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Abstract

Platinum-lanthanide alloys are very promising as active and stable catalysts for the oxygen reduction
reaction (ORR) in low-temperature fuel cells. We have fabricated Pt and PtsGd metallic thin films via
(co-)sputtering deposition in an ultra-high vacuum (UHV) chamber. The electrochemical ORR activity,
stability, as-well as chemical composition and crystallographic structure of PtsGd thin film catalysts
have been investigated using a combination of electrochemical measurements, X-ray photoemission
spectroscopy (XPS) and X-ray diffraction (XRD) techniques. We describe the measurement
procedures, with the aim of benchmarking electrochemical characterization of Pt-based thin film
catalysts for ORR. PtsGd thin films present an activity enhancement by a factor of 4.5 and 2.5 over
polycrystalline Pt and Pt thin films, respectively.

Keywords:
Electrocatalysis, Oxygen Reduction Reaction, Rotating Disk Electrode, Pt-Alloys, Sputtering, Thin

Films, Benchmarking



1. Introduction
Proton exchange membrane fuel cells (PEMFCs) are one of the most promising technologies for
potentially zero emission power conversion [1]. They are suitable for both automotive and stationary
applications, and will likely play an important role in future sustainable energy schemes [2-5].
However, the high costs of PEMFCs, and specifically of the Pt-based electrocatalysts, constitute a
major obstacle for a commercially competitive reality [6]. Currently, a state-of-the-art PEMFC require
a Pt loading of 0.25 ge/kW, of which 0.2 mge/cm? are required at the cathode, where the oxygen
reduction reaction (ORR) takes place [3,6]:

0, + 4H* + 4e~ - 2H,0 (1)

The slow kinetics of the ORR causes significant potential losses (overpotentials). As such, this is the
limiting reaction in PEMFCs. Using current technologies, the amount of Pt available is too scarce to
ensure a widespread implementation of PEMFCs [7]. In order to reduce the Pt loading at the cathode,
we need to develop new electrocatalysts with enhanced activity and improved long-term stability under
realistic operating conditions [2,7-9]. It is important to note that an order of magnitude decrease in the
amount of Pt employed at the cathode of a PEMFC would result in a Pt group metal loading equal to
that of advanced catalytic converters for automotive vehicles in terms of Pt usage [3].
The ORR on pure Pt surfaces has been studied extensively. In 0.1 M HCIOg4, the ORR activity follows
the order Pt(100)<Pt(111)<Pt(110) [10]. Moreover, defects such as steps [11-14] and concave defects
[15] seem to enhance oxygen reduction. It is clear that the ORR is structure-sensitive. Therefore,
modifying the surface structure can enhance the catalytic activity, selectivity and stability [16].
The OH binding energy governs the ORR activity on Pt-based catalysts [17]. Other indirect descriptors
influence the OH binding energy, such as the lattice parameter [8,18,19] the d-band center [9,17] and
the generalized coordination number [15]. The ORR activity of Pt can be enhanced by modification of
the geometric structure (atomic ensemble effects) [20] and/or alteration of the electronic properties of
the surface atoms (electronic effects). The latter can be tuned by alloying Pt with other metals
[7,9,21,22]. The desired effect of alloying is to weaken the OH binding energy [9,17] by means of
strain [8,23,24] and/or ligand effects [25,26].
During the last few decades, catalyst developers have intensively studied alloys of Pt and late transition
metals for the ORR: Pt-Ni, Pt-Cu, Pt-Fe and Pt-Co alloys all present an enhanced activity over pure Pt
[9,18,21,23,25,27-29]. Several studies have shown that a Pt overlayer is formed after immersion in



acidic electrolyte [22,28]. The composition and stoichiometry of the alloy influence the Pt overlayer
structure, and therefore the activity and stability [22,30-33]. Nonetheless, these catalysts often tend to
degrade via dealloying under operating fuel cell conditions [6,34,35]. Appropriate synthesis conditions
can lead to exceptional stability during short-term accelerated degradation tests [36-40]. Even so, it is
an open question whether they can survive long-term stability tests [41] and whether the impressive
enhancement factors obtained during ideal rotating disk electrode (RDE) experiments can be translated
to fuel cells [42].

Recent studies have demonstrated that it is possible to obtain a remarkable improvement in activity by
alloying Pt with early transition metals and rare earths [8,43,44]. Our studies on polycrystalline Pt-early
transition metal and Pt-lanthanide alloys show up to a 6-fold improvement in activity at 0.9 V vs. RHE
over polycrystalline Pt [8,43-46]. Moreover, the lanthanide alloys have a very negative enthalpy of
formation, which may stabilize them Kinetically against degradation via dealloying [41,47,48].
Nevertheless, rare earths such as Gd are thermodynamically unstable towards dissolution in acid; their
kinetic stability is contingent on the robustness of the Pt overlayers ability to protect the alloys from
further losses and increase their stability [8,49].

We synthesized mass-selected nanoparticles of Pt-rare earth alloys using a magnetron nanoparticle
source, which demonstrated excellent catalytic properties towards ORR, with a mass activity for PtyGd
nanoparticles of 3.6 A/mge: [49]. At the same time, our extended X-ray absorption fine structure
(EXAFS) experiments showed that the nanoparticles are under compressive strain [49,50] the ORR
activity increasing as the bulk compressive strain decreased [49]. In order to mass produce these
catalysts and insert them in real PEMFCs, a chemical synthesis method has to be implemented.
However, it is very challenging to synthesize Pt-lanthanide alloys chemically, to the most part due to
the high oxygen affinity of lanthanides [51].

Pt and Pt-late transition metal catalysts in thin film form have been fabricated successfully [31,52-54].
In the field of fuel cells, nanostructured thin films (NSTFs) and mesostructured thin films of Pt [54]
and Pt-Ni [31,55] have been fabricated and successfully tested for activity and stability towards ORR.
The Pt loading have been optimized, and these catalysts demonstrated higher activity of the alloys as
compared to pure Pt films. Morimoto and co-workers showed that atomic layer deposition (ALD) can
be successfully employed to produce Pt electrodes on SiO» substrates for testing on MEAs [56]. More

recently, Schmidt and co-workers investigated the influence of the growth mechanism on the surface



structure of thin films fabricated by pulsed laser deposition (PLD), demonstrating that strain can
enhance the ORR activity [57,58]. Kim and co-workers fabricated nanoparticulate thin films of alloys
of Pt-late transition metals together with Pt-Y and Pt-La for ORR using magnetron sputtering [59-61].
Their results show that Pt3Y thin films presented enhanced activity and stability in comparison to the
rest of the Pt-alloy thin films tested.

Herein we present a method for fabrication of thin films of Pt and Pt-lanthanide alloys via co-
sputtering, together with the detailed procedures to measure the electrochemical activity and stability
towards ORR, using a rotating ring-disk electrode (RRDE) setup. This article reports, for the first time,
the fabrication, characterization and electrochemical performance of thin films of Pt-Gd alloys for the
ORR.

The sputtering technique consists of a beam of ionized Ar hitting the target and knocking out atoms.
Some of the ejected material will then deposit on the designated substrate. This technique has already
been used for the preparation of catalysts in electrochemistry [62—64]. The main advantage of thin
films is that they can cover large areas and can be inexpensively mass-produced at a reasonable rate.
For a model study of the electrochemical properties, it is much easier to work on fabricated thin films
samples compared to expensive polycrystalline samples, which require Ar sputter cleaning treatment in
UHV before the electrochemical [8]. Thin films make it easier to test different stoichiometry of Pt
alloys, in order to optimize the ratio and minimize the Pt loading.

The focus of this paper is to investigate the ORR activity and stability of model sputtered Pt and PtsGd
thin films. We aim to give key recommendations in order to be able to fabricate these Pt-based thin

films and carry out the electrochemical measurements in a reliable way, relevant for PEMFC devices.

2. Experimental

2.1. Sample preparation

PtsGd and Pt thin films were prepared by sputter deposition in UHV compatible system from AJA. The
chamber constitutes of a load lock that can be pumped down before transferring samples into the main
chamber, a transferring arm, and the main chamber, which can be pumped down to a base pressure of

10° mTorr. The load lock can be vented by flushing with Ar (purity 5.0). The chamber can contain up



to 9 targets of which three can be used simultaneously. The distance between substrate and target is
approximately 10 to 15 cm. The substrate holder is cooled down by a water cooler.

The main chamber is equipped with a quartz crystal microbalance (QCM) to measure the deposition
rate, a shutter that can be placed in front of the substrates to prevent deposition and a heating wire, for
substrate heating up to 850 °C. A schematic of the co-sputtering process is provided in Figure 1.
Additionally, oxygen can be leaked into the chamber to fabricate oxides thin films e.g. of MnOx
catalysts for oxygen evolution [64]. The substrate consisted of Ar sputter cleaned and polished glassy
carbon (GC) disks of 5 mm diameter from HTW Hochtemperatur-Werkstoffe.
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Figure 1. (a) Schematic of the sputter deposition process. Ar gas is ionized to plasma to form Ar* (blue). A
negative bias is applied on the target material (gray), which causes the Ar* to bombard the surface and knock
atoms loose. Some of the target atoms then deposit on the grounded substrate. Magnets confine the plasma near
the targets; (b) Schematic representation of the PtsGd thin film on top of the glassy carbon disk; (c) Scanning
electron microscope (SEM) image of dealloyment due to the presence of oxygen in a PtsGd thin film.



A GC square plate (1 cm?) with polished top side was also loaded in the chamber for each deposition,
to be used for XRD and XPS testing. The polishing procedure included a polishing step using a
polishing disk and diamond paste from Struers and a sonicating step. The polishing step consisted of
mounting the disk on a rotating support; the paste was spread on it and the glassy carbon surface was
put in contact for 30 to 60 s. The sonicating step involved three cycles of sonication, where one
“sonication cycle” constituted 10 min sonication in water and 10 min sonication in isopropanol. The
glassy carbons were subsequently dried with Ar. The cleanliness of the surface is crucial for a good
thin film deposition since it minimizes the contamination and lowers the roughness.

Because of the high oxygen affinity of the lanthanides, they will react with minimal amounts of oxygen
present in the chamber and form oxides. Such oxide formation will compromise the electrochemical
measurement, since the alloy will not form, and when immersed in the acidic environment for the
electrochemical testing, the lanthanide-oxides will leach out of the film, which will dealloy (Figure 1c).
Therefore, it is crucial to develop deposition routines that minimize the amount of oxygen in the UHV
system. Herein we transcribe the procedure for removing the oxygen traces from the UHV chamber in
an efficient and reproducible way:

1) The glassy carbon substrates were loaded in the load lock. When the load lock pressure was at
least 107 mTorr, they were then transferred to the main chamber.

2) The substrates were heated up to 200 °C to make sure every water trace on them evaporated.

3) Ar sputtering on the substrates was performed for 45 min to eliminate all contamination from
the surface.

4) The shutter was positioned in front of the substrates to prevent deposition, while Ti was
sputtered in the chamber for 30 to 45 min, acting as a Ti sublimation pump, and leading to the
removal of oxygen.

5) The chamber was then pumped down for 10 to 12 h until reaching a base pressure of 107
mTorr.

The samples were deposited at 4 mbar with a 50 sccm Ar flow. For the scope of this article all the
reported results are related to our standard thin film samples:

- Pure Pt sample of 40 nm deposited at 300 °C.

- PtsGd sample of 50 nm deposited at 300 °C.



The Pt power for this deposition was 180 W, while the Gd power was between 25 and 30 W, adjusted
before every set of deposition accordingly with a measurement taken with the QCM. After deposition,

the temperature was kept at 300 °C for 10 min. The samples were cooled in the chamber for 2 to 3 h.

2.2. Electrochemical characterisation

All electrochemical measurements were performed in a cell using an RRDE setup. The data have been
Ohmic drop corrected and presented vs. the reversible hydrogen electrode (RHE). Before every set of
electrochemical measurements, all the glassware was cleaned in piranha solution (98 % H>SO4 (Merck,
Emsure) and 30 % H20> (Merck, Emsure), 3:1 V/V) for at least 24 h. Several different cleaning
procedures can be found in the literature [65]. We use the piranha cleaning as we find it is most
effective in removing traces of organic contamination and ensure reproducible measurements on Pt-
based well-defined electrodes [8]. The glassware was then rinsed with 18.2 MQ cm Millipore water at
least 5 times and sonicated for 30 min at 70 °C to remove all traces of the cleaning solution. The
electrochemical cell was rinsed from piranha 5 times and then heated using an heating jacket to 90 °C.
The temperature was maintained for some hours, and the water inside the cell was changed 5 to 6
times.

The electrochemical cell is shown in Figure 2, and consists of:

- Two Pt wires (Chempur 99.9 %, 0.5 mm diameter). The Pt wires fit into the side holes, one of
which is used as counter electrode.

- A HgglHgSO4q reference electrode (Schott Instruments), fitted in a separate compartment
ending with a Luggin capillary, which terminates as close as possible to the sample surface, in
order to minimize the Ohmic drop from the electrolyte resistance. All the potentials in this study
all refer to that of the RHE.

- A gas inlet placed on the side of the cell, which allows saturating the cell with gasses without
inserting tubes directly into the electrolyte.

- Anexternal glass jacket, which can be connected to a water heater for temperature control.

The electrolyte consisted of 0.1 M HCIO4 prepared from 70 % HCIO4 (Merck Suprapur, 99.99 %
purity) and 18.2 MQ cm Millipore water. Prior to the measurements, the cell was heated repeatedly to

90 °C using the water heater and rinsed 5 times with Millipore water, letting 20 min passing between



each rinse. During one of the rinsing, bubbling N2 through the glass bubbler helps eliminate eventual
residues (e.g. sulphate anions from the piranha solution).

The samples were mounted on a rotating disk Teflon tip using Teflon U-cups. The tips and the U-cups
have been purchased from Pine Instruments and have also been previously cleaned in piranha solution.
To make the mounting as clean as possible, the samples were placed face down on a polypropylene
film (from Chemoplex) previously sonicated for 20 min at 50 °C in Millipore water. Before mounting

the sample on the rotator, the tip was rinsed with Millipore water [66,67].
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Figure 2. (a) Photo of the electrochemical cell and (b) schematic representation of the cell. The main parts are
visible: the Pt wire (counter electrode), the Luggin capillary, the bubbler, the heating jackets and the rotator
where the shaft holding the RDE tip is mounted.

The electrochemical measurements were performed using a VMP2 multi-channel potentiostat (Bio-
Logic Instruments), controlled from a computer using EC-Lab software. All the gasses used were
supplied by AGA with instrument 5.0 purities for Ar, N2 and O> gasses, instrument 4.5 for the H» gas
and instrument 3.7 for the CO gas.



All experiments were performed at room temperature (23 °C) and maintained with the heated water
jacket of the cell (see Figure 2). Before measuring the sputtered Pt-based thin films, we performed a
test measurement with polycrystalline Pt (purchased from Pine, purity 99.99 %), to check the
cleanliness of the cell. Before the measurement, the polycrystalline Pt electrode was flame annealed for
5 min, using a LPG torch (Proxxon), then cooled down in a glass bell containing Ar-saturated
atmosphere for 3 min [68,69]. Flame-annealing (or sputter cleaning) is crucial for benchmarking
polycrystalline Pt, in order to obtain a clean, well-defined and reproducible Pt surface. After flame-
annealing, the electrode was cooled in an Ar. Once at room temperature, the electrode surface was
protected with a droplet of H:-saturated Millipore water, in order to mount the sample without
introducing any sources of contamination from the atmosphere. The polycrystalline Pt sample was then
mounted on the rotating disk electrode tip, using a previously sonicated polypropylene film as
mounting stage [67]. Any residual hydrogenated water was carefully removed from the walls of the
polycrystalline electrode using lens paper. Then, the RDE tip was inserted into the electrolyte under
potential control (0.05 V vs. RHE). In this potential range, it is assumed that only H adsorption occurs
and there is no oxidation of the surface [8,70]. We check the cleanliness of the system, and confirm that
the flame-annealing and cooling procedures has been carried out correctly, by examining the features
on the base cyclic voltammograms on polycrystalline Pt in No-saturated electrolyte, as we describe
below. The ORR activity measured on flame-annealed polycrystalline Pt at 0.9 V vs. RHE using 1600
rpm and 50 mV/s scan rate is 1.9 + 0.2 mA/cm? [70].

The same mounting procedure (except the flame-annealing) was were repeated for thin films. The
potential was held at 0.05 V vs. RHE during immersion. Having potential control is crucial for thin
films since potential spikes can cause damages to the sample surfaces and ultimately delamination. The
sample was cycled between 0.05 and 1.00 V vs. RHE at 200 mV/s in N-saturated electrolyte for 200-
300 cycles, rotating at 400 rpm. The exact number of cycles depends on the specific sample, since
some thin films can have a bit rougher surfaces than others, or have been in contact with air longer and
thus will require more cycling to obtain a stable CV.

The uncompensated Ohmic resistance in an electrochemical system derives from a sum of different
resistance factors in the electrochemical circuit. In this case, it is dominated by the resistance of the
electrolyte solution between the working electrode and the tip of the Luggin capillary [71]. This

resistance also depends on external factors such as temperature, current density and pH. Therefore it



has to be evaluated for each measurement, in order to meaningfully compare the different samples. The
Ohmic resistance was measured by means of electrochemical impedance spectroscopy (EIS) [71]. This
method consists of measuring a Nyquist plot of the impedance. The real part of the impedance at high
frequencies is largely due to the series resistance of the system, whereas the imaginary part of the
impedance spectra relates to charge transfer and capacitive effects. The built-in series resistance is
evaluated from the intersection of the linear regression of the imaginary impedance to the axis of the
real impedance, typical evaluated in the 400 to 60 Hz range where noise contributions are negligible.
No rotation was applied to the working electrode during this measurement, and the electrolyte was N»-
saturated. The measured Ohmic resistance R typically ranges from 25 to 30 Q. The IR compensation
was subsequently taken into account during the data treatment.
The RHE potential has been measured experimentally by bubbling H> while rotating the working
electrode at 1600 rpm and cycling between -0.74 and -0.70 V vs. Hg)lHgSOa4(g). The value of the RHE
potential can be read as the intercept with the current axes as this value represent the
reduction/oxidation potential for hydrogen i.e. the RHE zero. Typical values for RHE potentials are
between -0.717 and -0.725 V vs. HglHgSO4(). Using the EIS and RHE technique explained, all data
were thus corrected [70]:

UrHE = UHg|HgSO4 - AUHg|HgSO4—RHE — IR 2
The ORR activity has been measured in O»-saturated 0.1 M HCIO4 while cycling the working electrode
between 0.00 and 1.00 V vs. RHE and rotating at 1600 rpm. The scan rate used was 50 mV/s and the
sample was cycled until a stable CV was reached (normally around 20 cycles). It is important to note
that a variety of scan rates have been used in the literature for measuring the ORR, which makes it
challenging to directly compare results from different laboratories [70,72]. The ORR activity increases
with increased scan rate, and it is unclear if this is due to some reconstruction of the surface or
impurities [27]. At low scan rates, however, the CVs in N2 and O are not reproducible and they do not
stabilize, therefore 50 mV/s has been chosen for the measurements [70].

2.3. Evaluation of the electrochemically active surface area (ECSA)

To properly compare the ORR activity of the Pt-based thin films, it is necessary to evaluate the
electrochemically active surface area (ECSA), which is the area involved in the electrocatalytic
reaction. Two commonly used methods to determine the ECSA are underpotential deposition of

10



hydrogen (Huep) and CO-stripping. Both methods rely on the adsorption of different species on the
active site of the catalyst, and subsequently a total desorption of these species from the surface by
applying an appropriate potential [72,73]. This “release” of charge can be evaluated by integrating over

the relevant onset/offset potential and dividing by the scan rate as:

dt Uoffse
Qkcsa = av Uonfsj;t T— IOff du 3)

Where dU/dt is the scan rate, Uonsetioftset relevant potential limits for the adsorption/desorption
mechanism investigated and lof is the background contribution of the CV. By evaluating the Qecsa 0ne
may estimate the ECSA area Aecsa by assuming a pure Pt overlayer forms on the catalyst, and compare

it to the charge per area estimates evaluated from extended Pt polycrystalline samples:

ref. ref.

Qpcsa _ _ref. qref — Qpcsa (4)
aref: T TPtpoly ECSA — ref.
ECSA Ptpoly

Where the charge per area a;f}’;ly is some relevant reference experimental value, in our case either the

charge associated with Hupp or that of CO oxidation on polycrystalline Pt.

2.3.1. Hydrogen underpotential deposition (Hurb)
This method consists of studying the affinity of the Pt electrode surface to adsorbed hydrogen by
integrating the region corresponding to reversible underpotential deposited hydrogen, i.e. hydrogen
adsorbing/desorbing at potentials more positive than the equilibrium potential for the hydrogen

evolution reaction[10,72]. The Hupp charges were compared to that of flame-annealed polycrystalline

Pt, where the Hupp charge area was J;It‘;zl'; =191 + 8 uC/cm?, based on 20 independent measurements.

This value is consistent with other reports in the literature [10,74].

2.3.2. Stripping of carbon monoxide
The CO-stripping involves the electrochemical adsorption and oxidation of CO on Pt electrode
surfaces, and the measurement of its potentiodynamic oxidation charge [75,76]. Similar to the Hupp,
the CO-stripping charge is correlated to that of polycrystalline Pt. The experimental procedure can be
summarized as follows: The sample was cycled 3 times in Ar-saturated electrolyte at 10 mV/s. Then,
the electrode was maintained at 0.05 V vs. RHE while bubbling CO for 3 min saturating the electrode

surface. The electrode potential was maintained at 0.05 V vs. RHE for 30 min while bubbling Ar gas
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purging the remaining CO from the electrolyte. The potential was then swept between 0.05 V and 1.00
V vs. RHE at 10 mV/s. The following anodic sweep exhibits the well-known CO oxidation peak of the
CO adsorbed on the Pt surface, as:

CO + H,0 - CO, + 2H™' + 2e~ (6)
Following the CO oxidation, the sample was cycled for a couple of scans ensuring no CO induced

changes to the base CV and complete CO desaturation of the electrolyte occurred.

2.4. Stability measurements

We performed accelerated degradation tests on the thin films. These consisted of 10,000 potential
cycles between 0.60 and 1.00 V vs. RHE in O»-saturated electrolyte at 100 mV/s and room temperature
(23 °C). The choice is based on the protocols of both the U.S. Department of Energy [77] and the Fuel
Cell Commercialization Conference in Japan [78]. We note that further degradation may take place at
elevated temperatures [79]. Following the stability test, we changed the electrolyte and measured the
Ohmic resistance, RHE potential, and ORR activity. We must note that we changed the electrolyte

under potential control and with great care towards the electrode integrity.

2.5. X-ray Photoemission Spectroscopy (XPS) and X-Ray Diffraction (XRD)
measurements

X-Ray Diffraction (XRD) measurements have been performed with a PANalytical XPert Pro
equipment with an X-ray wavelength of 0.154 nm for the Cuk, line. The glancing incident X-ray
diffraction spectroscopy (GI-XRD) was performed for angles from 20 ° to 90 °.
X-ray Photoemission Spectroscopy (XPS) spectra for Pt alloys were recorded using an instrument from
Theta Probe (Thermo Scientific). The base pressure in the chamber was 5x107° mbar, the analysis was
done with monochromatized Alk. X-rays (1486.7 eV) and the electron energy analyzer had an
acceptance angle of 60 °. No tilting of the sample was applied during measurement. Some samples
were sputter cleaned to remove the first few layers of oxides and adsorbates from ambient sample
transfer from deposition- to XPS chamber. This was done using a 0.5 keV Ar* 1.0 pA beam over a 6 x
6 mm? area for a few minutes. Several measurements on different locations of the samples were taken,

using an X-ray beam spot size of 400 pum.
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3. Results and discussion

3.1. Physical characterization
The XRD profile of a Pt thin film in comparison with the Pt powder reference is shown in Figure 3. It
is possible to notice how the peaks match, meaning that a bulk structure of crystalline Pt is formed. The
broadened peak around 43 ° is due to the interference from the carbon support. Figure 4 shows the
XRD profile of a PtsGd thin film, as compared with polycrystalline PtsGd. The samples present a
crystal structure similar to polycrystalline PtsGd [46], and in accordance with the literature [80], with a
hexagonal CusCa-type structure. This is an indication of the formation of an ordered intermetallic

compound, even at the relatively low (300 °C) deposition temperature.
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Figure 3. XRD on 40 nm Pt thin film deposited at 300 °C (black) as compared to Pt powder reference (blue).
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Figure 4. XRD on a 50 nm PtsGd thin film deposited at 300 °C (blue) compared to PtsGd polycrystalline (red),

with a schematic of the obtained crystal structure.

Figure 5 shows the Pt4f and the Gd4d peaks of a PtsGd thin film, as compared with bulk
polycrystalline PtsGd samples. The peaks have been plotted with background subtraction (Shirley-type)
and matched with the same peaks of a polycrystalline PtsGd reference sample. To ensure minimum
signal from advantageous adsorbates after ambient transfer the samples were subjected to Ar sputter
cleaning. Peak positions of the thin film seems to match those found for PtsGd bulk sample, indicating
a Pt-Gd containing alloy was formed [46]. However, from Figure 5b a slight shift on the order of 0.5
eV is observed for the Gd4d peak. This slight, but significant shift indicates at least some Gd-O
coordination in the thin film surface and is caused by the fact that the thin films cannot be subjected to
the same extended cleaning procedure as the polycrystalline sample due to their limited thickness.

To investigate the as-prepared thin film sample before and after electrochemical stability tests, XPS
was conducted on samples which were not sputter cleaned. The ex situ XPS data obtained was
moreover used as an indicator of unexpected species in the sputter deposited thin films. From the XPS
survey (see Figure 6) and the zoom-ins of Pt4f, Gd4d, Cls and Ols peaks obtained before and after
stability test (see Figure 5) we can deduce that no unexpected metallic components have been

14



incorporated into the thin films during fabrication. XPS zoom-ins of Pt4f, Gd4d, C1s and O1s peaks

were also used to co-establish metallic ratios of the thin films. However, as XPS is a very surface

sensitive technique and the as-prepared thin films are expected to energetically favor Pt surface

termination, XPS could overestimate the metallic ratio of Pt vs. Gd.

35

a)

w
(=]
T

Pt4f7 "

n
(&)
T

P4t ,

—- - N
(=] (1) (=]
T T T

Kilo counts per second/ab.
(4]

080 718 TIG 7.4 Tl2 7|0
Binding energy/eV

68

10

Kilo counts per second/ab.

9;

b)

Gd4d, ,

3
160

155

150 1;15 1;10
Binding energy/eV

135 130

Figure 5. XPS spectra of (a) Pt4f peaks and (b) Gd4d peaks measured on a 50 nm PtsGd thin film deposited at

300 °C (blue) and a bulk PtsGd polycrystalline sample (red), both Ar sputter cleaned.

—— As—prepared
— Post-stability

Kilo counts per second/ab.
- - N N w
o [4)] o (8] o

w

Pt4d

Ptaf

1200 1000 800 600 400

Binding energy/eV

200

Figure 6. XPS survey of PtsGd thin films as-prepared (red) and post 10,000 stability cycled (black), all samples

subject to ambient conditions and not Ar sputter cleaned.

15



Figure 7 shows the non-sputter cleaned thin film sample as-prepared and after electrochemical tests (in
both cases, the thin films had been ambient conditions before carrying out the XPS measurements). We
were able to establish a rough elemental composition of the as-prepared films. The Pt:Gd:C:O
composition percentages are respectively 40.0, 8.4, 28.6, and 23.0 %. The as-prepared Pt:Gd ratio from
XPS is thus found to be 0.83:0.17, which corresponds to a 4.9 to 1.0 Pt:Gd ratio, close to the
stoichiometric 5:1 ratio. Similarly, the Pt:Gd:C:O percentages of the PtsGd thin films after stability test
are respectively 68.5, 2.6, 25.0, and 3.9 %. In this case, the Pt to Gd ratio increased to 26.3 to 1.0,
likely due to the formation of the thick Pt overlayer, in agreement with our previous observations on
polycrystalline Pt-lanthanide alloys [8,46,48].

The peak associated with carbon in an oxidized state, denoted A in Figure 7a, disappear after
electrochemistry, indicating that the carbon oxide has been removed from the surface of the thin film
after the acid treatment. Moreover, Figure b indicates that at least some oxygen in a peak denoted B,
likely in a metal-oxide state, is leached out the thin film in acid. One may speculate that the top-most
layer of the as-prepared thin film consists of Pt, Gd, C, O and something resembling a native
gadolinium oxide layer, which is removed during electrochemical cycling i.e. the surface of the thin

film is somewhat oxidized however the bulk of the film is not.
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3.2. Electrochemical characterization

3.2.1. Electrochemically active surface area

Figure 8 shows a CV of a PtsGd thin film in Nz-staurated 0.1 M HCIO4. The Hupp charge QpurP can

be obtained as the average of both the H adsorption and H desorption regions, as follows:

Hypp _ Had. onset _
ECSA ~ Zqu 05Vvs. RHE I(UHad. onset) dU +

I(UHad. offset) dU] (5)

J-O .05 Vws. RHE
Haa. of fset
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The above Hupp areas can be seen as the charge (blue) areas of Figure 8. For the PtsGd thin film

sample, the measured charge was Qﬁtg';gmmm = 48.61 uC. If we divide this value by the charge

density (4) of a polycrystalline surface, we can get an estimate of the surface area of the thin film
sample. The lower limit of 0.05 V vs. RHE in (5) has been established empirically as it is unclear when
the Pt surface goes from H adsorption to H> evolution [10,72]. We must note that the Hurp region
might also contain a contribution from anion adsorption at steps [81]. Moreover, hydrogen binding will
vary from a flat polycrystalline sample compared to a rough one due to the increased presence of steps
and kinks, locally changing the hydrogen saturation coverage [81].

Pt-based single-crystalline electrodes have been widely used as model surfaces to investigate the
adsorption of H and OH [25,82]. The Hupp area evaluation is also a commonly used technique for large
surface Pt areas [72]. However, discrepancies may arise from alloying, since altering the electronic
properties of the Pt surface may modify the binding of H [83]. As a consequence, the adsorption of H
can be strongly suppressed by both strain and ligand effects, as recent works on both Pt-based single-
crystalline [25,82—84] and polycrystalline [8] alloys demonstrate.
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Figure 8. Base CV of a PtsGd thin film with current densities evaluated using the geometric area of the
electrode. The blue areas designate the charge area considered for ECSA evaluation using Huep. The CV is

measured at room temperature, 50 mV/s and 400 rpm in N»-saturated 0.1 M HCIO,,
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The ECSA was also evaluated by the CO-stripping method. Figure 9 shows the characteristic CO
oxidation peak of a PtsGd thin film sample. If we subtract the anodic background from the CO-
stripping cycle and integrate the CO oxidation peak between the two current intersects (from Uito U>
in Figure 9), it is possible to estimate the CO charge:

B = 9 [~ hskgrouna U @)

av J,, groun

From the integral under the stripping peak, corrected against the background, we can evaluate the
ECSA following (3).
The CO-stripping method is useful not only for the evaluation of the surface area, but also for gathering
some insight into the surface morphology of the catalysts, as shifts in potential for CO desorption
peak(s) gives information of the uniformity of the samples [76,85]. Varying CO desorption potentials
may indicate different desorption sites available on the surface e.g. terrace, step, kink or edge sites
[83,86,87]. As CO oxidation is likely a two electron transfer process (6), the CO-stripping charge area
is approximately double that of Hupp, therefore a value of 420 pC/cm? has previously been used in
other studies [72,73]. However, from the evaluations on polycrystalline Pt samples, an empirical factor
of 349 + 9 uC/cm? was found from earlier studies [70,88]. Hence, for consitency, we used this factor
for our thin films’ ECSA evaluation. Although the CO-stripping method has been widely used for
ECSA evaluation, we are aware that it can cause the rearrangement of the surface due to the strong CO
binding to the Pt surface [73]. For instance, CO smoothens Pt(111) single-crystalline surfaces [67,87]
but it can roughen Pt/C nanoparticles [89]. One benefit of the CO-stripping method as compared to the
Hupp area evaluation method is that the former is less sensitive to changes in adsorption/desorption
potentials [83]. However, it is noteworthy to mention that changes in CO desorption potential (e.g.
from varying the distribution of available step, terrace or kink sites) should shift the saturation
coverages [83,90].
In the evaluation of the area using both the Hurp and CO-stripping methods, we have assumed that, for
the thin film samples, saturation coverages per area will match those of polycrystalline Pt. Moreover,
we assume that ligand effects from Gd alloying do not play an important role in the Hupp and CO
adsorption/desorption potentials, due to the formation of a thick Pt overlayer (4 to 6 atomic layers of
Pt) [8,46].
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Figure 9. CO-stripping peak of a PtsGd thin film sample. The blue area is the area considered for ECSA

evaluation. Full line CV shows CO oxidation and dashed line the background cycle. In this case, a charge of
Q%80 = 81.15 pC was found. The CV is measured at room temperature in HCIO4, at 10 mV/s with 200
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rpm rotation during CO desorption and no rotation during the cycling.

In summary, we used CO-stripping evaluated ECSAs to normalize the specific activity of the Pt-based
thin films. We chose the ECSA evaluated from the CO oxidation charge rather than the Hupp region
due to the fact that the Hupp region is heavily affected by strain effects [82], as we observed both on
polycrystalline Pt-lanthanide alloys [8] and Gd/Pt(111) single crystals [84]. Furthermore, the
integration limits can be easily defined and it is possible to evaluate the PtsGd thin film base CVs
before and after CO-stripping, thus ensuring no significant changes in CV features arises from the CO-

stripping procedure.

3.2.2. Cyclic voltammograms in the absence of oxygen
Figure 10 shows the evolution of the PtsGd thin film surface when cycled in the N>-saturated HCIO4
electrolyte. We observe that the shape or the CVs changes with cycling, especially during the first 50
cycles. This is partially due to the removal of surface impurities that had been deposited during

transport between the sputter chamber and the electrochemical setup, but mostly due to the formation
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of the Pt overlayer, and to the rearrangement of the surface to a minimum energy (stable) condition.
Observing the rearrangement of the CVs is important since it is an indication of both the formation of
the right catalysts surface and the cleanliness of the RDE setup apparatus. The initial activation cycles
are performed at 50 mV/s in order to monitor and observe the evolution of the CVs. However, once a
set behaviour of the evolution of the PtsGd thin film samples have been established, one may prefer to
perform accelerated activation cycling (e.g. at 200 mV/s), as this lowers overall experiment time,

minimizing contamination issues from prolonged electrochemical exposure.
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Figure 10. Activation CVs in N-saturated 0.1 M HCIO4 at room temperature, 50 mV/s and 400 rpm for a PtsGd
thin film.

Figure 11 shows the CVs in Nz-saturated electrolyte of a Pt thin film compared with a flame-annealed
bulk polycrystalline Pt (Ptroly). The observed differences in the CVs indicate different surface structure
for the two Pt samples. This results in distinct adsorption/desorption energies for H, OH and O [81].
Nevertheless, the roughness estimated with Hupo method difference less than 10 % for the Pt and PtsGd
thin film samples (see Table 1). We note the difference in the distinctiveness of the features associated
with hydrogen adsorption/desorption at Pt(110) step sites at ~0.12 V vs. RHE and at Pt(100) step sites
at ~0.28 V vs. RHE [91]. It is observed that thin films have lower amount of (100) sites than
polycrystalline Pt, which would be in agreement with an increase of (111) domains [92]. Moreover, it
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is worth mentioning that the presence of the (110) and (100) features in the polycrystalline Pt CVs
indicates good cleanliness of the system, and shows that the flame-annealing procedure have been
appropriately conducted [93].
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Figure 11. Base CVs in Nz-saturated 0.1 M HCIO;, electrolyte of a Pt thin film (30 nm) deposited at 300 °C

(green) compared with polycrystalline Pt (black), measured at room temperature, 400 rpm and 50 mV/s scan

rate.

Table 1. Roughness and ECSA for the different samples.

*For extended surfaces, ECSA has been defined as the geometric electrode area.

Roughness Roughness Factor — gHue jn AR2, in
Factor (Huep) (CO-stripping) [cm?] [cm?]
Pt polycrystalline® 1.0 1.0 0.196 0.196
PtsGd polycrystalline® 1.0 1.0 0.196 0.196
Pt thin films 09+0.1 1.0+01 0.18+0.04  0.19+ 0.04
PtsGd thin films 1.6+0.4 14+02 0.25+0.12 0.26 £0.08
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Figure 12. CVs of a PtsGd thin film (50 nm thick) compared with polycrystalline PtsGd, Pt thin film (15 nm
thick) and polycrystalline Pt. All CVs are measured in N»-saturated 0.1 M HCIO,4 at room temperature, with a
rotation speed of 400 rpm, at 50 mV/ s.

The CVs in N»-saturated electrolyte of a PtsGd thin film compared with PtsGd polycrystalline sample
and pure Pt are shown in Figure 12. As can be observed, the shape of the CVs on both PtsGd thin film
and polycrystalline PtsGd presents similar characteristic features. The similar H adsorption region of
the PtsGd thin film and bulk crystalline sample suggests comparable surface areas. We estimated the
roughness of the thin films using the CO-stripping method. Table 1 shows the roughness factors
(calculated as the ratio Aecsa/Ageo), and the average electrochemical surface area for the thin films as
well as the polycrystalline samples. Figure shows the comparison between typical CO-stripping peaks
for Pt and PtsGd thin films. The roughness of the thin films is comparable with that of the
polycrystalline samples, suggesting similar surface morphology, i.e. polycrystallinity [46]. We also
show a typical CO-stripping CV on a bulk polycrystalline Pt electrode. The pre-peak on polycrystalline
Pt can be explained by the stripping of CO adsorbed at step sites, as proposed by Cuesta et al. [93].
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Figure 13. CO-stripping peaks for Pt and PtsGd thin films compared with the CO-stripping on polycrystalline Pt.

All the CVs were recorded in Ar-saturated 0.1 M HCIO4at 10 mV/s and 200 rpm at room temperature. In this
case, charges of Qgg Gdpnin i~ S1-14 HC (blue) and QStOThm am= 07-32 uC (green) was found, corresponding to

roughness factors of 1.2 and 1.0, respectively.

3.2.3. Oxygen reduction reaction activity and stability
The ORR catalytic activity was obtained in O.-saturated electrolyte, cycling in a potential range
between 0.00 and 1.00 V vs. RHE. Figure 14a shows the CVs on Pt and PtsGd thin films, as well as
polycrystalline Pt and PtsGd, for comparison, in Oz-saturated 0.1 M HCIO4. Evidently, there is a
considerable positive shift in the electrocatalytic activity of both PtsGd thin films, as compared to pure
Pt thin films and polycrystalline Pt, in the potential region of mixed Kinetic transport. This means that
the overpotential for the PtsGd thin films has been substantially decreased, similar to our previous
results on sputter-cleaned polycrystalline PtsGd [8,46]. Mass-transport corrected kinetic current jk can

be extrapolated from the Koutecky-Levich relation [94]:

1 1 1

-=—+- (8)

J Jk Tl
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Where j is the measured total current density (corrected with the Aecsa) and ji is the measured diffusion
limited current density.

To have a graphic comparison of the catalytic activities, the logarithm of the kinetic current is plotted
against the RHE potential to obtain a Tafel plot. Figure 14b shows the Tafel plots for PtsGd thin film,
polycrystalline PtsGd, Pt thin film and polycrystalline Pt. The specific activities, i.e. the Kinetic current
density values, are calculated at 0.9 V vs. RHE. PtsGd thin films show a 4.5-fold improvement in
specific ORR activity compared to polycrystalline Pt, with an activity of 9.0 + 0.6 mA/cm?, and the
result is comparable with the one obtained for polycrystalline PtsGd exhibiting specific activities of
10.6 + 0.5 mA/cm? [8]. Figure 14 also shows that the ORR activity of Pt thin films is considerably
larger than that of bulk polycrystalline Pt. This is consistent with the (110)-like voltammetric features
in the in the base CVs (Figures 11 and 12), as (110) steps [12,13,95] seem to enhance the ORR activity.
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Figure 14. ORR activity plots of PtsGd and Pt thin films and polycrystalline samples, all obtained in O»-
saturated 0.1 M HCIO4 at room temperature, 50 mV/s scan rate and 1600 rpm. (a) Anodic sweep of the
geometric current density. (b) Tafel plot showing the Kinetic current density evaluated using the CO evaluated
ECSA.

ORR stability is also of profound relevance for ORR catalysts [6,8]. We carried out stability tests
consisting of 10,000 cycles between 0.60 and 1.00 V vs. RHE in O2-saturated HCIO4. Figure 15 shows
the activity and stability of PtsGd 50 nm thin films as compared with polycrystalline PtsGd. The
activities for both Pt thin films and polycrystalline Pt have also been plotted for comparison. Overall,
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the thin films maintained around 80% of their initial activities, which is a value comparable to the one
obtained for polycrystalline samples (around 85%). This means that the overall PtsGd thin films
activity is almost 5 times higher than the one of polycrystalline Pt and more than doubles the one for

pure Pt thin films, while still showing a >3-fold improvement over polycrystalline Pt after stability test.
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Figure 15. Specific activity at 0.9 V vs. RHE of PtsGd thin films and polycrystalline samples before and after

stability tests, compared with pure Pt thin film and polycrystalline samples.

4. Conclusions
In this study, we present the fabrication of PtsGd thin films via sputter deposition under UHV
conditions, underlying the importance of an oxygen-free environment when dealing with lanthanides.
We show benchmarking protocols to test the electrochemical performance of Pt-lanthanide thin films
by means of cyclic voltammetry. XPS and XRD show the successful formation of an oxygen-free
PtsGd thin film alloy, with a hexagonal CusCa-type structure, in agreement with previous reports on
polycrystalline PtsGd [8,46]. We have used the rotating ring disk electrode technique to measure the
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ORR activities in acidic environment. PtsGd thin films show a 4.5-fold improvement compared to pure
polycrystalline Pt, and a 2.5-fold improvement compared to Pt thin films. PtsGd presented similar
stability than polycrystalline PtsGd [46], retaining ca. 80% of their initial ORR activity. The presented
methods will facilitate the future fabrication and characterization of thin films and investigation of Pt-
lanthanides alloys, enabling an easy comparison between different ORR catalysts. It also paves the way
for thin films catalysts of Pt-rare earth alloys to be implemented and tested as ORR catalysts in
PEMFCs.
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