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A major hurdle for the wide spread commercialization of proton exchange membrane based fuel cells (PEMFCs) and water
electrolyzers are the durability and high cost of noble metal catalysts. Here, alternative support materials might offer advantages, as
they can alter the properties of a catalyst by means of a strong metal support interaction (SMSI) that has been shown to prevent
platinum oxidation and suppress the oxygen reduction reaction on titanium oxide supported platinum nanoparticles deposited on a
carbon support (Pt/TiO,/C). Herein, we report a novel Ru/TiO,/C catalyst that according to tomographic transmission electron
microscopy analysis consists of partially encapsulated Ru particles in a Ru/TiOx-composite matrix supported on a carbon support.
It is shown by cyclic voltammetry and X-ray photoelectron spectroscopy that ruthenium oxidation is mitigated by an SMSI
between Ru and TiOy after reductive heat-treatment (Ru/TiO,/C*%°"“H2) As a result, the catalyst is capable of oxidizing hydrogen
up to the onset of oxygen evolution reaction, in stark contrast to a Ru/C reference catalyst. PEMFC-based hydrogen pump
measurements confirmed the stabilization of the hydrogen oxidation reaction (HOR) activity on Ru/TiO,/C**°"“*2 and showed a
~3-fold higher HOR activity compared to Ru/C, albeit roughly two orders of magnitude less active than Pt/C.
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Water electrolyzers and hydrogen powered fuel cells are ex-
pected to play a key role in energy storage and production when
transitioning to a carbon neutral economy based on renewable
energy to combat climate change."” For both technologies, a major
hurdle for wide-spread commercialization are the high system costs,
whereby a significant fraction results from the use of noble metal
based electrocatalysts. Proton exchange membrane fuel cells
(PEMFCs) rely on Pt-based catalysts for the hydrogen oxidation
reaction (HOR) and the oxygen reduction reaction (ORR).
Similarly, Pt-based hydrogen evolution reaction (HER) and Ir-based
oxygen evolution reaction (OER) catalysts are used in proton
exchange membrane water electrolyzers (PEMWES).4 Due to the
sluggish kinetics of the ORR and OER, the main focus of catalyst
development for these devices has been on reducing the noble metal
loading of the respective oxygen electrodes by seeking to develop
Pt-free ORR catalysts as well as highly active and durable Pt-alloy
catalysts for low-loaded PEMFC cathodes,s’(’ and to reduce the
anode loading of PEMWE systems.” On the contrary, the hydrogen
side is often neglected with regards to potential catalyst cost savings.
This is due to the extremely fast kinetics of the HER/HOR (Eq. 1)
that allows for the use of metal loadings of ~ 0.025-0.05 mgp,
(:mge(f2,8’10 which should be sufficient to reach target loadings of
~0.125 mgp, cmgeof2 for the whole membrane electrode assembly
(MEA) of PEMFC systems.''"!?

H, 2 2H* +2e (1]

At such low Pt loadings, however, even a modest loss of electro-
chemically active surface area (ECSA) of either of the electrodes due
to cell-reversal (CR) or start-up and shut-down (SUSD) events can
lead to a noticeable performance degradation of the PEMFC.%'3~!¢
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In this respect, Ru might offer advantages as an anode catalyst as it
might mitigate some of the most detrimental ECSA degradation
phenomena in PEMFCs: Ru in the form of ruthenium oxide is well
known to be a highly active oxygen evolution catalyst,'”'® and
employing an OER catalyst on the anode has been shown to
significantly increase the system durability in CR events."”
Additionally, Ru is essentially inactive for the ORR,?® which could
significantly reduce cathode degradation during SUSD events, as
was shown for iridium catalysts that have a high HOR activity and a
low ORR activity.?' Finally, it exhibits a high CO tolerance, which
might reduce the required purification efforts to remove CO from
reformate gas.””> However, the HOR on ruthenium catalysts is
inhibited by hydroxide adsorption even at low overpotentials,>>=*
preventing its use as a commercial anode catalyst. In order to enable
the use of ruthenium as an alternative to platinum based HOR
catalyst, the (surface-)oxidation of metallic ruthenium would have to
be suppressed and the thus stabilized catalyst would need to have at
least 10% of the mass activity of Pt (i = 540 + 160 A mgp, ")* and
a similar long term stability in order to be of any practical advantage.

In recent years, the field of oxide supported metal nanoparticles
has gained interest due to the unique properties of a strong metal-
support interaction (SMSI) effect that can dramatically alter the
catalytic properties of the metal. The SMSI is characterized by a
modified bonding interaction between the metal and a partially
reduced oxide support that in most cases results in an encapsulation
of the metal nanoparticles by a thin (sub-)oxide layer.”*° The
driving force for this encapsulation is widely considered to be the
minimization of the surface energy of the nanoparticles.’*' When it
comes to the alteration of the electrocatalytic behavior of such
systems, it was shown that when a Nb-doped TiO, supported Pt
catalyst was exposed to voltage cycling between 1.0-1.4 V vs the
reversible hydrogen electrode (RHE), Pt oxidation features and ORR
activity were apparently reduced without affecting the HOR activity;
this was explained by selective Pt-site blocking through the
dissolution and re-deposition of a very thin layer of the oxide
support (on the order of one to a few monolayers) on the Pt
surface. Depending on the thickness, such thin oxide layers might
significantly affect the charge transport mechanism and therefore
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alter the electrochemical reactivity of the catalyst.>® Similarly, a
TiO, supported Pt catalyst that was exposed to reductive conditions
during the atomic layer deposition of Pt or in H, atmosphere showed
an HOR activity of Pt that was stabilized up to 1.5 Vgryg, while the
ORR activity was almost completely suppressed.***> While some of
these effects have been explained by a change in conductivity of the
oxide support material depending on the atmosphere,®® other studies
suggest that a proton conducting monolayer-thick film of (sub-)oxide
encapsulates the nanoparticles and prevents oxygenated species from
reaching the metal surface, thereby stabilizing the reduced state of
the metal nanoparticles.>>>*333738 [t seems reasonable to speculate
that the HOR activity of other HER/HOR active metals such as Ru
might be preserved in a similar fashion at potentials where a
deactivation due to surface oxidation would occur otherwise.
Indeed, it was recently shown by Zhou et al. that Ru clusters can
be stabilized against oxidation in a TiO, matrix while remainin%
active for the HOR beyond 0.5 Vryr even when poisoned by CO.’

In this study, we present a novel Ru/TiO,/C (x<2) catalyst that is
capable of oxidizing hydrogen up to the onset of the OER at 1.3
Vrue. This catalyst is based on the deposition of Ru nanoparticles on
nano-sized titantium oxide particles, the subsequent adsorption of
the resulting Ru/TiOy particles onto high-surface area carbon Vulcan
carbon (Ru/TiO,/C), and a reductive treatment in H,-containing
atmosphere at 400 °C (Ru/TiO,/C*"CH2)  After a detailed structural
investigation of the hierarchical catalyst by transmission electron
microscopy (TEM) using a tomographic tilt-series in combination
with selective area electron diffraction (SAED), the stability against
oxidation of the catalyst is compared to a Ru/C reference catalyst by
means of rotating disk electrode (RDE) measurements and ex-situ X-
ray photoelectron spectroscopy (XPS). Based on the differences in
oxidation behavior, the retention of the HOR activity and the effect
of the SMSI on the OER activity, as observed in RDE, is discussed.
Finally, catalysts were implemented in membrane electrode assem-
blies (MEAs) in order to quantify their HOR/HER activity via
PEMFC-based hydrogen pump measurements. The implications on
the usability of Ru-based catalysts for the hydrogen side of PEMFC
will be discussed.

Experimental

Catalyst synthesis.—The Ru/TiO,/C catalysts were prepared
based on a previously reported multistep synthesis procedure for
Pt/TiO,/C catalysts,® whereby the key synthesis steps and adapta-
tions are described in the following. First, Ru-nanoparticles (Ru-NP)
were prepared using the polyol reduction method: 150 mg RuCl;
(45%—-55% Ru content, Sigma Aldrich) and 75 mg polyvinylpyrro-
lidone (PVP, average Mw ~55000, Sigma Aldrich) were dissolved
in 500 ml of water-free ethylene glycol (EG, 99.8%, anhydrous,
Sigma Aldrich), deaereated by argon (6.0-grade, Westfalen AG),
then the solution was heated from room temperature to 155 °C at a
constant rate of 4 °C min~" (controlled by a temperature controller;
model 310, J-KEM), kept there for 90 min, and subsequently was
allowed to cool down to room temperature. Meanwhile, a solution of
0.84 ml titanium(I'V)isopropoxide (=97%, Sigma Aldrich Corp.) in
75 ml ethanol (EtOH, 99.8%, absolute, Sigma Aldrich Corp.) was
added dropwise over the course of ca. 10 min to 75 ml of high purity
water (H,O, 15 MQ-cm, E-POD, Merck Millipore KGaA) held at
80 °C. After stirring for 60 min, 150 ml EG were added and the
titania dispersion was allowed to cool down to room temperature.

Then, H,O and EtOH were evaporated using a rotary evaporator
(Hei-VAP Value; Heidolph Instruments GmbH & CO. KG.) resulting
in a titania dispersion in the remaining EG. Subsequently, the Ru-NP
suspension was added to the titania dispersion and stirred for
24 h at room temperature. The suspension of the resulting
Ru/TiO4-composite (x < 2, whereby TiO, might be partially
hydrated)35 was added to a suspension of 108 mg Vulcan carbon
(XC-72R, Tanaka Kikinzoku International K. K., Japan) dispersed by
ultrasonication in 150 ml EG and stirred for another 48 h. Afterwards,
the volume of the suspension was doubled with acetone (>98%,
Sigma Aldrich Corp.), stirred for another 12 h, and centrifuged at
11000 rpm at 10 °C in an ultra-centrifuge (5810 R, Eppendorf) to
separate the Ru/TiO,/C catalyst and the solvent. Finally, the catalyst
was washed three times with a 50/50 (v/v) acetone/water mixture and
dried at 70 °C in air to obtain the Ru/TiO/C**Y™™ catalyst. Finally,
a heat treatment at 400 °C (10 K min~') for 1 h under reductive
atmosphere (5% H,/Ar) was performed to obtain the
Ru/TiO/C** " catalyst.

The elemental composition of Ru/C and Ru/TiO,(/C“OODC’Hz was
determined by inductively coupled plasma mass spectrometry (ICP-
MS) after acid digestion (aqua regia according to the procedure
proposed by Suoranta et al.*’ for Ru and sulfuric acid for Ti), and by
carbon oxidation at elevated temperatures in air. The results are
given in Table 1. Note that the samples were analyzed as stored
under ambient conditions. Thus, the total masses add up to less than
100% when considering only Ru, TiO,, and C due to water
adsorption and, in the case of Ru/C, ruthenium bulk oxidation.

Transmission electron microscopy and electron diffraction.—
The powders of each specimen were dispersed in pure ethanol and
sonicated for 5 min 3 ul of the dispersion was drop-casted on 300
mesh lacey-carbon cupper grids and air-dried at 40 °C. TEM, high
resolution (HR-)TEM, and electron diffraction investigations were
performed at an FEI TECNAI G?*20 S-Twin transmission electron
microscope with LaB6 emitter, operated at 200 kV. TEM images
were acquired with a Gatan lkxlk MSP794 P CCD-camera. The
microscope is further equipped with an EDAX r-TEM SUTW EDX
detector, a customized DISS6 scan unit by point electronic GmbH,
and a combined BF-ADF-HAADF-STEM detector from PN-
Detector for STEM investigations and qualitative elemental
mappings.

Tomographic tilt-series were acquired in TEM-mode for alpha-
tilts between —60° and +70° using a Fischione Dual-Axis
Tomography Holder Model 2040. For tomographic data processing,
the IMOD and etomo software were used; DigitalMicrograph was
used for evaluating HR-/TEM images and diffraction patterns; the
EDAX Genesis Software was used for EDX-data acquisition and
evaluation.

Rotating disk electrode, hardware and preparation.—The elec-
trode and ink preparation, as well as the setup and measurement
procedure were already reported in previous publications by our
group.*'™ For the preparation of the electrolytes and for the rinsing
of the measurement components, 18.2 M2 cm deionized water (Milli-Q
Integral 5, Merck Millipore KGaA) was used. Glassy Carbon (GC)
electrodes (5 mm diameter, Pine Research Instrumentation) fixed in a
PTFE-body (Pine Research Instrumentation) were used as working
electrodes (WE). The GC substrates were polished with a 0.05 um
Al O3 polishing suspension (Biihler AG) and sonicated various times in

Table I. Weight percentages of Ru, Ti, and C in the catalyst samples as obtained by ICP-MS and carbon oxidation. The remaing mass percentages
up to 100% are due to the oxygen in the titanium oxide, the largely oxidized form of ruthenium NPs, and adsorbed water.

Catalyst Ru-Content [wt.%] Ti-Content [wt.%] C-Content [wt.%]
Ru/C 17.1 — 67.6
Ru/TiO,/C*00°CH: 8.8 28.6 233
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Milli-Q water. Inks were prepared by adding high purity acetone
(299.9%, Chromasolv Plus, for HPLC, Sigma Aldrich Corp.) to the dry
catalyst. The catalyst content in the ink was adjusted to achieve Ru
loadings of ~20 puggry CMgig > (corresponding to ~0.09 mgyuican
cMyig. 2, which yields a catalyst layer film thickness of ~3 um (based
on a packing density of ~28 yum (mgyuyican cmgige 2) ! on the glassy
carbon disk).** The catalyst suspension was sonicated in a sonication
bath (Elmasonic S 30 H, Elma Schmidbauer GmbH), maintaining the
bath temperature at less than 25 °C to avoid evaporation of the solvent.
Nafion (5 wt.% in lower aliphatic alcohols, 15%—-20% H,O, Sigma
Aldrich Corp.) was then added to the suspension, resulting in an
jonomer to support (C + TiOy) ratio of 0.1 g gs~ ', followed by
sonication in a weaker sonication bath (USC100T, VWR International
GmbH) for at least 10 min 10 pul of ink were dropped on a GC disk,
which was subsequently covered with a small glass vial. As still some
catalyst (=~5%-10%) remained as an unsuspended sediment, 10 ul of
ink were dropped in parallel on each of six aluminum foil pieces
(10 mm diameter), whose blank weight prior to applying the ink had
been determined with an ultra-high precision balance (XP6, Mettler-
Toledo GmbH). After drying at room temperature, the actual catalyst
loading on the disk was inferred to be 17 + 2 ugg, cmgg > based on
the mass of the catalyst deposits on the aluminum foil samples.
Electrolyte solutions were prepared from high purity HCIO4
(60%, Guaranteed Reagent, Kanto Chemical Co., Inc., Japan) by
addition of ultrapure water. Argon and hydrogen gases used for
purging the electrolyte were of high purity (6.0-grade, Westfalen
AG). A glass cell with a Pt mesh as the counter electrode that was
separated by a glass frit from the working electrode compartment
was used. As reference electrode (RE), a static hydrogen RE was
used as a reversible hydrogen electrode (RHE), consisting of a Pt
wire (1.0 mm diameter; >99.99% purity, ADVENT Research
Materials Ltd., UK) sealed into a glass tube that was partially filled
with the same electrolyte as that used for the RDE measurements
and whose other end was drawn to a capillary; a hydrogen bubble
was evolved electrolytically inside the glass tube prior to usage.
The capillary was immersed into the electrolyte and, separated from
the RDE compartment with an electrolyte bridge. This reference
electrode (RE) was freshly prepared each day and calibrated against
a polycrystalline Pt disk electrode in H, saturated electrolyte and.
Electrochemical measurements were performed using an Autolab
potentiostat (PGSTAT302N, Metrohm AG, Switzerland) equipped
with an analog potential scan module, a frequency response
analyzer, and a bipotentiostat module. A rotator with a polyether
ether ketone shaft (Pine Research Instrumentation, USA) was used.

Rotating disk electrode measurements.—Prior to any measure-
ments, the catalysts were cleaned by cycling the potential 25 times
between 0.0 and 1.0 Vgxug at 100 mV s~ ' in an Ar-saturated
electrolyte, after which steady-state CVs were obtained, directly
followed by CV measurements (3 cycles each) at 20 mV s~ ' with a
lower potential limit of 0.02 Vgyg and an upper potential limit
increasing in 0.1 V steps from 0.6 to 1.3 Vgyg. The high frequency
resistance (HFR in ) between WE and RE was determined by
electrochemical impedance spectroscopy (EIS) from 100 kHz to
100 Hz at the open circuit voltage (OCV) with an amplitude of
10 mV. Potentials corrected according to Eq. 2 are denominated
Eir free» Whereby E is the potential and I the current (note that
cathodic currents are taken to be negative):

ER_free = E — I'HFR (2]

The geometric current density ige, (Eq. 3) is normalized by the area
of the electrode (Agisx = 0.196 cm?).

. -1
lgeo = I-Aecirode (3]
Prior to the HER/HOR measurements, the electrolyte was saturated

with H,. While recording the HER/HOR polarization curves, the H,
flow was set to blanketing the cell head space. The potential was

cycled between —0.05 and 1.3 Viyg at rotation rates going from
2500 to 200 rpm, followed by a single HER/HOR curve up to 1.5
VRHE at 1600 rpm.

X-ray photoelectron spectroscopy measurements.—Nafion-free
dispersions of Ru/C and Ru/TiO/C***"“™: were prepared as
described for the TEM measurements and the catalysts were drop-
casted in close proximity of each other on gold foils (0.025 mm
thickness, 99.99% purity, ADVENT Research Materials Ltd., UK).
Subsequently, the samples containing the catalysts were submerged
in Ar-saturated 0.1 M HCIO, and polarized to 0.02 Vgyg for 600 s,
followed by an oxidation at either 0.8, 1.0, or 1.3 Vgryg for another
600 s. The samples were then dipped three times in an excess of
Milli-Q water and dried in vacuo at 70 °C overnight.

The surface analysis of these samples was carried out by X-ray
photoelectron spectroscopy (Axis, Supra, Kratos, UK). A PEEK-
sample holder in a floating ground configuration was used to avoid
differential charging. The samples were kept in the antechamber
until a pressure of ~10~® Torr and were then transferred to the
sample analysis chamber (SAC) where the pressure was always kept
at ~107° Torr during the whole measurement period. Sample
irradiation was carried out with monochromatic Al Ko radiation
(1486.6 eV) with an emission current of 15 mA. For the Ag 3ds,»
line, the full width at half-maximum (FWHM) was 1.02 eV under
the recording conditions (using a pass energy of 0.05 eV). Elemental
spectra were recorded with a step size of 0.05 eV and an emission
current of 15 mA and a pass energy of 0.05 eV. Low energy
electrons were used for charge neutralization and the spectra were
calibrated to the elemental Au 4f;, peak from the substrate with a
binding energy (BE) of 83.95 eV. To avoid any errors in charge
neutralization, the binding energy differences of the different
elemental peaks in the survey spectra were compared. Short
acquisition time spectra in the O 1s region were recorded before
and after each set of experiments in order to check that the samples
did not suffer from radiation damage.

The XPS data analysis was performed using the Casa XPS
software. A Shirley function was used as background. As it is
reported that Ru 3d spectra exhibit a distinct asymmetric line shape,
a Functional Lorentzian line shape was used for metallic ruthenium
and for ruthenium oxides, with the parameters set to
A(0.5,1,0)GL(0).*® The fits of the doublets of Ru 3ds, and Ru
3d;, were fixed to have the same FWHM and to have a
(3ds2)/(3d3/,) peak area ratio of 3:2 with a fixed separation of the
peak maxima of 4.17 eV.*® The C 1s peaks were fitted using a
mixture of a Lorentzian (30%) and Gaussian (70%) shape
function’; the constraints on binding energy and full width at half
maximum (FWHM) for the different species are given in Table. II.
For the ease of the reader only the Ru-fits are shown below. In-house
reference spectra of TiO,, carbon, metallic Ru and anhydrous RuO,
were used to determine the binding energy and FWHM.

Table II. XPS peak fitting parameters used for identification and
quantification of the different surface species of the measured
samples.

FWHM [eV]

Element/ Assigned Binding Energy [eV] (constrained
Region Species (constrained range) range)
Ruthenium Ru’ 280.1 (+0.1) 0.7-1.0

Ru 3d

Ru** 281.3 (0.1) 0.7-1.0
Carbon C 1s C-C sp? 284.8 (x0.1) 1.0-1.3
C-C sp’ 284.4 (+0.1) 1.0-1.3
c-0 289.8 (x0.1) 1.5-2.25
Gold Au 4f Au° 83.95 (fixed) 1.5-2.25
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Fuel cell hardware & MEA preparation.—All hydrogen-pump
measurements were performed on a customized G60 test station
(Greenlight Innovation Corp., USA) modified to feature pure H,
instead of air/O, on the cathode side; there were also no CO gas
connections in order to avoid any unintentional poisoning with CO.
The current range of the potentiostat (Reference3000, Gamry
Instruments, USA) was extended by a booster (Reference 30K
Booster, Gamry Instruments, USA). All measurements were carried
out with an in-house designed 5 cm?® active area single-cell
hardware, using commercial graphite flow fields (7 parallel channels,
one serpentine, 0.5 mm lands/channels; manufactured by Poco
Graphite, Entegris GmbH, Germany, according to our design).*®
Gas diffusion layers (GDLs) were the same in all experiments
(H14C10, Freudenberg KG, Germany) and the GDL compression
was adjusted to 13 = 1% by quasi-incompressible, PTFE-coated
fiberglass gaskets (Fiberflon, Fiberflon GmbH & Co. KG, Germany),
assembled at a torque of 12 Nm, resulting in a contact pressure of
~1.5 MPa on the active area (for details see Simon et al.).*’

MEAs were prepared by the decal transfer method. The catalyst
inks were prepared by ball milling (200 rpm, 3 min on, 5 min off, 5
cycles) a defined amount of catalyst (Ru/C or Ru/TiO,/C*00"C-Hy
with 1-propanol in a 20 ml jar containing 16 g of ZrO, beads (2 mm
diameter) with a solid content of 0.03 g mL;, . Afterwards, the
catalyst dispersion was transferred into a smaller bottle, to which an
ionomer solution (low equivalent weight, Asahi Kasai Corp.)
corresponding to an I/S ratio of 0.65/1 g; gs~" (based on the weight
of the transferred ink) was added, and the ink mixing was completed
by placing the bottles onto a roller-mill at 100 rpm for 18 h at 25 °C.
For the CE, a Pt/C catalyst (45.6wt.% Pt, TEC10V50E, Tanaka) was
directly mixed with 1-propanol and ionomer solution on the-roller
mill (water concentration: 16wt.%; solid content: 0.04 g mLmk*l; I/
C: 0.65/1 g gc"). Then, the Mayer rod technique (K Control
Coater, RK PrintlCoat Instruments Ltd., England) with the appro-
priate bar size was used to achieve loadings of ~ 50 pggr, cm™ “Mga
(WE) and 0.39 + 0.02 mgp, cm %yga (CE) on virgin PTFE decals.
The unsymmetrical MEAs were fabricated by hotpressing the air-
dried decals onto a 15 ym membrane (W. L. Gore & Associates
GmbH) at 155 °C for 3min with an applied pressure of
0.11 kN cm 2.

Hjy-pump measurement procedure.—The measurement proce-
dure was already reported in a previous publication by our group.”
Prior to any kinetic measurements, each cell was conditioned to
activate the catalyst using a voltage-controlled ramp-in procedure in
a Ho/H; setup (80 °C, 90% relative humidity (RH), flow rates of
2000/2000 nccm at a H, partial pressure of 450/450 kPay,): —0.35 V
for 15 min, 5min at open circuit voltage (OCV), and 0.35 V for
10 min This sequence was repeated four times until a constant
performance was reached. The kinetic measurements were then
performed at 80 °C and 100 kPay, in Ho/H, (2000/2000 nccm)
configuration at 90% RH. Cyclic voltammograms (CVs) were
recorded between —0.3 V and +0.6 V at scan rates of 100 mV
s (0 cycles) and then at 5 mV s @3 cycles), followed by a
galvanostatic electrochemical impedance spectroscopy (EIS) at
OCV with a 2 mA cmyga > AC current perturbation between 500
kHz and 1 Hz (10 points per decade) to determine the HFR (in mS2
cmyea’) that was used for correcting the cell potential E..; for the
Ohmic drop, yielding the iR-free cell voltage (Eir_fee) according to
Eq. 2. These potentiodynamic measurements were followed by a set
of galvanostatic and potentiostatic measurements. For galvanostatic
measurements, a DC current was drawn for 60 s and the resulting
potential response was averaged over the last 10 s; this was followed
by an EIS measurement at the same current, with a current amplitude
of 10% of the DC current (from 500 kHz to 1 Hz, with 10 points per
decade). These measurements were performed for four currents
between 0.0117 A cmypa > and 20.074 A cmpyga 2 in ascending
order by alternating between anodic and the corresponding cathodic
current in order to precisely determine the reversible potential at
each condition.

Following these galvanostatic measurements, potentiostatic mea-
surements were conducted in the analogous manner by applying a
given potential for 60 s and averaging the resulting current during
the last 10 s, followed by a potentiostatic EIS at the same potential
using a potential amplitude of 1% of the DC potential (from 500 kHz
to 1 Hz, with 10 points per decade).The potentiostatic testing was
performed for potentials between +5 mV and in the range between
—200 mV and + 450 mV; this was done in ascending order and by
alternating between anodic and equal cathodic potentials. Each data
point was corrected for the HFR at this specific potential.
Considering that the WE was very thin (ca. 6 pm) and that the
HOR/HER overpotential of the high-loaded Pt based CE is negli-
gible, the HFR-corrected cell voltage very closely represents the
HOR/HER overpotential 7:

1 = Eir—free(E) = Ecenn — 1 X HFR(Ecen) [4]

After each data point (static hold plus EIS), a relaxation step of 5 or
30 s (after potentials exceeding +0.1 V) at OCV was implemented to
ensure steady-state conditions for the next point.

Finally, CVs of the WE were recorded between 0.05 and 1.0
Vgrukg at a scan rate of 100 mV s~!, at 40 °C and ambient pressure.
The CE was fed with 200 nccm of fully humidified 5% H, in Ar, and
the WE was initially purged with dry N, at 50 nccm, while
interrupting the gas flow to record the CVs.

Results and Discussion

Structural characterization by transmission electron micro-
scopy.—To ensure that the catalyst synthesis steps would yield the
desired structural characteristics, the morphology of the as-synthe-
sized Ru/TiO,/C* Y™™ catalyst, consisting of Ru-NPs supported on
larger TiO4 nanoparticles which in turn are supported on Vulcan
carbon, and of the subsequently reduced Ru/TiO,/C***"“2 catalyst
was analyzed by TEM (Fig. 1). For comparison, a carbon supported
ruthenium catalyst prepared from the same Ru-NPs and the same
Vulcan carbon support (Ru/C) served as reference catalyst and as a
baseline for the characterization of the Ru/TiO,/C catalysts, as it
allows for a precise analysis of Ru-NP shape, size, and distribution.
Furthermore, the non-heat-treated Ru/TiO/C*™Y™™ catalyst was
examined to monitor the distribution of Ru-NPs throughout the
catalyst, offering a way to confirm the targeted Ru-NP deposition
onto the TiO, particles. At the end, the final Ru/TiO,/C**°CH:
catalyst was investigated for the effect of the reductive heat-
treatment on the catalyst morphology.

The Ru-NPs were prepared by the polyol reduction method with
PVP as a capping agent that resulted in spherical particles. The TEM
image of the Ru/C reference catalyst (Fig. 1a) displays a homo-
geneous distribution of Ru-NPs and small agglomerates thereof on
the surface of the Vulcan carbon support. Using higher magnified
images (one representative example shown in Fig. le), the Ru
particle diameter (d; in nm) was determined for at least 100 particles
(Fig. 1h, green bars). The Sauter mean diameter (SMD) was
calculated according to Eq. 5 as 2.2 nm for the Ru/C catalyst.
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This small particle size was desired to achieve a high electrochemi-
cally active surface area (ECSA), which in the spherical particle
approximation would be inversely proportional to the SMD (i.e.,
ECSA = 6/(SMD - pgy), with pgy = 12.2 - 10° g m™).

The preparation route for the Ru/TiO/C*™*¥™M catalyst was
designed to deposit the Ru-NPs on TiOy (“Ru/TiO-composite”) to
enable the later formation of an SMSI, which is not possible for Ru-
NPs supported on carbon. The TEM images of the Ru/TiO,/C*Y™™-
catalyst (Figs. 1b and 1f) indicate that the synthesis strategy to
support Ru/TiO4-composites on the carbon was largely successful.
While the weak contrast of Ru«~TiO, and TiO,«—C complicates the

SMD =

[5]
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Figure 1. (HR) TEM images of the various prepared catalysts. (a) and (e) Ru/C, showing the distribution of Ru nanoparticles and small agglomerates on the
carbon support; (b) and (f) Ru/TiO,/C**™™ with the Ru/TiO4-composites attached to the carbon support, showing only few isolated Ru-NPs on the carbon; and,
(c) and (g) Ru/TiO,/C* 400°C.H, con51st1n% of agglomerates of larger Ru particles and crystalline TiOy that are supported on carbon. Panel (d) shows a comparison

of the SAED patterns of Ru/TiO,/C**""

2 (left half of the image) and of Ru/TiO/C**™™ (right half), emphasizing the high crystallinity of Ru and anatase type

TiO, after the heat-treatment. Pandel h) shows the Ru particle size distributions for the three catalysts, showing small particles on the as-synthesized samples
(green and blue bars) and severe sintering after the heat-treatment at 400 °C (orange bars).

interpretation, the structural differences of the well-defined carbon
spheres compared to the irregular shape of the Ru/TiO4 agglomer-
ates nevertheless allow to distinguish between Ru/TiO-composites
and the mostly Ru-NP-free carbon although a few isolated Ru
particles can be seen on the carbon support in Fig. 1b. A
tomographic TEM tilt series was recorded to explore the large-
scale three-dimensional (3D) catalyst structure (see the file
RuTiOxC_TOMO.avi, with a scale bar of 100 nm, in the supporting
information (available online at stacks.iop.org/JES/169/034519/
mmedia)). Here, the differently sized and irregularly shaped
Ru/TiO-composites are clearly deposited on and between the
spherical primary particles of the carbon support and even some of
the smaller particles on the carbon seem to be Ru/TiO-composites
that did not aggregate to larger agglomerates based on the 3D
structure. The determined particle size distribution (Fig. 1h, blue)
has a similar shape as that of the Ru/C reference catalyst, with a
calculated SMD of ~2.0 nm. This minor decrease in average particle
size can be explained by the fact that a fresh batch of Ru-NPs was
prepared for each catalyst and small deviations were therefore
expected. Additionally, the particle size determination for Ru-NPs
on TiO, was further complicated by the poor contrast, which could
potentially have resulted in a systematic underestimation of the
particle size, as the particle edge was not well defined in all cases.
The Ru/TiO/C* Y™™ catalyst was heat-treated at 400 °C under
reductive atmosphere (5% H, in Ar, see experimental section) to
obtain the final Ru/TiO/C**°“™= catalyst. The overall catalyst
morphology consisting of Ru/TiOx-composite agglomerates on the
carbon support was maintained after the heat treatment (see Fig. 1c
and the file RuTiOxC-400_TOMO.avi, with a scale bar of 200 nm,
in the SI (available online at stacks.iop.org/JES/169/034519/
mmedia)). This was confirmed by EDX mappings, where a Ru
signal was always accompanied by a strong Ti signal proving the
preferential deposition of Ru on the TiO, support (see Fig. A-1).
However, the structure of the Ru/TiO,-composites was significantly
altered (Fig. 1g): While the TiO had been mostly amorphous in the
as-synthesized catalyst, the heat-treatment resulted in mostly

crystalline TiO, particles of the anatase-type (see indicated
anatase-TiO,{101}, and anatase-TiO,{200} lattice planes), as seen
in the selected area electron diffraction (SAED) patterns (Fig. 1d).
For Ru/TiO/C* ™ (right half of the image), the SAED only
showed almost amorphous rings of low 1nten51ty, whereas for
Ru/TiO/C**° 2 (left half), the intensity of the rings was much
higher and additional Bragg-reflexes could be observed for both Ru
(see indicated Ru{101} and Ru{002} lattice planes) and TiO,. While
the TiO, particles clearly increased in crystallinity as seen from the
TEM images, the pronounced reflexes of Ru might at part be the
result of a severe increase in particle size after the heat-treatment due
to particle sintering as well. The low contrast of Ru—TiO, in
combination with a thickness contrast in TEM images complicated
the identification of Ru-NPs. The Ru particle size (Fig. 1h, orange)
was thus determined from a high-resolution tomographic TEM tilt
series (see file HR_RuTiOxC-400_TOMO.avi, with a scale bar of 20
nm, in the SI (available online at stacks.iop.org/JES/169/034519/
mmedia)) by identifying individual Ru particles from TEM images
recorded at slightly different angles (see Fig. A-2 for examples). The
resulting particle size distribution was much broader, with an SMD
of 44 nm. Interestingly, some of the Ru particles seem to be
incorporated into the TiO, structure rather than sitting on the
surface. While it cannot be excluded that this might be the result
of Ru sitting in cavities of the TiO, flakes/particles, it is likely the
result of an encapsulation of the Ru-NPs by a thin TiOy (x < 2) layer
that is well known to occur when an SMSI is formed.*” 295

Electrochemical characterization in aqueous HCIO4 electro-
Iyte.—To investi ]_?ate whether an SMSI between Ru and TiO, in the
Ru/TiO/C* % catalyst might also prevent the surface oxidation
of ruthenium and thereby stabilize the HOR activity at high
potentials, analogous to what had been observed for a mmllarly
prepared Pt/TiO, [CAO0°CH: catalyst RDE measurements in 0.1 M
HCIO,4 were performed. Figure 2 shows the cyclic voltammograms
(CVs) of the Ru/C (%reen line), the Ru/TiO/C* ™™ (blue line),
and the Ru/TiO/C*°"“H: (orange line) catalysts recorded in
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Ar-saturated electrolyte. One difficulty in analyzing the voltam-
metric response of Ru-based catalysts is the distinction between
hydrogen underpotential deposition (Hypq), double layer capacity,
and surface oxidation that all overlap in the same potential regions.”
It is known that the Ru-surface oxidation to RuO, is a complex
multistep process via RuO and Ru,0; that starts above 0.2 Vgyg in
the anodic scan.”® While an increasing extent of surface oxidation
with increasing potential is clearly visible for the Ru/C reference
catalyst, this process seems to be strongly suppressed for both
Ru/TiO,/C catalysts. Since the Ru to carbon ratio was similar in all
catalysts, the capacitive contribution of the carbon support can be
estimated by recording a CV of the corresponding amount of
Vulcan-carbon on the GC (gray dashed line in Fig. 2). Thus, the
much lower currents above 0.3 Vgryg for the Ru/TiO,/C catalysts
cannot result from the carbon support double layer capacity but must
be related to the surface properties of the ruthenium. The high
voltammetric currents of the Ru/C catalyst above 0.3 Vgryg (green
line, Fig. 2) are generally ascribed to the continuous Ru-surface
oxidation, which occurs up to the formation of bulk RuO, above 1.1
Ve 222 Analogous oxidation features would be expected also for
the Rw/TiO/C*™*¥™™ catalyst that has not yet undergone any
reductive heat treatment, but in this case all voltammetric features
are strongly suppressed, despite the fact that the SMD of the Ru-NPs
and thus the expected ECSA of the Ru/TiO/C* ™ catalyst is
essentially identical with that of the Ru/C catalyst. The origin of this
difference is unclear and might be related to either remaining surface
contaminants from the synthesis process, a very low conductivity of
the amorphous TiO, particles, and/or a higher amount of surface
oxidation of Ru in RwTiO/C*™™™. For the Rw/TiO,/C**"“H
catalyst, the Ru surface oxidation is similarly suppressed, which
could be the result of the ECSA loss due to particle sintering
(yielding a ~2-fold lower SMD), a reduced conductivity of TiO, at
higher potentials,® or the desired SMSI effect.***> The pronounced
Hypa-like features below 0.3 Vyyg indicate that the reduced ECSA
cannot be the sole reason for the reduced Ru surface oxidation
currents above 0.3 Vgpyg and that a significant change in the Ru
surface chemistry must have occurred compared to the Ru/C
reference following the reductive heat-treatment of the catalyst
that resulted in the reduction of the Ru particles and the formation
of an SMSI.

To further investigate the different oxidation behavior and obtain
insights into the contributions of surface reduction and H,pq4 in the
low potential region, each catalyst was cycled to a stepwise
increasing upper cutoff potential from 0.6 up to 1.3 Vgyg (Fig. 3).
For the Ru/C reference catalyst, the cycling is reversible up to an
upper cutoff potential of 1.1 Vryg (Fig. 3a). However, surpassing
this upper potential limit, the surface passivation becomes irrever-
sible, which is shown by the decreasing oxidative current in the
anodic scan of the steady-state CVs, i.e., steady state CVs with a
higher upper potential limit do not follow the anodic CVs of
measurements with a lower upper potential limit even within that
range. Simultaneously, the reduction feature that starts below ~0.4
Vrue during the cathodic scan are shifting to lower potentials with
increasing upper potential limit, thus indicating that higher over-
potentials are required to reduce the Ru-NPs again (indicated by the
arrow in Fig. 3a).

In contrast, the Ru/TiO4-based catalysts could be cycled to an
upper potential limit of 1.3 Vgyg with significantly improved
reversibility. While the Ru/TiO/C*™*Y™™ catalyst showed a certain
degree of irreversibility when cycled to 1.3 Vryg, the reductive peak
at ~0.2 Vryg does not shift to lower potentials. Thus, already by
introducing a TiO, support, Ru could be stabilized in its metallic
state up to high positive potential limits (Fig. 3b). This might be the
result of an electrochemical SMSI formation by hydrogen spillover
induced reduction or the TiO, support or the dissolution and
subsequent redeposition of TiOy within the first 25 cleaning
cycles.>>¥743 The stabilization is more pronounced after an
SMSI was formed (Fig. 3c). Here, the decreased surface oxidation
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Figure 2. CVs of Ru/C (green), Ru/TiO/C**™™ (blue), Ru/Ti0,/C0°CH:
(orange), and the corresponding Vulcan-carbon baseline (gray dashed) in Ar-
saturated 0.1 M HC1O, at O rpm. All measurements were recorded in an RDE
setup at 25 °C with a scan rate of 20 mV s~ ', a loading of 17 * 2 ugg,
cmy;g 2 and an ionomer/support (C + TiOy) ratio of I/S = 0.1. The potential
was corrected for the HFR of the setup. The loading of the pure Vulcan
carbon electrode was ~45 ugc cmgiy 2 and thus closely matched that in the
Ru/TiO,/C catalysts.
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Figure 3. Steady state CVs of the various catalysts in Ar-saturated 0.1 M
HCIO, with increasing upper potential limits: (a) Ru/C; (b)
Ru/TiO/C**¥"™; and (¢) RwWTiO/C*** > recorded. All measurements
were recorded at 25 °C, in an RDE setup at 0 rpm with a scan rate of
20 mV s, a Ru loading of 17 * 2 pigg, cmgig 2, and an ionomer/support
(C + TiOy) ratio of I/S = 0.1; the potentials were corrected for the HFR of
the setup.

of Ru was found fully reversible, whereby the reduction feature at
~0.25 Vryg does not exhibit a negative shift except for the highest
upper cutoff potential of 1.3 Vgyg, where a negative shift of
~20 mV could be observed. At low potentials (<0.3 Vgyg), the
RW/TiO/C*" M= catalyst clearly features a mixed region, where
H,pa (indicated by the positive currents in the anodic scan that are
missing in the other catalysts), Ru oxide reduction, and the onset of
the HER overlap.
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Figure 4. XPS of Ru/C (left) and Ru/TiO,/C***"CH: (right) drop-casted on a
gold foil and polarized in 0.1 M HCIO, at different potentials for 600 s: (a)
and (b) 0.02 Vryg; (¢) and (d) 0.8 Vryg; (e) and (f) 1.0 Vryg; and, (g) and
(h) 1.3 Vryg. The catalysts were reduced at 0.02 Vryg for 600 s before being
exposed to oxidative potentials. Due to an overlap with the C 1s peaks (only
peak positions indicated for clarity), the Ru 3ds/, peak was fixed to the 3ds,,
peak and the doublet was jointly fitted (red lines, details see experimental
section). The black lines mark the total measured XPS counts.

Oxidation state analysis by XPS.—To get more insight into the
Ru (surface) oxidation behavior of the Ru/C and the
Ru/TiO,/C*0"CH: catalysts, they were pre-polarized at 0.02, 0.8,
1.0, and 1.3 Vggg in 0.1 M HCI1O, for 600 s, then emersed from the
electrolyte, dried, and finally examined by XPS. To ensure that the
oxidation state of the Ru-NPs is due to the effect of the oxidation
potential rather than the storage conditions before conducting these
experiments, a 600 s hold at 0.02 Vgyg was implemented prior to
any oxidative polarization (for details see experimental section).
While XPS is technically a surface sensitive technique with a
penetration depth of ~3 nm for a kinetic energy of ~1200 eV of
the photo electrons (i.e., in the R 3d region using an Al X-ray
source),’® the small particle size of the Ru-NPs implies that the XPS
signal comprises a major contribution from the bulk of the Ru-NPs
particles in addition to their surface. Although the Ru 3d;/, signal
overlaps with the main C 1s feature from the Vulcan carbon support
(at 284.4 eV*"), the stronger Ru 3ds), peak is located at sufficiently
low binding energy so that it does not overlap with the C 1s feature.
Note that the Ru 3p;/, signal (461.7-463.2 eV, depending on the
oxidation state)*® overlaps completely with the much stronger Ti 2p
features (Ti(IV)z, at 458.5 and Ti(IV),, at 464.2 eV, data not
shown), so that this spectral region was not considered and the
following XPS analysis is focusing on the Ru 3d region (for details
see Table II).

Thus, Fig. 4 shows the Ru 3d XPS spectra of the Ru/C (left) and
the Ru/TiO/C*° ™ (right) catalysts after polarization. After
emersion at the lowest potential of 0.02 Vgyg, the Ru 3ds,, peaks

EiR-free [VRHE]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
4 L T T T T T T T ]
a
) 2500 rpm
oL 1600 rpm ]
f 900 rpm
— i 400 rom
° rpm
‘\.‘E‘c ol P ]
2 0)-1/2 [10-2 rpm-1/2]
g -2 — 0 2 4 6 8
< T T T
= 4l g 1.0F 11
< o5} ]
6} k= - i
800k . 1
—_— _8 1 1 1 1 1 1 1
(\I‘g 2 [ bl:| T T T T T T ]
1S H
o i
< of ! -
E
o
5 oL i
A T T T T T T ]
c
2F i 1
= I
Rk !
€ of & J
2 w»’I/Z [10-2 rpm-1/2]
IS _ 0 2 4 6 8
= 2} 3 T T T 4
i NEU 1.0F E
o
4tk - i
§§ 0.5 ]
=20.0 L .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
EiR-free [VRHE]

Figure 5. Rotation rate dependent HER/HOR polarization curves in
H,-saturated 0.1 M HCIO, at 25 °C: (a) Ru/C; (b) Ru/TiO/C*¥"th-
(c) Ru/l"iOX/C“OOOC‘HZ. All measurements were recorded in an RDE setup
at a scan rate of 20 mV s~ ', with a loading of 17 + 2 uggr, cmgige > and an
ionomer/support (C + TiOy) ratio of I/S = 0.1, and were corrected for the
HFR of the setup. The dashed black lines represent the pure Nernstian
diffusion overpotentials for the positive-going scan at 2500 rpm. The insets
show Koutecky-Levich plots of the inverse of the current density vs the
inverse square root of the electrode rotation speed w: in (a) for the Ru/C
catalyst at the current maximum, taken at 0.11 Vgygg; in (c¢) for the
Ru/TiO,/C*00"CH: catalyst at the stable plateau, taken at 0.4 Vgyg.

at 280.3 eV for Ru/C (Fig. 4a) and 280.2 eV for Ru/TiO,/C**"CH:
(Fig. 4b) correspond to Ru(0), thus confirming that the Ru-NPs are
fully reduced to metallic Ru at this potential.*® After the polarization
at 0.8 Vgyg, the spectra remain essentially identical (Fig. 4c and d),
although a partial oxidation of the Ru surface would have been
expected for the Ru/C catalyst based on its CV (green line in Fig. 2).
This might be the result of a reversible hydroxide adsorption by
water discharge at these potentials,”® whereby no stable oxide is
formed and the majority of Ru atoms therefore remain in metallic
state after vacuum drying of the sample. After polarization at 1.0
Vrkue, @ small peak shift of 0.2 eV to higher binding energies was
detectable for both catalysts, which might indicate partial oxidation
of Ru (Figs. 4e and 4f), as would be expected from the CV
measurements (see Figs. 3a and 3c). After polarization to
1.3 Vgug, the Ru-NPs of the Ru/C reference are largely oxidized,
as is indicated by a peak shift to 281.2 eV (corresponding to Ru(IV),
Fig. 4g), while the Ru-NPs of the Ru/TiO/C**" = catalyst still
show the the characteristic Ru(0) peak at 280.2 eV (Fig. 4h). These
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Figure 6. HER/HOR polarization curves in H,-saturated 0.1 M HCIO, at
1600 rpm and 25 °C that are extended into the OER potential window of the
Ru/C (green), the Ru/TiO/C*™ ™™ (blue), and the Ru/TiO,/C***°CH:
(orange) catalysts. All measurements were recorded after the rotation rate
dependent HER/HOR polarization curves under identical conditions (see
Fig. 5).

results confirm the observations from the CV measurements that Ru
oxidation is significantly suppressed for the Ru/T 0, /CHO0°CH:
compared to the Ru/C reference catalyst. Whether this stabilization
is the result of a TiO4 encapsulation could unfortunately not be
verified by investigating the Ti 2p spectrum, as the fraction of Ti in
such a thin film would have an insignificant contribution compared
to the bulk TiO, of the support structure. No changes in the Ti 2p
spectrum could therefore be observed, except for a potential
dependent shift of the shoulder corresponding to the Ru 3p;/, signal
(data not shown).

HER/HOR investigation by RDE.—In the case of similarly
prepared Pt/TiO/C**”" 2 catalysts, the analogously observed
suppression of the surface oxide formation was accompanied by
an extension of the HOR activity of Pt to very high positive
potentials.”® Therefore, we will next examine whether this will
also hold true for the Ru/TiO/C** M catalyst, using RDE
experiments at different rotation rates in 0.1 M HCIO,. For the
Ru/C reference catalyst, a high HER activity is observed, but its
HOR activity quickly decreases above 0.15 Vgyyg due to surface
oxidation (Fig. 5a), analogous to what had been observed for a
ruthenium metal disk.”> A Koutechy-Levich analysis relating the
reciprocal current density maximum (at 0.11 Vryg) and the inverse
square root of the rotation rate shows an essentialy zero y-axis
intercept, thus confirming that the HOR currents are mostly mass-
transport limited at 0.11 Vgyg (Fig. 5a inset). However, when
comparing the actual oxidation currents below 0.11 Vryg with those
predicted by the purely Nernstian diffusion overpotential for the
HOR?’ for the positive-going scan at 2500 rpm (see dashed black
line in Fig. 5a), it becomes clear that the HOR on the Ru/C catalyst
in this region is still affected by kinetic limitations. As the potential
reaches ~0.5 Vryg during the positive-going scan, the HOR activity
of the Ru-NPs has vanished to zero, and only once the Ru surface is
polarized again below 0.1 Vgyg during the negative-going scan,
some HOR activity can again be observed. The HER activity at
negative potentials is sufficiently good to reach a mostly mass-
transport controlled current profile that is expected for highly active
HER catalysts in acidic RDE measurements.”®

As discussed previously, the Ru/TiO/C* ™™ catalyst appeared
to suffer from a poor conductivity and/or from poisoning by surface
adsorbates from the synthesis, which also seems limit its ability to

oxidize hydrogen (Fig. 5b). Independent on the rotation rate, the
catalyst showed almost no HOR activity and never reached the mass-
transport limited current densities. Since any residual organic
surface contaminations would be expected to be oxidized upon
cycling to 1.3 Vgyg multiple times but the HOR performance did not
increase, it is more likely that the suppressed HOR activity is the
result of the poor conductivity of the as-synthesized TiOy that results
in most of the Ru particles being electrically insulated.

In contrast to the Ru/C catalyst, the polarization curve of the
Ru/TiO,/C*%° 2 catalyst shows a steady HOR activity up to 1.3
Vrue (Fig. 5¢). The zero y-axis intercept in the Koutechy-Levich
analysis at 0.4 Vgyg (to exclude H,pq contributions) shows that even
at higher potentials, the currents are purely mass-transport limited
(Fig. 5c inset). In contrast to the Ru/C catalyst, the HOR currents of
the Ru/TiO/C*"“H: catalyst are now exclusively limited by the
Nernstian diffusion overpotential (black dashed line in Fig. 5c)
rather than kinetics, which means its true HOR kinetics cannot be
assessed by RDE measurements (see below for kinetic investigation
in an MEA setup).’’

Since the SMSI in Ru/TiO,/C*00"CH: prevents the (surface)
oxidation of Ru and thereby enables continuous hydrogen oxidation
even at 1.3 Vgyg, it will likely also impact the OER performance
of the catalyst, as was observed for a Pt/TiO, based catalyst.34 Thus,
the OER activity of the Ru/C, Ruw/TiO/C**™  and
Ru/TiO,/C00°CH: catalysts was examined by extending the upper
potential limit in the HER/HOR polarization curves to 1.5 Vgyg
(Fig. 6). The OER on the Ru/C reference catalyst readily starts above
1.3 Vgrue, as shown by the steep current increase. As these
measurements had been performed after the HER/HOR polarization
curves at different rotation rates up to 1.3 Vgyg, the HOR activity of
Ru/C has already severely degraded compared to the initial experi-
ments shown in Fig. 5. This limited stability of Ru in acidic
environment is well known and Ru dissolution poses a major issue
for the implementation of any Ru containing catalyst in PEMFCs
and similar systems.>*®® The mass-transport limited current density
was therefore not reached anymore even in the first scan. After the
catalyst had been exposed to even higher potentials of 1.5 Vgryg, the
overpotential for Ru reduction apparently has shifted to even more
negative potentials, continuing the trend observed in Fig. 3a and
thereby nearly completely deactivatin§ the HER activity of the Ru/C
catalyst. In contrast, the Ru/TiO/C**” > catalyst maintains its
superior HOR activity as well as its high HER activity when
polarized up to 1.5 Vgyg, but its OER activity is strongly
suppressed, as is indicated by the observation that the current upper
potential limit of 1.5 Vgyg barely exceeds the HOR current plateau.
This observation and the fact that the HER/HOR activity is
maintained even after harsh oxidative potentials confirm the
successful stabilization of Ru in its metallic state. The OER activity
of the Ru/TiO/C*** S catalyst still exceeds that of a similarly
stabilized PU/TiO/C***" M2 catalyst,™ which is most likely the result
of a small fraction of Ru-NPs that are located on the carbon support
and thus are not affected by the SMSI effect. While the HOR activity
of RW/TiO/C**¥™™ remained almost completely suppressed, the
catalyst showed a surprisingly high activity for the OER that by far
exceeded that of the heat-treated catalyst. These observations
confirms that the stabilization of Ru against (surface) oxidation is
indeed the result of an encapsulation of the Ru particles due to SMSI
effects after the reductive heat-treatment, thereby enabling a high
HOR activity at potentials where surface passivation by (surface)
oxide formation would otherwise have occurred.

CV characterization of the catalysts in MEAs.—As the HER/
HOR rates on platinum group metal catalysts with high HOR/HER
activity (e.g., Pt or Ir) cannot be determined precisely in acidic liquid
electrolyte using an RDE setup,”’ the HER/HOR kinetics of the
Ru/TiO,/C00"C-H: catalyst (and of the Ru/C catalyst as a reference)
were investigated using a PEMFC-based hydrogen pump approach,
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Figure 7. C%/clic voltammograms of Ru/C (green, 56 pgry cmMEAfz) and
Ru/TiO,/C*00"CH: (orange, 44 pgr, cmyiea ) Working electrodes recorded
ina 5 cm? single-cell PEM fuel cell at a scan rate of 100 mV s~ from 0.05 to
1.0 Vgyg at ambient pressure and 40 °C. The CE compartment was purged
with 200 nccm 5% Hy/Ar (humidified at 90% RH), while the WE
compartment was purged with 50 nccm dry N, (set to zero flow when
recording the CV).
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Figure 8. Mass normalized potentiodynamic HER/HOR polarization curves
at5mV s~ ' on the Ru/C (green) and Ru/T i0,/CA00°CH: (orange) catalyst in a
5 cm? single-cell PEMFC, with the potential corrected for the HFR at OCV
(Eir-free)- The data were recorded at 80 °C, 100 kPay,, 90% RH and 2000/
2000 ncem H, (through the WE/CE compartments). Electrode loadings of
the MEAs: 56 uggr, cmypa 2 for the Ru/C WE and 44 JERu cmypa > for
the Ru/TiO/C**"“*: WE; the Pt loading of the P/C CE was 0.39 +
0.02 mgp, Cypa 2

where much higher H, mass-transport rates can be achieved.”
Figure 7 com%ares the CVs of the Ru/C (green line) and
RW/TiO/C*" ™ (orange line) catalysts as working electrode
(WE) in an MEA (with a Pt/C counter electrode (CE)), obtained
ina5 cm? single-cell, with the WE held under N, and the CE
compartment purged with humidified 5% H,/Ar. While the Ru/C CV
is very similar to that recorded in Ar-saturated 0.1 M HCIO, (Fig. 2),
with similar oxidative and reductive features, the voltammetric
currents of the Ru/TiO/C**” ™ catalyst measured in the MEA
are only similar to those obtained in the 0.1 M HClO, electrolyte in
the hydrogen adsorption/desorption region, but almost vanish at
potentials above ~0.5 Vgryg. This could be the result of several
factors. First, the liquid electrolyte in the RDE setup might access
the Ru surface better than the ionomer, especially when Ru is
supported and encapsulated by TiO. It has frequently been observed
that the ECSA determined by RDE differs from that observed for the
same catalyst in an MEA,>”®" and it is likely that this effect will be
more pronounced for a cata}llyst with a more complex structure like
that of the Ru/TiO,/C**" = catalyst. Secondly, the interaction of
the two support materials with the ionomer might be different,
causing the ionomer to adsorb preferentially on either C or TiO,,°>%
thus leading to selective electrochemical accessibility of Ru particles
being supported on either of the support materials. In either case, it is

clear that the difference in Ru loading (44 puggry cmyps > for
Ru/TiO,/C*0°CH compared to 56 ugr, cmyps - for Ru/C) is too
small to result in such different CVs, especially considering that the
Hypa features of Ru/T 0, /CH00°CH: (orange line, Fig. 7) are
significantly enhanced compared to the overall capacitive currents.

Hj-pump measurements in a single-cell PEMFC configura-
tion.—In a first set of experiments to determine the HER/HOR mass
activity of the catalysts, CVs were recorded potentiodynamically at
5mV s~' in a Hy-pump configuration, scanning the potential from
—0.3 to 0.6 Vgryg (Fig. 8). Again, the Ru/C catalyst (green line)
strongly deactivates above 0.2 Vryg, whereas the Ru/TiO,/C*00"C-H
(orange line) catalyst maintains its activity up to the highest
investigated potential of 0.6 Vgryg. Although the H,,q features in
Fig. 7 indicated less ECSA for the Ru/TiOX/C40°°C’}P2 catalyst, its
HER/HOR activity at low overpotentials (<30 mV) by far outper-
forms that of the Ru/C reference catalyst. For the HOR on the
Rw/TiO,/C*" 2 the performance curve quickly deviates from the
expected Butler-Volmer behavior and reaches a current plateau of
~9 A ngu_1 (corresponding to ~0.4 A cm ZyEa) at high over-
potentials above ~0.2 Vgryg. For Pt catalysts, similar limitations in
current density have been discussed to be due to a change from a rate
determining Volmer-step to a Tafel-limited®>>"%*%% or a Heyrovsky-
limited step,®® or due to a hydrogen mass-transport limitation
through the ionomer film covering the catalyst surface.”> In the
latter case, the specific current density at which mass transport
resistances through the ionomer film could be limiting was estimated
to be ~2 A cmp, > for a Pt/C catalyst.25 Based on the ECSA of
~110 m? ng1 that can be estimated from the measured SMD of
~4.4 nm (using the spherical approximation) and the Ru loading of
44 pgr, cmyea 2, the Ru roughness factor of the Ru/TiO,/C*00"CH:
catalyst can be estimated to be ~50 cmg, 2 cmyga 2, which then
would convert to a limiting specific current density of ~8 mA
cmg, > for the data in Fig. 8. As this is nearly three orders of
magnitude lower than the expected mass transport limitation near a
specific current density of ~2 A cmg, >, mass-transport resistances
through the ionomer film can be ruled out as the origin of the current
plateau observed in Fig. 8. However, an encapsulation of Ru, as it
was discussed above and has been suggested for similar oxide
supported Pt czltallysts,32’34’35’37 might be another source for a
significant local hydrogen transport resistance to the active site.
This hypothesis is supported by a suppressed chemisorption of
hydrogen that has been reported for a SMSI between Ru and TiO,.%”

On the other hand, in the case of a limitation by a rate
determining adsorption step, the current limitation would be given
by the rate of adsorption, whereby the current plateau of only 9 A
mgr. " could result from slow hydrogen adsorption kinetics on the
Ru surface. In the case of Pt, an adsorption rate constant of ~2.4 cm
s~ ! at 22 °C determined from H,-D, exchange experiments by Vogel
et al. would predict a limiting specific current density of ~0.40 A
cmp, 2 at 100 kPayp, 2> i.e., of the same order of magnitude as the
estimated transport limiting current density through the ionomer film
(see above), so that for a Pt catalyst the observed limiting current
may originate from either kinetic or local transport limitations (or
both). To the best of our knowledge there is only the study by Lu
et al. that reports a hydrogen adsorption rate constant for Ru, but
only states that it exceeds their detection limit of 10~ cm s™" at 25 ©
C (H,-D, exchange experiments).%® If the hydrogen adsorption rate
were to be responsible for the specific current density limitation of
~8 mA cmg, > observed in Fig. 8 (see above), it would have to be
on the order of 1072 cm s\,

Since the current density maximum reached by the Ru/C
reference catalyst (green line, Fig. 8) coincides with that of the
Ru/TiO/C*%°H2 catalyst (orange line, Fig. 8), a distinction
between a Ru-specific limitation and a limitation induced by the
interaction of Ru and TiOy is not possible at this point. Still, it is
most likely that the equal mass normalized current density maximum



Journal of The Electrochemical Society, 2022 169 034519

T T T T T T T T T T T T T
a
100 b ¢ Ru/C ] i
‘gs Ru/TiO/CH00°CH;
.
‘\ /",
-2 10k ‘e _
IC% 10 \‘\ Kee 3 o) %,
1S ’Q "’<> <& o>
L 4 2>
< L 5L o
g 1t | /4 MR
E g?
§ = data used for fitting
o1 b o data not used for fitting
—_ f P e BV-fits (Zo=1) 3
N
£ 50 R e e s e
S 4f b 1
G
E 30F CC ¢ cemmmrccooc o o o o o o o 3
m 20 1 1 1 1 1 1 1 1 1 1 1 1 1
L -200-150-100 -50 0 50 100 150 200 250 300 350 400 450 500

n [mV]

Figure 9. Mass normalized kinetic current densities for the HER/HOR (a)
and correspondin(% HFRs (b) of representative MEAs of with Ru/C (green)
and Ru/TiO,/C*00°CH: (orange) WEs, recorded by a combination of
galvanostatic/potentiostatic measurements (all data at 80 °C, 90% RH, 100
kPayy,, and 2000/2000 nccm Hy). The overpotential 1 was calculated from
the HFRs according to Eq. 4. The data points used (filled symbols) and
excluded (open symbols) for the shown Butler-Volmer fits (dashed lines)
represent the average over the last 10 s of a 60 s galvanostatic/potentiostatic
hold period (see Experimental section). The selection criteria for data to be
included in the Butler-Volmer fits are: (i) a less than 1 m§ cmygpa” HER
increase for the HER data; (ii) a current density of less than 10% of the
maximum current density for the HOR data. Furthermore, the sum of the
transfer coefficients in Eq. 6 was fixed to one (i.e., o, + a. = 1). Electrode
loadings of the MEAs: 56 uggr, cmME,(2 for the Ru/C WE and 44 pgg,
cmypa > for the Ru/TiO/C**"CH2 WE; the Pt loading of the Pt/C CE was
0.39 + 0.02 mgp, CMyEa >

is a coincidence rather than an intrinsic property of the Ru catalysts,
as the MEA roughness factors of the two Ru catalysts differ by a
factor of ~2.5 (due to the differences in Ru loading and the Ru-NP
SMD), which means that the estimated specific limiting current
density maximum also differs by the same factor, while hydrogen
adsorption limitations would be expected to scale with the specific
current density. In any case, the currents of the Ru/C reference
decrease drastically with increasing potential after having reached
the maximum current density at ~0.2 Vgryg, Whereby the catalyst
deactivates almost completely upon reaching 0.4 Vgyg. On the
contrary, the current density glateau is maintained up to 0.6 Vryg for
the stabilized Ru/TiO,/C**CH,

For a more accurate determination of the HER/HOR Kkinetics, a
steady-state approach was chosen to avoid time dependent artifacts
such as HFR variations due to membrane dry-out.”> HER/HOR
polarization curves were recorded using a static measurement
approach that allows for the system to equilibrate at each point,
whereby the HFR is determined by EIS directly after every hold
period (Fig. 9). The HFRs of all MEAs with Ru/TiO,/C*"CH:
(orange symbols, Fig. 9b) were roughly 10 m§ cmypa> higher than
of MEAs with Ru/C (green symbols, Fig. 9b). As differences in
electrode thickness were accounted for when assembling the cells,
contact resistances can most likely be ruled out as the origin of this
offset. Instead, ionic contamination from TiO, dissolution might be
the cause for the slightly higher HFR of the MEAs with the
RW/TiO/C*" ™ catalyst, as according to the Pourbaix diagram
(given for 25 °C), bulk TiO, has a low but finite solubility of
~107® mol 17" at pH 0 (the approximate pH of a PESA membrane)
at the negative iR-free potential limit of —0.2 Vryg that was used in
these Ho-pump experiments;’® considering that the solubility will
likely be higher at 80 °C and for the nano-sized TiO, support, a

significant dissolution of titanium species is quite plausible. While
low concentrations of cation contamination would reduce the
membrane conductivity without severely affecting the performance,
higher concentrations would lead to significant voltage losses in the
system.”'’? Furthermore, the detrimental effect of TiO, on the long
term durabiligy of PEMFC systems has recently been shown by
Zhang et al., 3 which limits the overall applicability of the here
presented catalyst system and might require the use of a more stable
oxide sug)port that still develops an SMSI, such as tungsten
oxide.”*’

With the differences in HFR accounted for according to Eq. 4, a
representative dataset of the mass normalized kinetic HER/HOR
currents obtained from the static measurement approach is depicted
in the form of a Tafel plot in Fig. 9a for the Ru/TiO,/C**"CH:
catalyst and for the Ru/C reference catalyst. Both the anodic and
cathodic branches of the Tafel plots show a behavior according to
the Butler-Volmer equation (Eq. 6) at low overpotentials:**7¢

. . ayFn —acFn
ikin = ig*(ERT — € RT ) [6]

with iy, being the kinetic current density in A ng{l, ip the
exchange current density in A ngufl, /o, the anodic/cathodic
transfer coefficients, 1 the overpotential in V (i.e., the difference
between the potential and the equilibrium potential), F the Faraday
constant (96,484 A s mol™ "), R the universal gas constant (8.314 kJ
mol~' K™, and T the temperature in K. While the HER part was
seemingly unlimited over the complete potential interval, the HOR
currents reached the same maximum value that was observed in the
potentiodynamic experiments (see Fig. 8), whereby the HOR activity
of the Ru/C reference catalyst (green symbols) rapidly decreased
above an HOR overpotential of ~0.2 V, while the Ru/TiO,(/C‘“)OOC‘Hz
catalyst (orange symbols) maintained this maximum activity up to
highest measured overpotential of 0.45 V.

The exchange current density iy has been obtained by fitting the
data to the Butler-Volmer equation with a sum of transfer coeffi-
cients of one (a, + a. = 1, dashed lines), representing a
predominant Tafel-Volmer mechanism that is most often assumed
for platinum group metals.”””’®7° According to our established
protocol,? exclusively data points with currents of less than 10% of
the current maximum were fitted to minimize the effect of the HOR
current limitation on the kinetic evaluation, and all data points with
an HFR increase of more than 1 mQ cmyga> (compared to the
average HFR in the overpotential range of +20 mV) were excluded
for fitting in order to ensure that the correction of the potential for
the Ohmic drop was accurate under the relevant measurement
conditions. Data points considered for fitting are depicted as full
symbols, whereas data points that were excluded from the fits are
depicted as open symbols in Fig. 9. While the fit for the Ru/C
catalyst (green line, Fig. 9a) showed a high degree of symmetry, the
RW/TiO/C*%CH> catalyst (orange line, Fig. 9a) seems to be
severely affected by the HOR limitation already at low over-
potentials (<30 mV), resulting in highly asymmetrical fits with
a,-values of 0.26 + 0.03. An analogous behavior has previously
been observed for a carbon supported Pt catalyst, where it was not
possible to determine whether the observed limiting HOR current is
due to an intrinsic kinetic effect or due to H, mass transport
restrictions through the ionomer film.*> For the ~50-fold lower
limiting current when evaluated in terms of specific current density
in the case of the Ru/TiO,/C*0°C:H: catalyst (=8 mA cmg, 2 vs
~400 mA cmp, > in the case of Pt/C, as discussed above), a
limitation by H, transport can be excluded, so that it must be due to a
kinetic limitation (e.g., by hydrogen adsorption/dissociation).

The exchange current densities at 80 °C determined from the
Butler-Volmer fits (dashed lines in Fig. 9), are roughly three times
higher for the Ru/TiO/C***" > catalyst (ip = 8.2 = 0.3 A mgg, ™ ")
compared to the Ru/C reference catalyst (ip = 2.5 + 0.2 A ngu").
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Thus, the exchange current density of the Ru/TiO,/C***" 2 catalyst

is similar to those of Rh/C and Pd/C (both ~15 A mgmemfl for the
catalysts studied by Durst et al.’”), but roughly two orders of
magnitude lower than for Pt/C (ip = 540 + 160 A mgp, ")** under
the same conditions. Consequently, loadings of ~1 mgg, Cmypa >
would be required to limit the HER/HOR overpotentials to <10 mV
at2 A cm~2 in a PEMFC or PEMWE, while this can be achivieved
with the currently used Pt/C catalysts for loading of <0.05 mgp,
cmygea 2. These high loadings annihilate the cost advantage of Ru
compared to conventional Pt catalysts for the hydrogen side of PEM
systems.

Conclusions

In this study, an HOR active Ru/TiO,/C catalyst was synthesized
via a multi-step synthesis route and subsequent reductive heat-
treatment. According to tomographic TEM imaging, the catalyst
consists mostly of agglomerated Ru/TiO4-composites adsorbed on
the Vulcan carbon support structure. The heat-treatment of the
catalyst (RU/TiO/C*0"CHy Jeads to severe sintering of the Ru
nanoparticles (Ru-NPs), increasing their Sauter mean diameteter
(SMD) from 2.0 to 4.4 nm, and results in an increased crystallinity of
the TiO, support, accompanied by a partial encapsulation of the Ru
particles due to strong metal support interaction (SMSI).

It was shown by cyclic voltammetry that Ru oxidation was
suppressed for the Ru/TiO,/C***"“H> catalyst compared to a Ru/C
reference catalyst. This stabilization of Ru in its metallic state at high
positive potentials was confirmed by XPS, whereby the Ru 3ps,
peak remained at the binding energy of Ru(0) even after polarization
at 1.3 Vpug of the RwTiO/C*" ™ catalyst, while the Ru/C
reference catalyst was fully oxidized to Ru(IV).

In RDE experiments, the Ru/TiO,/C**"“H2 catalyst showed an
excellent stabilization of the HOR activity up to the onset of the
OER at 1.3 Viyg, whereas the HOR activity of the Ru/C reference
quickly deactivated after reaching the mass-transport limited current
density at 0.11 Vgyg. This stabilization of metallic Ru by SMSI
resulted in a suppression of the OER activity above 1.3 Vgryg, where
the Ru/C reference catalyst. outperformed the heat-treated catalyst,
with Ru/C exhibiting by far the highest OER activity.

The HER/HOR kinetics of the catalysts were determined by
PEMFC-based hydrogen-pump measurements. These confirmed the
stabilization of the HOR activity of the Ru/TiO/C** " catalyst,
whereby at an overpotential of ~0.1 V a maximum HOR current
plateau of ~9 A mgg, ' was reached and maintained up to an
overpotential of ~0.45 V. This limiting current can clearly be
ascribed to a kinetic limitation. With an exchange current density of
8.2 + 0.3 A mgg, !, the Ru/TiO/C*** 2 catalyst proved to be
three times more active than Ru/C 2.5+ 0.2 A ngufl), but roughly
two orders of magnitude less active than Pt/C under the same
conditions. In summary, it was shown that Ru can be stabilized for
the HER/HOR by an SMSI, but the low activity and limited stability
of both Ru and TiO, prevent this type of catalyst from representing a
feasible alternative to conventional Pt/C catalysts.
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Appendix

For TEM/EDX mappings, Ru/TiO/C***“H: was dispersed in
ethanol and drop-coated on a copper grid covered with a holey
carbon film. STEM measurements were carried out on a probe
corrected FEI Titan Themis operated at 300 kV in high-angle
annular dark-field (HAADF) mode. Elemental maps were acquired
with a Super-X energy-dispersive X-ray spectrometer and processed
using the Velox V 3.0 software.

Figure A-1. Combined HAADF-STEM image and EDX mapping of the
Ru/TiO,/C**CH2 catalyst. Elements with a higher atomic number appear
brighter in the HAADF image (a). The EDX mapping illustrates the location
of Ti (b), C (¢), Ru (d), and the combined locations of Ti and Ru (e), and C,
Ti, and Ru (f), respectively. The combined EDX mappings clearly show that
most of the Ru nanoparticles are located on TiO,, whereas the carbon is
mostly Ru free.
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Figure A-2. Example of the use of individual images from the high
resolution tomographic TEM series of Ru/T 10 /CHCH: (gee file
HR_RuTiOxC-400_TOMO.avi in the SI) for the determination of the Ru
particle size, whereby the angle of the sample holder was varied by 2° for
each frame from (a) to (d). Exemplarily, the circles indicate the position of
three individual Ru particles in each frame, whereby the comparison of the
images enables the identification of Ru particles and the assessment of the
particle size distribution depicted in Fig. 1h.
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