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Electrooxidation of 2-Propanol on Mono- and
Bi-Metallic Noble Metal Nanoparticles in Alkaline Studied
with Real-Time Product and Dissolution Characterization

losif Mangoufis-Giasin,*™ "' Attila Kormanyos, 9 Maria Minichov4,™" Andreas Kérner,®

Birk Fritsch,” Karl J. J. Mayrhofer,”® Serhiy Cherevko,” and loannis Katsounaros

The selective electrochemical oxidation of 2-propanol to
acetone can be used in fuel cells to deliver low-carbon
electricity and efficiently utilize hydrogen that is stored in liquid
organic hydrogen carrier molecules. Here we study the electro-
oxidation of 2-propanol in alkaline electrolyte, on various
commercially available carbon-supported mono- and bi-metallic
noble metal nanoparticles. We use voltammetry to compare the
activity of different catalysts, and we combine a flow cell with
real-time analytics to monitor the products of the reaction and
the dissolution of metal atoms in the presence and absence of

Introduction

Liquid organic hydrogen carriers (LOHCs) can be a solution to
the major challenges associated with hydrogen storage and
transportation on a large scale, and thus they can significantly
contribute to a hydrogen-based economy. LOHCs can store
hydrogen into hydrogen-carrying organic molecules at the
point of H, production and be distributed safely at the point of
use, where hydrogen can be thermally released. Such hydro-
gen loading/unloading cycles between LOHC molecules, for
example between dibenzyltoluene (HO-DBT) and perhydro-
dibenzyltoluene (H18-DBT), can be repeated without noticeable
stability issues.” Therefore, they can act as excellent hydrogen
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2-propanol. While acetone if formed on all catalysts, our results
show that the onset potential is the lowest for PtRu/C, Rh/C and
PdRh/C, but the oxidation current for the latter reaches a much
higher value before the surface is passivated, suggesting that
PdRh/C would be preferred in an alkaline fuel cell that is fed
with 2-propanol. Online dissolution monitoring suggests that
the anode in a 2-propanol fuel cell should not be exposed to
potentials above ca. +0.8V during transient operation, i.e.,
during startup/shutdown conditions, to prevent dissolution of
palladium and rhodium from the catalyst surface.

storage media while offering significant advantages over
pressurized hydrogen due to their comparably low cost, high
volumetric energy storage density, safe handling at ambient
conditions and high compatibility with the existing infra-
structure from fossil fuels.!"”

When the goal is to produce electricity using H, that is
stored in LOHCs, the combination of the endothermic LOHC
dehydrogenation with a power generating device leads to
significant losses in the (LOHC-bound) hydrogen-to-electricity
efficiency. Heat integration between a hydrogen fuel cell and
the LOHC dehydrogenation reactor would be a way to improve
efficiency, but polymer electrolyte membrane fuel cells
(PEMFCs) operate at considerably lower temperatures than
those required for H, release from LOHCs (in the order of
300°C),"” whereas the combination with high-temperature, e.g.
solid-oxide fuel cells (SOFCs)™ will be difficult to deploy at scale
- even more for applications under dynamic operation.

A concept for the production of electricity using LOHC-
bound hydrogen was described in a previous publication.” This
is based on the hydrogenation of acetone from the hydrogen-
rich alicyclic liquid (Hx-LOHC) via thermoneutral catalytic trans-
fer hydrogenation reaction (CTHR). The formed gaseous 2-
propanol/acetone mixture is separated and acetone is recycled
back to the transfer hydrogenation unit, whereas 2-propanol is
fed to a PEMFC to produce electricity.” The main advantage
that the pair acetone/2-propanol offers over the traditional
alcohol fuel cells (e.g. based on methanol or ethanol) for
integration with the LOHC technology is the difficulty in
breaking the C—C bond of the secondary alcohol and the
subsequent absence of CO, formation, during the alcohol
oxidation reaction.” Thus, the produced acetone can be
recycled back to the CTHR and undergo another CTHR-PEMFC
cycle. In acidic conditions, only platinum and platinum-based

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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alloy electrocatalysts show activity towards 2-propanol electro-
oxidation, with acetone being the sole product.”'® The absence
of CO, formation is further supported by spectroscopic studies
alongside the lack of CO formation, as an absorbed
intermediate."'” In fact, the selective formation of the
respective ketone is a general characteristic of the secondary
alcohols electrooxidation."®'

On the contrary, a broader range of electrodes shows
activity for the 2-propanol electrooxidation in alkaline media,
apart from platinum-based electrocatalysts, such as rhodium,
palladium, gold and nickel.'**?'-?) Moreover, enhanced electro-
catalytic activities were observed previously for some platinum-
and palladium-based electrocatalysts.**=>

In a recent publication, we showed that the activity for four
polycrystalline noble metal electrodes (Rh, Pt, Pd, and Au) in
alkaline solutions is correlated to the adsorption energy of
acetone, which was the sole product of the electrooxidation
process."™ Polycrystalline rhodium exhibited a low onset
potential, whereas a high current density was observed for a
palladium disk. Based on this observation, here we examine the
activity, selectivity and stability of palladium, rhodium, and
palladium-rhodium (1:1) nanoparticles supported on carbon
(Pd/C, Rh/C, and PdRh/C). Platinum-ruthenium (PtRu/C, 1:1), the
state-of-the-art electrocatalyst in acidic conditions, is used as a
reference catalyst in alkaline, alongside the respective carbon-
supported monometallic nanoparticles, platinum and ruthe-
nium (Pt/C and Ru/C). We compare the activity of different
catalysts for 2-propanol electrooxidation in alkaline, together
with a geometric estimation of each respective surface area.
Besides the classical electrochemical characterization, here we
follow the tolerance of all materials to acetone poisoning by
combining chronoamperometric steps with real-time product
monitoring, whereas we also perform electrochemical online
dissolution studies on the bimetallic catalysts, and we find that
exposure to high potentials during startup/shutdown or
uncontrolled idle (e.g. 2-propanol starvation, oxygen diffusion
to anode etc.) conditions of a 2-propanol alkaline fuel cell is
detrimental to catalyst stability. We eventually propose that
PdRh/C is the most promising catalyst (in terms of performance)
as an anode in a 2-propanol alkaline fuel cell. However, if such
an LOHC technology coupled to 2-propanol fuel cells is
deployed in the future, the contribution of the high cost of
PdRh/C to the total capital expenditure will need to be
thoroughly evaluated.

Materials and Methods

Electrocatalyst Thin-Film Preparation

All electrocatalysts used in this study (Pt/C, Ru/C, PtRu/C, Pd/C, Rh/
C, and PdRh/C) were commercial nanoparticles from Fuel Cell Store
(FCS) and Tanaka Kikinzoku Kogyo (TKK); details on the catalyst
characteristics, as provided by the manufacturer, are summarized in
Table 1. The nanoparticles were dispersed using an SFX150 Horn
Sonifier (Branson, USA), in ultrapure water with addition of 2-
propanol (water:2-propanol volume ratio 3:1). From the resulting
homogeneous catalyst ink, 20 uL were pipetted onto a glassy
carbon disk (embedded on Teflon shroud, PINE) for rotating disk
electrode (RDE) measurements, 3 uL on a glassy carbon plate (HTW
Hochtemperatur-Werkstoffe GmbH) for electrochemical real-time
mass spectrometry (EC-RTMS), and 0.2 uL on a glassy carbon plate
(SIGRADUR 5 cmx5 cm) for electrochemical online dissolution
measurements. The drop-casted suspension was left to dry in air,
resulting in a thin catalyst film on the substrate, which acted as the
working electrode; the final total metal loading was 25 ugcm~2 for
RDE and EC-RTMS measurements, and 20 pgcm™2 for the electro-
chemical dissolution studies. The homogeneity of the coating and
the exact diameter of each catalyst spot was scrutinized by a laser
scanning microscope (Keyence VK-X250) and ranged between 350-
450 um in radius. All glassy carbon substrates (disks or plates) were
polished before each deposition with diamond pastes (grain sizes
of 3, 1 and 0.25 um, Saint-Gobain Diamantwerkzeug GmbH) and
subsequently were sonicated in ultrapure water, 2-propanol and
ultrapure water successively (15 min in each step).

RDE Measurements

Unless complementary product analysis was performed, linear
sweep voltammetry was recorded in an RDE setup, using a custom-
made three-compartment/electrode Teflon cell and a PINE MSR
Electrode Rotator. The counter electrode was a platinum wire
(Mateck GmbH), and the reference electrode was a Ag/AgCl in
3.0molL™" KCI (Metrohm). All potentials in the manuscript are
expressed with respect to the reversible hydrogen electrode (RHE),
determined by measuring the open circuit potential of a platinum
wire versus the Ag/AgCl reference electrode in a hydrogen-
saturated 0.1 molL™' NaOH solution. A Gamry Reference [600]
potentiostat/galvanostat was used for all measurements. The
electrolyte resistance was determined before each measurement
with electrochemical impedance spectroscopy and compensation
(by 90%) was performed using the positive feedback mode; the
remaining uncompensated resistance was always below 4 Q. The
electrolyte was prepared by dissolving NaOH pellets (EMSURE for
analysis, Supelco) and 2-propanol (Merck Suprapure) in ultrapure
water (Merck Millipore, resistance 18.2 MQcm, total organic carbon
- TOC< 5 ppb at 25°C). All glassware and Teflon parts used in the
electrochemical experiments were cleaned by storing them in
sulfuric acid (98 %, Merck) with NOCHROMIX® (Sigma Aldrich) for at

Table 1. Specifications of the tested electrocatalysts, as provided by each respective manufacturer. The TEM particle size values were obtained internally.

Electrocatalyst/Product Name Carbon Support

Nominal Atomic Ratio

Total Metal Loading/wt.% TEM-Particle Size/nm

Pt/C-TKK/TEC10E40E High Surface Area Carbon -
Ru/C-FCS/57080103 Vulcan XC-72 -
PtRu/C-TKK/TEC66E50 High Surface Area Carbon 1:1
Pd/C-FCS/57080053 Vulcan XC-72 -
Rh/C-FCS/57080101 Vulcan XC-72 -
PdRh/C-FCS/- (custom order) Vulcan XC-72 1:1

36.8 1.90+0.57
20 2.084+0.62
49.7 2.384+1.00
20 2744077
20 2374065
20 246 +0.58
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least 12 h, rinsing and subsequently boiling three times with
ultrapure water.

EC-RTMS Measurements

Product analysis by EC-RTMS was performed using a V-type flow
cell (scanning flow cell, SFC) coupled to direct analysis in real time -
time of flight - mass spectrometer (DART-TOF-MS). The basic
principles of EC-RTMS for the real-time characterization of electro-
lyte composition have been described in detail by Khanipour
etal” In brief, a collection capillary was positioned close (ca.
100 pm) to the surface of the working electrode, and the electrolyte
along with the reaction products were continuously withdrawn for
analysis with DART-TOF-MS (JEOL JMS-T100LP AccuTOF). The
dissolved acetone formed after the oxidation of 2-propanol was
analyzed in the negative mode, at the mass range m/z=58.0-58.1
(ion structure ["*C'?C,HsO-HI"). The counter electrode (Pt wire,
Mateck GmbH) was placed at the waste channel of the SFC, i.e.
separately from the collection capillary, to avoid any interference
with the product analysis. The reference electrode was a Ag/AgCl in
3.0molL™" KCl (BASi). A Gamry Reference [600] potentiostat/
galvanostat was used for all measurements. The electrolyte,
introduced continuously in the flow cell from an FEP canister, was
purged with Argon (Air Liquide, 4.8 N) prior to each measurement
for 20 min, and the gas flow was then maintained throughout the
entire experiment.

Dissolution Studies Using Online Inductively Coupled Plasma
Mass Spectrometry (ICP-MS)

The stability of the carbon-supported bimetallic alloys was
quantified in-situ by the SFC, in which the outlet was coupled to an
on-line ICP-MS (PerkinElmer, Nexion 300X). A Ag/AgCl 3 molL™" KCI
electrode (Metrohm) was used as the reference electrode, which
was introduced in the outlet of the SFC via a capillary channel. A
glassy carbon rod (SIGRADUR) was employed as the counter
electrode, which was connected to the cell on the electrolyte inlet
side. The glassy carbon plate along with the drop-casted spots
served as the working electrode. The working electrode was placed
on a 3D translational stage (Physik Instrumente M-403), which
allowed easy and rapid navigation between the different samples.
A detailed description of the complete setup is available
elsewhere.**? All dissolution data in the manuscript have been
normalized by the individual geometric surface area.

All electrochemical measurements were carried out using a Gamry
Reference [600] potentiostat/galvanostat. Electrocatalyst stability
was scrutinized by performing the following protocol either in
0.05 molL™" KOH or in 0.05 molL™" KOH+0.05 molL™" 2-propanol
electrolyte solutions, saturated with Ar during the measurement:
first, the potential was held at 0 Vg for 5 min; then, three
consecutive cyclic voltammograms with gradually increasing upper
potential limits (+1, +1.1, and +1.2 V) were recorded with a
scan rate of 10 mVs~'. Salt and organic content of the electrolyte
had to be kept around 2 wt% due to the limitation of the ICP-MS:
higher concentrations could precipitate and clog the nebulizer of
the device or precipitate and (partially) block the sampling cones of
the device. The protocol was concluded with a 3 min potentiostatic
hold at 0 Vg to allow the ICP-MS signal to return to its baseline
value.

ICP-MS calibration was performed daily prior to the measurements,
with a four-point calibration curve made from standard solutions
(Merck Certipur, Pd, Rh, Pt, and Ru) containing the metal ions of
interest in a given concentration in 0.05 molL™' KOH (+0.05 mol L™’
2-propanol) electrolyte solution. *Te (for '®®Pd), "In (for '®Rh),

ChemElectroChem 2025, 12, 202400699 (3 of 10)

'8Re (for '**Pt), and 'Rh (for '“Ru) were used as internal standards.
Internal standard solutions were prepared in 1 wt% HNO, electro-
lyte and were introduced in the sample stream via a Y-connector.
The purged electrolyte flow rate was controlled by the peristaltic
pump of the spectrometer (M2, Elemental Scientific). The average
flow rate was 3.50+0.05 puLs™.

Transmission Electron Microscopy (TEM)

The sample particle size and distribution on carbon support was
investigated with TEM. Sample powders were suspended in
water:2-propanol (volume ratio 1:1) mixture and sonicated for
5 min before TEM grids were dip-coated. Consecutively, the grids
dried under air atmosphere and cleaned for 1 min with air plasma
by using a Tergeo EM plasma cleaner (PIE Scientific). TEM micro-
graphs were acquired using a Talos F200i (Thermo Fisher Scientific).
The microscope was operated at an acceleration voltage of 200 kV
and is equipped with a Schottky emitter. The particle size
distribution was determined from the 2D TEM images by using the
open-source software Fiji. The reported particle size corresponds to
the equivalent projected area diameter, calculated as the diameter
of a circle that has the same area as the particle 2D-projected area
(equivalent sphere concept).”?

Results and Discussion

Voltammetric Characterizations and TEM Surface Area
Determination

The positive-going linear sweep voltammograms in 0.1 molL™
NaOH electrolyte with 0.2 molL™" 2-propanol on mono- and bi-
metallic nanoparticles supported on carbon (Pd/C, Rh/C, PdRh/
C, Pt/C, Ru/C, and PtRu/C) are shown in Figure 1. The oxidation
peaks along the potential window on different electroactive
surfaces are attributed solely to 2-propanol electrooxidation, as
can be easily extracted by the comparison with the “blank
voltammograms” in the absence of 2-propanol, available in
Figure S1-1, in the supporting information (SI). The lowest
onset potential (ca. +0.1 Vgye) is observed for Rh/C, PdRh/C and

PdRh/C
sok .
o
£ eof .
<
E a} .
g
8 20} .
OF ~ - e b
0.0 0.2 0.4 0.6 0.8 1.0
EiR free / VRHE

Figure 1. Electrooxidation of 2-propanol on Pd/C, Rh/C, PdRh/C, Pt/C, Ru/C
and PtRu/C nanoparticles. Positive-going LSVs in 0.1 molL™' NaOH and

0.2 molL™" 2-propanol. Total metal loading: 25 ugcm™. Scan rate: 5 mVs™'.
Rotation speed: 1600 rpm.
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PtRu/C, which is close to the thermodynamic equilibrium
potential for the acetone/2-propanol redox couple (+0.13 V at
standard conditions).” Pt/C (ca. +0.25Vgy) and Pd/C (ca.
+ 0.3 V) activate 2-propanol at higher overpotentials, whereas
Ru/C shows no activity, similarly to acidic conditions.”” Thus, Ru/
C is not further used in the analysis presented below. The
maximum current density was recorded for PdRh/C (ca.
80 mAcm™?), followed by the other electrocatalysts along the
series PtRu/C (ca. 66 mAcm™) <Pd/C (ca. 63 mAcm~?) <Rh/C
(ca. 34 mAcm™?) <Pt/C (ca. 31 mAcm™).

The electrooxidation of 2-propanol on PtRu/C in alkaline
conditions takes place in two potential regions (1% peak onset
at ca. +0.1 Vge/2™ peak onset at ca. 40.25 Vg with peak
potential at ca. +0.85 Vgye), similarly to what was shown for
acidic media by Khanipour et al.”? We have previously attributed
the first peak to 2-propanol oxidation on Pt—Ru ensemble sites,
and the second peak to oxidation solely on Pt'"® A different
explanation is provided by Simanenko et al., as the origin of the
first oxidation peak is attributed to the formation of ultra-small
Pt aggregates on top of rough Ru surface and not on Pt—Ru
ensemble sites.”” Note that the early onset at ca. +0.1 Vg is
not observed for the monometallic catalysts, Pt/C and Ru/C. For
the second oxidative process, a discrepancy is observed
between acidic and alkaline conditions with regard to the peak
potential and peak current density. Whereas, in acidic con-
ditions the peak potential and the respective current density
peak are almost similar for Pt/C and PtRu/C (same Pt loading in
Khanipour’s study, 25 pgcm™), in alkaline electrolyte, the peak
is shifted to higher potentials for PtRu/C (ca. + 0.85 Vg, versus
ca. +0.75 Vg for Pt/C). This is accompanied by a more than
double increase in peak current density for PtRu/C compared to
Pt/C, although the Pt loading is lower (16.47 pg,.cm~2 for PtRu/
C <25 pgpcm™2 for Pt/C). Those characteristics may either
indicate that the reaction follows a different mechanism or
derive from the differences in oxide formation between PtRu/C
and Pt/C surfaces respectively. Nevertheless, on both surfaces a
change in voltammetry curve is observed between +0.5 and
+0.75 Vpue, Which is attributed by Markiewicz etal. to two
different 2-propanol oxidation mechanisms due to changes in
surface oxidation state and subsequently in strongly absorbed
intermediates that poison the surface at each potential
window.?”

Analogously, PdRh/C also exhibits enhanced performance in
comparison to the respective single-metal nanoparticles. The
onset potential for PdRh/C coincides with that of Rh/C.
However, while the current for the latter is maximized at ca.
+0.4 Vg (ca. 34 mAcm™), a broad oxidation peak is observed
for PdRh/C, ranging from the onset potential of Rh/C to the
deactivation potential of Pd/C. Eventually, the 2-propanol
oxidation on the PdRh/C electrode rate reaches ca. 80 mAcm™
at the peak potential of ca. +0.5 Vgye.

Differences in the recorded current densities could have
originated from differences in particle size and the resulting
surface area. Given that it is not straightforward to measure the
electrochemically active surface area of all materials under
study with conventional stripping methods (e.g., underpotential
deposited hydrogen or CO stripping), we made an estimation

ChemeElectroChem 2025, 12, e202400699 (4 of 10)

based on the particle size of the respective material. To this
end, TEM images were obtained for all materials and are shown
in Figure 2 alongside the respective particle size distribution
histograms (enlarged TEM images in Figure S2 of the SI). To
obtain the necessary quantitative information for each catalyst,
the number (d,) and the volume-surface area (W/a) average
diameters were determined from the Equations (1-2) by using
the measured diameters (d,) of 300 nanoparticles (n) per catalyst
from several TEM images, as described by Loichet Torres
et al..*

Counts /¢,
8 8 8 8 8 3

o

Counts /c;

8 8888 3

Counts /¢,

-
=

o

D. PdRh/C

Counts / ¢,
8 8 8§ 8 83

Counts / ¢,

Figure 2. Typical TEM images of supported nanoparticles of (A) Pd/C, (B) Rh/
C, () Pt/C, (D) PdRh/C and (E) PtRu/C and the respective particle size
distribution histograms. Enlarged TEM images in Figure S2 of the SI.
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. yn .4 To understand further the potential dependence of 2-
dy :% (1) propanol electrooxidation on the different electrocatalysts in
alkaline media, the LSVs with and without the presence of 2-
nd propanol were compared (Figure 4, i.e., a closer inspection of
Avja = nod? 2 the blank voltammograms in Figure S1-2 in the SI). Overall, the

All materials show similar d and m values that range roughly
in a narrow window between 2and 3.5 nm. Additionally, in
Figure 3 the TEM-derived surface area (SAy) of the nano-
particles is extracted based on the calculated W/a by Equa-
tion (3) and the corresponding crystallographic densities (p,)
(i.e. ppr=214gcm™3, pp,=123gcm™>, ppy=12.02gcm3 and
prn=12.44 gcm).4*¥ The alloy density (oy,v,) is calculated by
Equation (4):

6
SATEM = 3
v/a * Px 3
P, = Y, Pmy T Y, Pwm, (4)

where y is the mass fraction of each metal.

The SAgqy values for Pd/C, Rh/C, PdRh/C (ca. 155-
179 M’ 19 'meta) ShOw that the expected differences in surface
area are not significant enough to explain the difference in
recorded current densities. Particularly, the SAyy,, difference
between Rh/C and PdRh/C (<2%) alongside the fact that the
PdRh/C oxidation peak, at the potential window from +0.1 to
+0.5 Vg, is broad and unaffected by the RhO, formation™”
indicates an enhanced catalytic performance due to the alloying
between Pd and Rh. Similarly, Pt/C shows a SAg,, value (ca.
127 M09 meta) greater than PtRU/C (ca. 92 M2 i metal)s
although the current density for the latter catalyst at the
potential window from + 0.5 to + 1 Vg is higher. We conclude
that both PdRh/C and PtRu/C, in this study, are more active in
alkaline electrolyte compared to the individual monometallic
catalysts, which is attributed to intrinsic characteristics of each
alloy and not to differences in particle size or surface area.

Il rac I Rh/C [l PARh/C

I rtc PtRu/C

180 |

£ 150}
K]

5 120}
£

‘e 9o}

& 6o}
-
<

“w  30f

0

Figure 3. TEM-derived surface area values in m*> g~' for Pd/C, Rh/C, PdRh/C,
Pt/C and PtRu/C nanoparticles.
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oxidation current of 2-propanol reaches a maximum and then
decreases, until the reaction practically ceases at a potential
range where either the adsorption of oxygenated species from
the electrolyte (e.g. OH,q4,) or the oxide formation takes place
on each respective surface. Previous studies have shown that
surface changes that are attributed to oxygenated species or
oxides formation in alkaline electrolytes take place for poly-
crystalline Pd, Rh and Pt at a potential window similar to our
study (Pd ca. +02Vgpe Rh ca. +035Vge and Pt ca.
+0.45 Vg, 0

In particular, the current density for 2-propanol oxidation
on Rh/C is maximized at ca. +0.35 to + 0.4 Vg, Where a feature
emerges in the blank voltammogram which is related to the
commencement of Rh oxide formation in alkaline media.*” The
oxidation rate on Pd/C is maximized at a potential close to ca.
+ 0.7 Vgue, Where the formation of the Pd (ll) oxide layer takes
place, as can be also seen by the respective features that
emerge in the blank solution.®? Accordingly, the electrocatalytic
activity of Pt/C for 2-propanol oxidation decreases at ca. +0.7
to +0.75 Vg, Where the convoluted formation of both Pt*-
OH,4, (0<8< 1) and Pt (Il) oxide initiates.****

The current profiles for the two bimetallic materials, PdRh/C
and PtRu/C, compared to the respective monometallic catalysts,
can be associated with the differences in blank voltammograms
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Figure 4. Positive-going LSVs in 0.1 molL™" NaOH (blank) and 0.1 molL™"
NaOH/0.2 molL™" 2-propanol solutions of (A) Pd/C, (B) Rh/C, (C) Pt/C, (D)
PdRh/C and (E) PtRu/C nanoparticles. Total metal loading: 25 ugcm™. Scan
rate: 5 mVs ™. Rotation speed: 1600 rpm. Note the different scales of current
density for the solution with 2-propanol (left Y-axis) and without 2-propanol
(right Y-axis).
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between the materials. For example, the oxide formation on
PdRh/C (ca. +0.45 Vgye) is shifted by ca. 100 mV compared to
Rh/C (ca. 4+0.35Vgy) in blank voltammetry, and the peak
potential for 2-propanol oxidation is shifted accordingly,
eventually leading to enhanced current densities recorded in a
potential window where neither Rh/C nor Pd/C show similar
activities. In the case of PtRu/C, the voltammograms between
the alloy and the Pt monometallic surface show differences that
cannot be easily explained without any additional operando
characterization, based on X-ray spectroscopy. Nevertheless, it
seems that the PtRu/C peak potential emerges at the same
potential (ca. +0. 85Vyy) where the third oxidation stage
initiates.

Product Analysis During Chronoamperometry

To further investigate the evolution of 2-propanol electro-
oxidation and the respective product formation over time,
product analysis was conducted in real time with EC-RTMS at
several constant potentials. We have previously shown that in
alkaline conditions the sole product of the 2-propanol electro-
oxidation is acetone on polycrystalline noble metal electrodes,
whereas C—C bond splitting or CO,4 formation on the surface
was excluded, using electrochemical infrared reflection absorp-
tion spectroscopy (EC-IRRAS) measurements."”

The experimental protocol consisted of 5 min steps at a
constant potential, which were separated by 3 min relaxation
steps at 0 Vg, following the methodology that was previously
developed by our group.” The latter step is crucial to prepare a
reproducible surface by removing surface adsorbates (e.g.
acetone) and reduce any previously formed oxide species, but
also to ensure that the mass spectrometry signal for acetone,
lace: has reached the background level. The potential at each
successive potentiostatic step was 100 mV more positive than
that at the previous step. For each studied electrode (Pd/C, Rh/
C, PdRh/C, Pt/C and PtRu/C), the chronoamperometric experi-
ment was designed to cover the potential range where the
respective surface is active for 2-propanol electrooxidation, as
found from the LSVs.

The I signal shows a marginal difference from the
background during the step at +0.1 Vg for Rh/C and PdRh/C,
but it is clearly distinguished at the more positive step at
+ 0.1 Ve, confirming that the early onset observed during the
LSVs on these two catalysts is related to formation of acetone
at low overpotential. Higher formation rates are detected at
steps at +0.3 Ve and even more at +0.4 Vg, which are more
prominent for PdRh/C, while they both decline from +0.5 Vg
and above, all in line with the voltametric findings. On the other
catalysts, the formation of acetone is observed only at more
positive potentials. Similarly to our previous study, the
oxidation rate decays with time regardless of the studied
electrocatalyst or the applied potential,"® as shown in Figure 5.
This is apparent both from the current density versus time
profiles (Figure 5B) and by the I, intensities versus time
(Figure 5A). The latter measurement utterly represents the
acetone formation rate with time, as there is no charging
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Figure 5. Chronoamperometric steps on Pd/C, Rh/C, PdRh/C, Pt/C and PtRu/
C nanoparticles in a potential window from + 0.1 to + 1 Vg for 5 min,
interrupted by steps at 0 Vg for 3 min, in 0.1 molL™' NaOH and 0.2 mol L™
2-propanol. The current densities and ion currents are shown for the
aforementioned nanoparticle electrodes.

current effect during the potential switch. Additionally, mass
transport limitations are considered negligible and not a
possible origin for the rate decay, given the fact that the SFC
was used for the chronoamperometric step measurements.
Under this frame, the observed performance is attributed solely
to gradual electrocatalyst deactivation, which is likely related to
the concomitant formation and accumulation of acetone on the
electrode surface. As described previously on platinum in acid
using time-resolved infrared spectra, the produced acetone is
not entirely desorbed from the surface, leading to a partial
coverage with acetone which increases gradually with time
(until an equilibrium coverage is reached at each potential),
hindering the interaction of 2-propanol molecules with the
electrode and leading to kinetic limitations."”
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Potential-Dependent Dissolution Rates for PdRh/C and
PtRu/C

Stability of the carbon-supported PdRh and PtRu catalyst
samples was screened by an on-line ICP-MS. This technique
allows tracking the dissolution rates of each metal in the alloys
in real time while running electrochemical protocols.*” The
dissolution characteristics of the monometallic surfaces have
been previously studied, so here we focus on the stability of
PdRh/C which was not investigated previously, as well as of
PtRu/C for comparison.**

To identify the influence of 2-propanol on the dissolution
kinetics, measurements were carried out both in 0.05 molL™
KOH and in 0.05 molL™" KOH+0.05 molL™" 2-propanol. Results
are presented in Figures 6A and 6C (the applied protocol is
described in detail in the Materials and Methods section). While
part of the potential windows tested here may be outside of
the expected potentials at the anode of an alcohol fuel cell
under steady operation, such values might occur for example,
during the startup/shutdown sequence of the cell or if the
electrolyte instantly depletes in alcohol. Thus, such high anodic
potentials (ca. +1.0 to +1.2Vgy) are often set in several
accelerated degradation protocols in fundamental studies.®®

The first feature, which is visible in the case of all metals
during the potentiostatic hold, appears when the SFC gets in
contact with the working electrode and corresponds to the
dissolution of native oxides, inherently present at the catalyst
surface, especially when the catalysts were stored under air.””
The presence of 2-propanol had a striking influence on the size
of the contact peaks in the case of Pd, Rh and Pt leading to
significantly higher dissolution rates compared to the propanol-
free 0.05 molL™"' KOH case. The reason behind this phenomen-
on is yet to be uncovered, but 2-propanol can clearly alter the
stability of the given metal negatively. One possible explanation
could be that the adsorption of 2-propanol may suppress the
redeposition of the dissolved species, as has been shown in the
case of CO."®

Pd dissolution is evident even at the lowest, + 1 Vg upper
potential limit (Figures 6A, 6B and on a linear scale in Fig-
ure S3A, in the SI). The onset potential of dissolution is ca.
+0.87 Ve, Which matches well with the values published in
the literature under similar conditions, along with the number
and shape of the two main dissolution features.® The first one
corresponds to the formation of PdO,, while the second,
cathodic dissolution peak corresponds to the reduction of the
previously formed oxide; both processes are accompanied with
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Figure 6. Dissolution rates of Pd and Rh for PdRh/C catalyst (A) and dissolution rates of Pt and Ru for PtRu/C catalyst (C) recorded during a protocol consisting
of three CVs with increasing upper potential limit from +1.0 to 4 1.2 Vgge (AE=0.1V, =10 mVs™") in either 0.05 molL~"' KOH or in 0.05 molL~"' KOH

+0.05 molL™" 2-propanol electrolyte solutions. Dissolved amount of Pd and Rh (B), or Pt and Ru (D) in a cycle. Dissolved amounts were obtained by
integrating the dissolution features presented in (A) and (C). Logarithmic scale was used for better visibility of dissolution peaks; see Figures S3A and S3B for
linear scale. Error bars were calculated from at least two measurements; each performed on a fresh catalyst location.
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Pd dissolution. The two dissolution peaks are merged into one
feature; cathodic dissolution appeared as a discernable shoulder
(especially in the case of the highest upper potential limit). The
amount of Pd dissolving cathodically remains smaller than the
anodically dissolved, until the upper potential limit reaches
4+ 1.2 Vge. Here, the cathodic dissolution rates are in the same
ballpark as anodic dissolution. The addition of 2-propanol did
not affect the onset potential of dissolution. On the other hand,
when the upper potential limit was increased to + 1.2 Vg,
anodic and cathodic dissolution features cannot be separated,
however, the magnitude of the dissolution rates remained
similar.

Rh dissolution started at +0.82 Vg (Figures 6A and 6B).
Similar to the case of Pd, two dissolution peaks can be spotted.
The anodic dissolution corresponds to the oxidation of Rh
accompanied by Rh dissolution. Based on the Pourbaix diagram,
various solid-oxide transformations are possible, resulting in
either Rh,0 or Rh,0,5% The cathodic Rh dissolution feature
emerged due to the reduction of the Rh oxide layer. Similarly to
Pd, dissolution rates are unaffected by 2-propanol, alongside
the convolution of cathodic and anodic dissolution features, at
the highest upper potential limit.

As a control experiment besides PdRh, the stability of
PtRu was also studied (Figures 6C, 6D and on a linear scale in
Figure S3B, in the SI). Pt and Ru dissolution starts almost at
the same potentials, +0.98 Vg and —+1 Vg, respectively.
The oxidation of Pt manifested in a transient anodic
dissolution feature due to PtO, formation, while the reduc-
tion of the surface oxide layer leads to the formation of a
cathodic dissolution peak. Dissolution rates are always small-
er in the case of anodic dissolution. In contrast, anodic and
cathodic Ru dissolution features are only visible when the
upper potential limit is +1 Vg corresponding to the
formation of various Ru oxides (RuO,-H,0O, Ru(OH),);*%*
anodic and cathodic dissolution peaks are merged. Dissolu-
tion rates are slightly lower in the presence of 2-propanol
both for Pt and Ru. The onset potential of dissolution was not
affected by the addition of 2-propanol for all four inves-
tigated metals.

Dissolved amounts were always calculated by integrating
dissolution peaks that appeared during a whole cyclic
voltammogram in consecutive cycles by increasing the upper
limit potential each time (Figures 6B and 6D). As it is visible
in Figure 6B, the amount of dissolved Pd is significantly
higher than the values obtained for Rh ranging from ~45-
300 ngpgcm ™ for upper limits from + 1.0 to + 1.2 Vg, while
Rh dissolution even at the highest upper potential limit did
not exceed 110 ngg,cm~2 The other, important conclusion is
that the addition of 2-propanol did not destabilize further Pd
and Rh; the dissolved amount is identical within the margin
of error.

In the case of the PtRu/C sample, the amount of dissolved
Ru was first lower (+1 Vg upper potential limit), similar (+
1.1 Vgye) and notably higher (4+1.2 Vgye) compared to Pt. The
calculated dissolved amounts are approximately 4-5 times
lower compared to the values gathered for the PdRh/C system.
The addition of 2-propanol slightly decreased the dissolved
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amounts of Pt and Ru especially at the two higher upper
potential limits. Similar trends were observed earlier for PtRu/C
both in acidic and alkaline media. The increase in stability was
tied to the 2-propanol oxidation product, acetone, irreversibly
adsorbing at the PtRu surface.®® However, in this study, the
increase in stability is somewhat lower compared to previous
reports.”*” We attribute this deviation to the higher dissolution
rates experienced during contacting the working electrode that
affects the concomitant dissolution rates at higher upper limit
potentials.

Conclusions

2-propanol fuel cells can be used to harvest the hydrogen
stored in LOHCs to generate electricity by oxidizing 2-propanol
to acetone at the anode and hydrogenating the latter from an
LOHC molecule back to 2-propanol in a catalytic reactor. In
acidic electrolytes, which is relevant for PEMFC applications and
where most work has focused on so far, the choice of anode
materials is limited to platinum-based electrodes due to the
inactivity of other noble metal-based catalysts and the poor
stability of non-noble metals under the operating conditions. In
this work, we evaluate the performance of various carbon-
supported mono- and bi-metallic nanoparticles based on noble
metals in an alkaline electrolyte, with an outlook to an
application in an alkaline fuel cell.

Data from linear sweep voltammetry show that the onset of
the reaction on PtRu/C, Rh/C and PdRh/C is as low as the
thermodynamic equilibrium potential for the acetone/2-prop-
anol redox couple, but a much higher maximum current is
recorded for PdRh/C compared to the other two catalysts,
whereas Pd/C and Pt/C show a much higher onset potential,
making PdRh/C the most promising catalyst for a 2-propanol
alkaline fuel cell operation. Electrochemical real-time mass
spectrometry showed that acetone is formed on all catalysts
studied, in line with previous studies on polycrystalline electro-
des in the same solution as well as in acid.

After calculation of the TEM-derived surface area of the
different catalysts, we find that the differences in current
recorded for the various materials are not related to differences
in particle size or the active surface area exposed to the
electrolyte, but instead they should be attributed to intrinsic
characteristics of the respective catalyst.

Using online dissolution monitoring with ICP-MS, we find
that all metals in the studied catalysts can dissolve in either the
presence or the absence of 2-propanol during both the forward
and the backward scan, if they are exposed to sufficiently high
potentials that can be relevant during dynamic, startup/shut-
down operation. The extent of the cathodic and anodic
dissolution depends on the highest applied potential. Even
though the deactivation of all catalysts derives mainly either
from acetone accumulation or surface oxidation, for the most
promising case, PdRh/C, the dissolution results suggest that the
anode potential in a 2-propanol alkaline fuel cell should not
exceed ca. +0.8V during transient operation, i.e, during
startup/shutdown or idle conditions, otherwise both palladium
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and rhodium can dissolve and affect the long-term performance
of the fuel cell.
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