decrease in Ru surface concentration would seriously affect
device performance. Finally, it is important to underline that
observations and conclusions are based on experiments using
rather low fuel concentrations. Studies performed with higher
fuel concentrations and measurements with other in situ
techniques are planned in the future to precisely identify the
intermediates present on the catalyst surface and to better
understand factors influencing the stability of PtRu.
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