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Abstract

The electrocatalytic oxidation of small organic compounds such as methanol or formic acid
has been the subject of numerous investigations in the last decades. The motivation for these
studies is often their use as fuel in so-called direct methanol or direct formic acid fuel cells,
promising alternatives to hydrogen-fueled proton exchange membrane fuel cells. The
fundamental research spans from screening studies to identify the best performing catalyst
materials to detailed mechanistic investigations of the reaction pathway. These investigations
are commonly performed at conditions quite different to fuel cell devices, where no liquid
electrolyte will be present. We previously developed a gas diffusion electrode setup to mimic
“real-life” reaction conditions and study electrocatalysts for oxygen gas reduction or water
splitting. It is here demonstrated that the setup is also suitable to investigate the properties of
catalysts for the electro-oxidation of small organic molecules simulating conditions of low

temperature proton exchange membrane fuel cells.
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1. Introduction

Energy conversion and storage are the most prominent applications of electrochemistry.
Electrochemical energy conversion is required to use electric energy for producing fuels and
chemicals, e.g., in water electrolysis or carbon dioxide electroreduction, but also to transform
fuels to electric energy. The most common fuel thereby is gaseous hydrogen, which can be
converted into electric energy using proton exchange fuel cells (PEMFCs). Hydrogen powered
PEMFCs are for example used in automotive applications where an extremely high-power
density is required [1]. The main challenges for the technology however are the lack of a
hydrogen distribution system and the high costs [2]. Liquid fuels such as methanol or formic
acid by comparison are easier to distribute and store. However, operating PEMFCs with liquid
fuels in so-called direct liquid fuel cells, i.e., direct methanol and direct formic acid fuel cells
(DMFC and DFAFCs) [3], requires substantially larger amounts of the precious and rare
catalyst materials to reach a given kW peak power demand due to the sluggish anode reaction
[4] in addition to the limited cathode performance. The sluggish anode reaction is mostly
associated with the a limited complete oxidation of the fuel to CO. [5,6]. For example,
methanol oxidation reaction is known to proceed via a CO intermediate which adsorbs to the
catalyst surface and thus blocks (poisons) adsorption sites [7]. As a consequence, the CO
oxidation reaction becomes the limiting factor for methanol oxidation. By comparison, formic
acid should facilitate the direct oxidation to CO> via the removal of two the hydrogen atoms.
Nevertheless, also for formic acid oxidation, CO poisoning has been reported [8,9]. Despite
these limitations, direct liquid fuel cells are an interesting alternative for applications where

lower power densities are required.



The first steps in catalyst development for PEMFCs are usually performed in rotating disk
electrode (RDE) measurements in three-compartment electrochemical cells with liquid
electrolyte [10]. Such experiments are straightforward to set up, but for cathode catalysts
promoting the oxygen reduction reaction (ORR), it has been observed that the extrapolation of
the results to real applications or even measurements in single cell membrane electrode
assemblies (MEA) is challenging [11]. This is mostly due to different mass transport
conditions, but the electrolyte environment in PEMFCs is also considerably different than in
RDE measurements. For this reason, several research groups developed experimental
approaches for catalyst testing that aim to establish a second testing platform bridging RDE
and MEAs [12-24], one of these platforms is the gas diffusion electrode (GDE) setup. As
pointed out, the main motivation in developing GDE setups is to establish high reactant mass
transport which is crucial for gaseous reactants such as oxygen [18]. However, also the
electrolyte type, i.e., liquid or membrane, is expected to have a significant influence on the
catalyst reactivity. It is well known for example that the determined ORR activity of Pt based
catalysts is substantially different in sulfuric and in perchloric acid based aqueous electrolytes
[6]. This phenomenon is related to structure sensitive, specific anion adsorption blocking active
catalyst sites and the term spectator species was introduced for anions in the liquid electrolyte
as they have no active part in the ORR. Nafion, by comparison, which is often used as
membrane electrolyte, does not exhibit structure specific adsorption, although it blocks active

catalyst sites as well [25,26].

Although it has been shown that even non-specifically absorbed cations can influence catalytic
reactions [27], to the best of our knowledge so far it has not been investigated to which degree
the electrolyte environment, i.e., aqueous or membrane electrolyte, influences the oxidation of
small organic molecules, e.g., methanol and formic acid. In the present study, we therefore

compare the performance of two standard catalysts for the methanol and formic acid oxidation,



i.e., Pt and Pd nanoparticles supported on high surface area carbon (Pt/C and Pd/C) and
performed investigations in a conventional electrochemical (RDE) setup as well as in a GDE
setup. We thereby simulate the conditions in a low temperature proton exchange fuel cell (LT-

PEMFC), i.e., a Nafion/catalyst interface.

2. Experimental Methods

Materials and chemicals

The following materials and chemicals were used: Commercial Pt/C (Tanaka Kikinzoku
Group, TEC10E20A, 19.4%) and Pd/C (FC Catalyst, 3151611, 20% Palladium on Vulcan),
37% hydrochloric acid (HCI, Suprapur, Merck), 65% nitric acid (HNOs, Suprapur, Merck),
methanol (CH3OH, VWR Chemicals, 98.5%), formic acid (HCOOH, >95%, Sigma Aldrich),
isopropanol (IPA, 99.7+%, Alfa Aesar), 70% perchloric acid (HCIO4, ACS reagent, 70%,
Sigma-Aldrich), KOH (pellets for analysis EMSURE®,Merck), Nafion™ D1021 Dispersion
(Water based 1100 EW at 10 wt%), Ultrapure water (resistivity>18.2 MQ-cm, total organic
carbon (TOC) < 5 ppb) from a Milli-Q system (Millipore). The following gases from Carbagas
AG were used for electrochemical measurements: Ar (99.999%), and CO (99.97%). Gas
Diffusion Layer (GDL) without a Microporous Layer (MPL) (Freudenberg H23), Gas
Diffusion Layer (GDL) with a Microporous Layer (MPL) (Freudenberg H23C8) and Nafion
membrane (Nafion 117, Fuel Cell Store) or anion exchange membrane (Sustainion® X37-50

Grade RT, Fuel Cell Store) were used for the catalyst layer fabrication.

Electrochemical measurements

All electrochemical measurements were performed in a three-electrode system controlled by a
potentiostat (ECi 200, Nordic Electrochemistry). If not specifically noted, the same

electrochemical procedures (catalyst loadings, treatment, electrolyte, measurement protocol,



etc.) were applied for the Pt/C and Pd/C catalyst. All measurements have been conducted at

room temperature.
Measurements in conventional electrochemical cell

A glassy carbon electrode (5 mm diameter) was used as the working electrode, a platinum wire
was used as counter electrode and a reversible hydrogen electrode (RHE) as reference
electrode. The electrolyte was either 1.0 M HCIO4 or 1.0 M KOH aqueous solution. The
effective solution resistance was determined online with the help of a superposed AC signal
(5mV, 5kHz) and was compensated to a value below 5 Q via an analogue positive feedback

scheme of the potentiostat [28].

The catalyst ink for the RDE measurements was prepared by ultrasonically dispersing
(ultrasound cleaning bath VWR, USC-THD, 45 kHz) [10] the catalyst powder (amount
corresponding to 0.276 mg metal, e.g., 1.380 mg of 20 wt. % Pd/C ) for ca. 8 min in 1.266 mL
of a mixed solution containing isopropanol and water (1:3; v:v) and 11.04 puL of 10 wt% Nafion
solution to form a homogeneous catalyst ink with a metal concentration of 0.218 MQmetar ML™.
The RDE working electrodes were fabricated by pipetting 9.0 uL of the electrocatalyst ink onto
a glassy carbon electrode leading a nominal metal loading of 10 pgmetal CM2geo, Tollowed by

drying in air.

The electrolyte was deaerated by purging with Ar. Prior to the measurements the catalysts were
cleaned by potential cycling between 0.15 Vrue and 1.20 Vrye at a scan rate of 500 mV s
until a stable cyclic voltammogram (CV) could be observed. The electrochemically active
surface area (ECSA) was determined via the CO oxidation charge in CO monolayer stripping
experiments [29]. For this, the electrode was held at 0.15 Vrre in a CO-saturated electrolyte
for 2 min. Thereafter the electrolyte was saturated for 10 min with Ar gas to replace the excess

CO in the electrolyte. Finally, the adsorbed CO monolayer was oxidized to CO2 by scanning



the electrode potential from 0.15to 1.10 Vrue or 1.20 Vrye at a scan rate of 50 mV s, The
ECSA was estimated from the recorded oxidation charge by using a reference oxidation charge
value for polycrystalline Pt of 420 pC cm2p [30] and Pd of 405 pC cm?pq [31], respectively.
The cyclic voltammetry measurements were recorded in the same potential window and at the
same scan rate of 50 mV s™%, but in Ar-saturated electrolyte solution. The electrochemical
oxidation of formic acid and methanol, respectively, was performed by collecting cyclic
voltammetry curves in a Ar-saturated electrolyte solution containing 1.0 M HCIO4 and 0.5 M
HCOOH, 1.0 M HCIO4 and 0.5 M CH30H, or 1.0 M KOH and 0.5 M CH3OH at a scan rate of
50 mV st in a potential window between 0.15 and 1.20 Vrre (formic acid oxidation) or
between 0.2 and 1.10 Vrre (methanol oxidation). Due to the high reactant concentration, no
rotation was applied. Indeed rotation leads to a reduction in the observed reaction rates, see

Figure S1.
Electrochemical measurements in gas diffusion electrode setup

In the gas diffusion electrode setup, instead of the GC electrode, a GDE (3 mm diameter) was
used as the working electrode (WE), a platinum wire as counter electrode (CE) and a reversible
hydrogen electrode (RHE) as reference electrode (RE). The WE is separated from the CE and
RE by a Nafion membrane [32] or an anion exchange membrane (for KOH solution) in the
upper cell compartment above the membrane 1.0 M HCIO4 or 1.0 M KOH aqueous solution

was used as electrolyte. All gases purged through the GDE were humidified by first passing

through MilliQ water or the reactant solution. It has been previously shown that at room

temperature full humidification is reached [32].

WE preparation: The catalyst (amount corresponding to 0.382 mg metal) was ultrasonically
(ultrasound cleaning bath VWR, USC-THD, 45 kHz) dispersed for ca. 8 min in 7.645 mL of a
mixed solution containing isopropanol, water (3:1; v:v) and 15.29 uL of 10 wt% Nafion (10:1;

ul:mgcarbon) solution to form a homogeneous 0.05 mgmetas ML catalyst ink. The catalyst was
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deposited on the GDL with a MPL by vacuum filtration leading to a nominal loading of 200
UQmetal CM2geo [33]. A blank GDL with MPL with a diameter of 2 cm was taken and a 3 mm
hole was punched out in its centre. This was placed onto a GDL without MPL and in the hole
a 3 mm catalyst coated GDL was placed and everything was pressed, protected by a Teflon
sheet, to a Nafion membrane of 1 cm in diameter by a hydraulic press (2 tons pressure, 5 min,
room temperature) [21]. For the anion exchange membrane a reduced pressure was applied (1

ton pressure, 5 min, room temperature) to avoid sticking to the Teflon sheet.

The system was deaerated by purging the GDE through the bottom cell part with humidified
Ar [32]. Prior to the measurements the catalysts were cleaned by potential cycling between
0.15 Vrue and 1.20 Vrwe at a scan rate of 500 mV s until a stable CV could be observed, The
CO stripping measurements were performed as in the conventional cell, i.e., the electrode was
held at 0.15 Vrre with streaming CO through the cell for 2 min, thereafter the CO was replaced
by Ar gas to remove all excess CO. The adsorbed CO monolayer was oxidized to CO> by
scanning the electrode potential from 0.15to0 1.20 Vrue (Pd) or 1.10 Vrue (Pt) at a scan rate of
50 mV s. The ECSA was estimated from the recorded oxidation charge using the same

reference values as in the RDE measurements.

The electrochemical oxidation of formic acid and methanol, respectively, was performed by
passing Ar through reactant mixed in aqueous solution instead of pure MilliQ water. Different
concentrations of reactants mixed in aqueous solution were tested to exclude reactant mass
transport limitations, see Figure S2, and we decided to use the highest tested concentrations of
5.0 M HCOOH or 5.0 M CH3OH where already an inhibiting effect similar to the rotation
effect in the RDE was observed to ensure no mass transport limitations. The cyclic voltammetry

curves were collected at a scan rate of 50 mV s in the same potential range as noted above.

Physical characterization of the catalysts



The size (diameter) and shape of the Pt and Pd nanocatalysts were evaluated by TEM using a
Jeol 2100 transmission electron microscope operated at 200 kV. For the characterization, at
least three images in at least three different randomly selected areas of the grids were chosen.
The samples were prepared by dropping the catalyst ink (the catalyst was diluted in ethanol)
onto carbon coated copper TEM grids. The nanoparticle size was evaluated by measuring the

diameter of at least 200 nanoparticles using the software ImageJ.

In order to evaluate the nanoparticle size with more statistical power (given that TEM analysis
is limited to few hundreds of individual nanoparticles), small angle X-ray scattering were
performed as previously described in detail [21]. The Pd/C or Pd/C powders were placed in
dedicated holders in between two mica windows. The measurements performed at the Niels
Bohr Institute at the University of Copenhagen using a SAXSLab instrument. The data were
fitted with polydisperse spheres models described by a volume-weighted log-normal

distribution.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The actual metal loadings of WE were evaluated by ICP-MS (NexION 2000 ICP-MS). The
ICP-MS was equipped with a cyclonic spray chamber and a PFA-nebulizer. The RF power for
the plasma was held at 1300 W with a gas flow of 15 L min. The catalysts on the GDLs were
selected 4 different parts and dissolved in aqua regia (volume ratio of HCI:HNO3 = 3:1) and
then diluted to 200 mL with milli-Q water. Based on four different measurements average metal
loadings of 141 pged cM?2geo and 143 pger cmM?geo for Pd/C and Pt/C, respectively, were
determined. To evaluate the real catalyst loading on the RDE tips, 9 ul of the catalyst ink was
taken and dissolved in 4 mL aqua regia (volume ratio of HCI:HNO3 = 3:1) and then diluted to
25 mL with milli-Q water. By ICP-MS, metal loadings of 8.0 pgeg cmM™geo and 7.5 pget cMZgeo

on the RDE tips were estimated.



3. Results and Discussion

As discussed in the introduction, the aim of this work is to establish the suitability of the GDE
approach for volatile organic reactants simulating a LT-PEMFC environment. For this purpose,
we investigate the performance of two standard catalysts, i.e., Pt/C and Pd/C, for the methanol
and formic acid oxidation in a GDE setup with a catalyst — membrane electrolyte interface
where the reactant is introduced via a humidified gas stream. The experimental setup for the
GDE measurements is relatively new and has been previously only used for studying the
electro-oxidation of volatile small organic molecules at rather demanding conditions, i.e., hot
phosphoric acid simulating conditions in high-temperature PEMFCs [34]. The setup adopted
for simulating LT-PEMFC conditions is schematically displayed in Figure 1. Most importantly,
in this configuration the catalyst has only contact to the reactant in water and the membrane
electrolyte, but no solvated anions such as e.g., perchlorate anions. As benchmark, we
compared the GDE measurements to investigations conducted in a conventional
electrochemical cell (RDE setup) with aqueous supporting electrolyte to which the reactant,

i.e., methanol or formic acid is added.



CE

TFormic acid/
methanol (aq)

Figure 1. Sketch of the experimental setup for the GDE measurements. The formic acid or methanol is
brought to the catalyst layer (WE) on the GDL via a humidified Ar gas stream. CE and RE indicate
counter and reference electrode and are separated from the WE by a membrane electrolyte, i.e. proton
or anion exchange membrane (not shown).

Before we discuss the results of the electrochemical measurements, we introduce the physical
characterization by TEM and SAXS of the investigated commercial catalysts. TEM
micrographs as well as the particle size distributions determined by TEM and SAXS are shown
in Figure 2, the fits of the SAXS data are shown in Figure S3 in the supporting information.
Both, the commercial Pt/C and the Pd/C exhibit homogeneously distributed nanoparticles on
the carbon support and a well-defined particle size. Consistent results are obtained comparing
the results of the local method TEM with the results of the “integrating” (i.e., probing a
macroscopic part of the catalyst) method SAXS. The histogram of the particle size evaluated
by TEM and the probability function determined by SAXS reveal an average size of 1.6 + 0.4
nm and 1.8 = 0.2 nm, respectively, for the Pt/C catalyst. By comparison, the Pd particle size is
slightly larger with an average size of 4.2 + 0.9 nm and 4.8 £ 0.3 nm, determined by TEM and

SAXS, respectively.
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Figure 2. Representative TEM micrographs of the commercial a) Pt/C and c¢) Pd/C catalyst. Particle
size distributions derived from TEM (black size histogram) and SAXS (blue probability density function)
of b) Pt/C and d) Pd/C. For the particle size histograms 228 nanoparticles for Pt and 330 nanoparticles
for Pd were analyzed.

Investigating the catalytic performance of fuel cell catalysts, one typically starts with recording
CVs in inert atmosphere followed by a determination of the electrochemically active surface
area (ECSA). The respective measurements for Pt/C and Pd/C are summarized in Figure 3. In
the discussion we concentrate on the similarities and differences of the electrochemical
behavior of the respective catalysts in the RDE and GDE setup. Independent of the
electrochemical setup and the catalyst, all CVs confirm a “standard response” to the cycling of
the electrode potential in inert atmosphere and a “clean” catalyst surface. Despite the different
catalyst loadings and the resulting different current densities in the RDE and GDE setup, for

both, Pt/C and Pd/C the electrochemical response in the two cell types is comparable. The
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typical responses of hydrogen under potential deposition (Hupd) at low electrode potentials
(0.15 - 0.30 VRrHE) and electrochemical oxide formation at higher potentials (0.70 — 0.90 VRrhe)
are clearly discernible and well separated by a potential region double layer formation (ca. 0.30
—0.60 VrHe) On Pt and Pd [35,36]. Furthermore, a clear hysteresis, i.e., a shift in peak potential
between positive and negative going scan, is seen in the potential region of oxide formation
and reduction (> 0.60 Vrne) [37]. The hysteresis indicates that oxide formation and reduction
are rather slow and irreversible processes. This is of importance for the later discussion as

surface oxides de-activate the surface by blocking adsorption sides.
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Figure 3. CVs (red dashed lines) and CO stripping voltammograms (black lines) recorded in GDE setup
a) Pt/C, ¢) Pd/C and in RDE setup b) Pt/C, d) Pd/C. The CVs and CO stripping voltammograms were
recorded with a scan rate of 50 mV s™ in Ar saturated 1.0 M HCIO; electrolyte (RDE) and under
humidified Ar atmosphere (GDE), respectively. All measurements were recorded at room temperature.
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Also the CO stripping voltammograms for Pt/C and Pd/C in both cell types are similar, but the
peak potential and peak width are slightly different. For both catalysts, in the GDE setup the
peak potentials of the CO stripping peaks are slightly shifted to lower potentials as compared
to the RDE measurements. As the film thickness in the GDE does not influence the position of
the CO stripping peak, see Figure S4, these differences are proposed to be the result of a
different electrolyte environment, i.e., aqueous electrolyte with mobile perchlorate anions as
compared to a membrane electrolyte, influencing the CO stripping voltammograms. That is,

the interaction with perchlorate anions slightly shifts the CO oxidation to higher potentials.

The ECSA determination based on the CO stripping measurements is required when
distinguishing between mass and surface area normalized (specific) currents. Furthermore, it
can be used to confirm a full utilization of the catalyst layer in the GDE setup. In RDE
measurements typically a full utilization of the catalyst layer is achieved due to the very thin
catalyst film (nominal catalyst loading of 10 pgmetal CM%geo 0N the GC electrode). On the other
hand, the investigation of realistic film thicknesses is not feasible due to a loss in accessibility
of active sites, i.e., a decrease in ECSA with increasing film thickness [38]. By comparison, in
the GDE a roughly twenty times thicker catalyst layer is applied without loss in ECSA, see
Figure S4. This means that in contrast do RDE measurements [38], in GDE measurements the
ECSA does not depend on the catalyst loading and measurements under more relevant reaction
conditions to what is actually used in fuel cell devices are feasible. As the GDE contains no
liquid electrolyte in direct contact to the catalyst layer, a proper contact of the nanoparticles
with the membrane electrolyte in the catalyst layer is required. This is achieved in the GDE

setup by a simple pressing procedure [21].

Integrating the CO stripping voltammograms recorded in the conventional RDE setup leads to
ECSA values of ~153 m? g%t and ~130 m? gpq. A correction via the actual metal concentration

in the inks by ICP-MS led to even slightly higher values of ~181 m? gp; and 149 m? g pq for
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Pt/C and Pd/C, respectively. The different ECSAs for Pt/C and Pd/C can be roughly compared
with the different average particle size of the two catalysts. Assuming the nanoparticles are
perfect spheres and no interface between the metal surface and the carbon support, ECSAs of
the “free standing particles” of 165 m? g™lp; and 119 m? glpq for Pt/C and Pd/C, respectively,
are calculated using the average particle size determined from TEM. Typically the surface area
of “the free standing particles” is higher than the ECSA measured for “the supported particles”
and the difference is assigned to the metal - support interface inaccessible for CO adsorption.
In the present work, the correction of the ECSA values by the metal concentration measured in
ICP-MS leads to higher ECSA values of “the supported particles”. While the comparison is
only a rough calculation, this finding might indicate that both catalysts contain many particles

which are smaller than the average size determined by TEM.

By comparison the ECSA determination in the GDE setup (corrected by the catalyst loading
determined by ICP-MS) led to values of 124 m? g™p and 123 m? glpq for Pt/C and Pd/C,
respectively. That is, the ECSA measured in the GDE setup tends to be slightly lower than in
the RDE setup. This phenomenon might be related to the explained by the presence of Nafion
in the GDE layer. Nafion is known to partially block the active surface area of the active
catalyst phase and thus reduces the ECSA [25]. Although, we used also Nafion in the
conventional cell with liquid electrolyte, the situation is different as the Nafion serves more as
a binder to the glassy carbon tip. Due to the liquid electrolyte, no Nafion is required to
“electrically contact” the active phase of the catalyst. As a consequence, in the following we
normalized the reaction rates to the number of electrochemically active sites determined by CO

stripping, i.e., we analyse and compare the specific activities in both setups.

After having characterized the catalysts in the supporting electrolyte (aqueous and membrane
electrolyte) and having determined the number of electrochemically active sites, we studied the

methanol and formic acid electro-oxidation reactions. In the activity measurements, it has been
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noticed that in the GDE setup for catalyst loadings in the range of what is used in RDE
measurements substantially higher activities as compared to RDE measurements, see Figure
S5, are obtained. However, it was seen that these high activities were not stable under constant
potential cycling. By comparison, at higher catalyst loadings, similar to what is applied in fuel
cells, the activity became both stable upon potential cycling as well as independent of the
catalyst loading, see Figure S6. Therefore, in the following only measurements obtained at
catalyst loadings similar to real fuel cells are discussed. Furthermore, before the activity
measurements, the electrocatalysts were activated in Ar atmosphere by cyclic voltammetry
until a stable curve shape was obtained and a CO-stripping measurement was performed. For
Pd catalysts, different results were obtained, depending on whether a CO stripping
voltammogram has been recorded before the electro-oxidation or not. Only after a CO stripping
voltammogram was recorded, as in the cases discussed below, the catalyst was fully activated.
In Figure S7 in the supporting information the formic acid oxidation on an as prepared Pd/C
sample without prior CO stripping is shown. This phenomenon has not been investigated

further, but might be related to hydride formation on Pd [39].
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Figure 4. CVs recorded for Pt/C in the presence of methanol in (a) a GDE setup and in (b) a RDE setup.
CVs recorded for Pd/C in the presence of methanol in (¢) a GDE setup and in (d) a RDE setup. The
black lines are the forward going scans, whereas the red dashed lines are the backward going scans.
In the GDE setup the methanol was supplied by bubbling Ar gas through a 5.0 M methanol aqueous
solution. In the RDE setup the electrolyte was 1.0 M HCIO4 aqueous solution containing 0.5 M
methanol. The CVs were recorded at a scan rate of 50 mV s at room temperature and display the 2"
scan.

In Figure 4, the results from the electro-oxidation of methanol on commercial Pt/C and Pd/C
recorded in GDE and RDE are summarized. For Pt/C similar trends are observed on the thicker
catalyst films in the GDE and the very thin catalyst films in the RDE. Most prominent, in both
systems a clear hysteresis is seen between the peak potential in the positive and negative going
scan. The hysteresis of the peak potential of the main oxidation peak, the maximum current
density as well as the peak position (potential) where this is achieved are the main
characteristics for an evaluation of the electro-oxidation of methanol. The hysteresis in the

oxidation of small organic molecules is related to the “oxidation hysteresis” seen in the CVs

recorded in inert atmosphere (Figure 3). The hysteresis indicates surface blocking processes
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that are dependent on the pre-history of the surface. For the small organic molecules it is
typically interpreted by the formation of a CO poisoning species at the surface, i.e., coming
from low potentials the catalyst surface is in its reduced form and CO.q accumulates during the
scan inhibiting the methanol oxidation [5]. By comparison, when scanning in negative direction
the catalyst surface is initially oxidized and becomes active upon the reduction of oxide species
blocking the surface [40]. Alternatively, a shift in the rate-determining step of the methanol
oxidation from methanol dehydration to OH adsorption by water dissociation has been
proposed [41]. Besides, these similarities also differences are observed. In the positive going
scan in the GDE setup a pre-peak is seen, which starts around 0.5 Vrre. Also the deactivation
due to Pt oxide formation is less pronounced than in the RDE. Last but not least, despite the
thicker catalyst layer the surface normalized current densities at the peak potential are more
than two times higher than in the RDE, i.e., 0.75 + 0.03 vs. 0.26 + 0.02 mA cmt, see also

Table 1.

Table 1. Summary of the results of particle size, surface area, catalyst loading, ECSA, and formic acid

and methanol oxidation activities.

GDE RDE Formic acid oxidation Methanol Oxidation
Particle
size by
catalyst | “ppy _ _ GDE RDE GDE RDE
nm Loading | ECSA | Loading | ECSA
pgem? | m?g!' | pgem? | m?g?
Ve ! mA cmZmetal Ve ! mA cmZneal®
Pd/C 4.2 141 123 8.0 149 O'?O 037 O'flz 0.94 0'?7 29.0 0_533 11
. - C {3
+£0.9 +11 £15 | 050 | oo7 | oma | £096 | ogee +0.9 0.84¢ +0.07
. 16 T O e I T I It Bl IR P 075 06 0.26
+04 +5 +9 051 | 004 | 056 +0.03 0.95 +0.03 +0.02

2 Peak potential;  current density at peak potential; “measured in alkaline conditions, see Figure 5. The error bars in ECSA and currents

indicate the standard deviation from three measurements. The determination of peak potentials is given as range.

This observation might be related to the different methanol concentrations at the catalyst
surface. However, at the chosen conditions no mass transport limitations are observed in the
RDE setup. Therefore, it seems that in the GDE setup the same catalyst can provide higher
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specific activities than in an aqueous electrolyte despite the thicker catalyst layer. This might
be further evidence of a lack of activity inhibition (as in the CO stripping voltammetry) due to

(the lack of) specific anion adsorption in the GDE setup.

Switching to Pd/C instead of Pt/C, in the RDE Pd/C is completely inactive for the methanol
oxidation reaction and basically the same CV is recorded with and without the presence of
methanol in the supporting electrolyte. The inactivity of Pd for the methanol oxidation is well
established in aqueous acidic electrolyte and in contrast to alkaline electrolyte [42]. Although
in the GDE setup minor oxidation currents on Pd/C are recorded, the reached current density
high enough to be technologically relevant. In the GDE setup, the acidic Nafion membrane can
be easily exchanged by an alkaline anion exchange membrane [43]. In Figure 5, it is
demonstrated that in alkaline environment indeed Pd/C is active for the methanol oxidation
reaction. The features in both setups, i.e., GDE and RDE are similar, however, the differences
in specific activity between the two setups are even more significant. Roughly 25 times higher
specific current densities are observed. In addition, in the negative going scan the re-activation

of the Pd due to the reduction of the oxide is sharper and more pronounced.
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Figure 5. CVs recorded for Pd/C in the presence of methanol in a GDE setup containing (a) an alkaline
anion exchange membrane and (b) in a RDE setup with 1.0 M aqueous KOH containing 0.5 M
methanol. The black lines are the forward going scans, whereas the red dashed lines are the negative
going scans. In the GDE setup the methanol was supplied by bubbling Ar gas through a 5.0 M methanol
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aqueous solution. The CVs were recorded at a scan rate of 50 mV s at room temperature and display
the 2" scan.

In addition to methanol, we also studied the electro-oxidation of formic acid on Pt/C and Pd/C
in the two setups. The results are summarized in Figure 6. For the electro-oxidation of formic
acid, the peak position (potential) of the main oxidation peak, its current density as well as the
observed hysteresis between forward and backward going scan are also the main characteristics
for an evaluation of the performance. The RDE measurements confirm that Pd/C is active for
formic acid electro-oxidation in acidic environment, while Pt/C is inactive [42]. That is, formic
acid oxidation on Pt/C is strongly inhibited and a large hysteresis is seen in the RDE
measurements. By comparison, in the GDE the formic acid oxidation on Pt/C exhibits a lower

hysteresis, however, the observed current densities are rather low.

In contrast to Pt/C, Pd/C exhibits a low peak potential, high current densities, and little
hysteresis. It is seen that the performance based on peak position in the positive going scan
direction is significantly improved in GDE setup as compared to the RDE, i.e., a peak position
0f 0.34 vs. 0.44 Vrue is recorded, see Table 1. This shift in peak potential of the main oxidation
peak by ~100 mV to lower potentials in the GDE setup can be associated with a reduced
overpotential. At the same time peak current density is roughly the same, i.e., 0.97 £ 0.07 vs
0.94 + 0.06 mA cmpq. Again, this difference between GDE and RDE might be correlated to
specific anion adsorption. The onset of formic acid oxidation is associated with the desorption
of Hupa. In an aqueous acid electrolyte there will be always an interplay between Hypq desorption
and anion adsorption while in membrane electrolyte no mobile anions exist. However, in the
GDE a clear hysteresis and asymmetric oxidation peaks are seen in the negative going scan. It
seems that in the GDE, at higher electrode potentials (> 0.4 Vrue), the Pd/C catalyst becomes
inhibited by the formation of surface poisoning species, while this seems not to be the case in

the RDE measurements.
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Figure 6. CVs of formic acid oxidation with (a) Pt/C and (c) Pd/C recorded in a GDE setup as well as
(b) Pt/C and (d) Pd/C measured in a RDE setup. The black lines are the forward going scans, whereas
the red dashed lines are the negative going scans. All curves were recorded at room temperature with
a scan rate of 50 mV s and display the 2" scan. In the GDE, Ar was bubbled through 5.0 M formic
acid aqueous solution. The electrolyte in the RDE was 1.0 M HCIO, + 0.5 M formic acid.

4. Conclusion

In the presented work, the application of a GDE setup for the electro-oxidation of volatile small
organic molecules is presented. Both methanol and formic acid are potential fuels for fuel cells,
i.e., so-called direct methanol/formic acid fuel cells. It is shown that the GDE setup that has
been previously used for the investigation of oxygen reduction reaction catalysts at LT-PEMFC
conditions, can be easily adopted for the study of these reactants. The reactant is simply
introduced via the humidification of the gas stream. In contrast to the conventional RDE
technique, catalyst films with realistic thicknesses for applications are studied in the GDE

setup. Furthermore, the catalyst is not in direct contact to a liquid electrolyte, but a catalyst -
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membrane electrolyte interface is formed. Comparing the electrochemical responses in the two
systems in a qualitative fashion, similar electrochemical behavior is observed in the RDE and
GDE. Nevertheless, differences in specific activity and the peak potential of the main oxidation
peak, and the hysteresis between positive and negative going scan be observed, which might
be important for an extrapolation of the results from a catalyst screening to their use in direct
methanol or direct formic acid fuel cells. The GDE approach therefore provides an important
addition to the RDE approach in order to bridge the gap to MEA testing. The data provided can

be used as a benchmark for future studies.
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Figure S1. CVs of formic acid oxidation with Pd/C measured in a RDE setup at different rotation rates,
as indicated. All curves were recorded at room temperature with a scan rate of 50 mV s™. The solid
lines indicate the forward going scan, the dashed lines the backward going scans. The electrolyte was

1.0 M HCIO4 + 0.5 M formic acid.
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Figure S2. CVs recorded for Pd/C in the presence of formic acid oxidation in a GDE setup. The formic
acid was supplied to the catalyst by bubbling Ar through 1, 2.5, and 5.0 M formic acid aqueous solution.
The nominal catalyst loadings was 200 pges €M 2geo. All curves were recorded at room temperature with
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a scan rate of 50 mV s and display the 2" scan. The solid lines are the forward going scans, and the
dashed lines the backward going scans.
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Figure S3. SAXS data (circles) and fits (lines) for the Pt/C and Pd/C samples, as indicated, after
background subtraction. The two data set are presented with an offset for the sake of clarity.
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Figure S4. CO stripping voltammograms (solid lines) and corresponding CVs (dashed lines) recorded
in GDE setup for Pd/C with different metal loadings as indicated. The CVs and CO stripping
voltammograms were recorded with a scan rate of 50 mV s under humidified Ar atmosphere at room
temperature. The metal loadings were 141, 138 and 27 pgrs CM2geo. Based on the CO stripping curves
ECSA values of 119, 124, and 126 m? g™ps, respectively, are determined demonstrating that the
accessibility of the catalyst does not decrease with increasing film thickness.
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Figure S5. CVs recorded for Pd/C in the presence of formic acid oxidation in a GDE setup. The nominal
catalyst loading amount is varied between 20 pgpd CM?geo, 50 Ugrd CMZgeo, 100 pgrd CM2ge0, and 200
Hgra CM2ge0. All curves were recorded at room temperature with a scan rate of 50 mV s™ and display
the 2" scan. The formic acid was supplied to the catalyst by bubbling Ar through 5.0 M formic acid
agueous solution. The solid lines are the forward going scans, and the dashed lines the backward going
scans. The measurements demonstrate that the normalized reactivity decreases with the catalyst
loading.
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Figure S6. CVs recorded for Pd/C in the presence of formic acid oxidation in a GDE setup. The
measurements compare two nominal catalyst loadings, i.e., (a) 20 pgpd CMZgeo and (b) 200 pgrg CMZgeo.
All curves were recorded at room temperature with a scan rate of 50 mV s and display the 1%, 10",
30™ and 50" scan. The formic acid was supplied to the catalyst by bubbling Ar through 5.0 M formic
acid aqueous solution. The solid lines are the forward going scans, and the dashed lines the backward
going scans. The measurements demonstrate that the normalized reactivity decreases with the catalyst
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loading. It is seen that at lower catalyst loading the current decreases rapidly upon constant cycling,
whereas at higher loading, the current was stable upon cycling.
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Figure S7. CVs of formic acid oxidation with a pristine Pd/C catalyst (ho prior CO stripping
voltammogram recorded) measured in a GDE setup at room temperature and a scan rate of 50 mV s
Ar was bubbled 5.0 M formic acid aqueous solution. The upper cell compartment was filled with 1.0 M
HCIO.. The solid line is the forward going scan and the dashed line the backward going scan. It is seen
that the formic acid oxidation with a Pd/C catalyst in its pristine state is significantly inhibited. See also
Figure 6.
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