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ABSTRACT: The activity and stability of Pt;Gd for the
oxygen reduction reaction (ORR) have been studied, using
a combination of electrochemical measurements, angle-
resolved X-ray photoelectron spectroscopy (AR-XPS), and
density functional theory calculations. Sputter-cleaned,
polycrystalline Pt;Gd shows a 5-fold increase in ORR
activity, relative to pure Pt at 0.9 V, approaching the most
active in the literature for catalysts prepared in this way.
AR-XPS profiles after electrochemical measurements in 0.1
M HCIO, show the formation of a thick Pt overlayer on
the bulk Pt;Gd, and the enhanced ORR activity can be
explained by means of compressive strain effects.
Furthermore, these novel bimetallic electrocatalysts are
highly stable, which, in combination with their enhanced
activity, makes them very promising for the development
of new cathode catalysts for fuel cells.

Proton exchange membrane fuel cells (PEMFCs) are a
potentially zero emission source of power, which are
expected to play a key role in a future society based on
sustainable energy. The main obstacle to the development of
PEMEFCs as a commercially competitive reality is the high
overpotential required for the oxygen reduction reaction
(ORR) to proceed at an adequate rate. Due to this fact, the
ORR has been the most intensively studied fuel-cell reaction
over the past decade.'™” The most active electrocatalysts
known for the ORR are based upon Pt. However, high loadings
of Pt are necessary at the cathode in order to achieve acceptable
power densities." In order to reduce the Pt loading, there is a
need to develop novel catalysts with enhanced activity and
long-term stability under operating conditions."”

The activity of Pt toward the ORR can be improved by
slightly weakening its binding to the O-containing reaction
intermediates, O, OH, and OOH. The optimal catalyst should
have an OH binding energy ~0.1 eV weaker than pure Pt.**
The most widely used approach to achieve this goal is to alloy
Pt with other metals, such as Co, Ni, Fe, Cu, hence improving
its ORR activity.l’3_5’8 The more reactive solute metal, e.g. Co,
Ni, Fe, Cu, will tend to dissolve in the acidic electrolyte of a
PEMEC, leaving behind a Pt overlayer. Unless the catalyst has
been pre-annealed,3b’°’5b this overlayer is typically several
monolayers thick>*® On the acid leached catalysts, the
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weakening of the binding to OH occurs as a result of the
compressive strain imposed onto the Pt-overlayer by the alloy
bulk.

It is crucial to improve not only the fuel-cell cathode catalyst
activity but also its durability. Alloys of Pt and late transition
metals generally degrade by dealloying.lbfk"9 This involves the
segregation of the solute metal to the surface’ and its
subsequent dissolution. The susceptibility of Pt alloys with late
transition metals, such as Fe, Co, Ni and Cu toward dealloying
can be understood on the basis of their negligible heat of
formation.

Recently, Pt;Y was identified on the basis of density
functional theory (DFT) calculations as being a catalyst that
should be both active and stable for the ORR.** Experiments
confirmed that the catalyst exhibited the highest ORR activity
ever measured for a polycrystalline surface.'™ Alloys of Pt with
early transition metals or rare earths, such as Y, Gd, or La, have
exceptionally negative heats of formation;"™'%'" this should
provide them with the kinetic stability to prevent dealloying
under fuel cell reaction conditions, unlike alloys of Pt and late
transition metals. This is because the kinetic barrier for solute
metal diffusion through the alloy core and the thick Pt overlayer
should be at least partially determined by the heat of formation.
Moreover, despite their denomination, rare earths are more
abundant, produced on a larger scale, and less expensive than
Pt."> Very recent studies on Pt.La'™"® have demonstrated that
these alloys present enhanced activity compared to pure Pt'" as
well as high stability."® To the best of our knowledge, no other
studies concerning the activity and/or the stability of Pt and
rare earth metal alloys have been reported so far. Pt;Gd is a
very stable alloy, with a formation energy of —3.9 eV/formula
unit,'" similar to that of Pt;Y* and PtiLa.'®

In this communication, we present, for the first time,
experimental and theoretical studies concerning the activity and
stability of Pt;Gd for the ORR. The bulk, polycrystalline
electrode was sputter cleaned in an ultrahigh-vacuum chamber,
before being transferred to a rotating ring disk electrode
(RRDE) assembly to conduct electrochemical measurements in
0.1 M HCIO,,. Full experimental details can be found in the
Supporting Information (SI).
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The activity of the catalyst toward the ORR was evaluated in
an O,-saturated 0.1 M HCIO, solution, using cyclic
voltammetry. Typical cyclic voltammograms (CVs) on
sputter-cleaned Pt;Gd and Pt polycrystalline electrodes in
oxygen-saturated perchloric acid solutions are shown in Figure
la. The ORR was measured once a stable CV was obtained in a

(a) 0+

j/mAcm?

44

5

_6 b T 4 T b T y T . 1
0.0 0.2 0.4 0.6 0.8 1.0

U/Vvs. RHE

(b) 100

Jj,/ mA cm?

087 090 093 0.96
U/V vs. RHE

Figure 1. (a) RRDE polarization curves at 1600 rpm and 50 mV s™'

for the ORR on Pt;Gd (red curve), Pt (black curve), and Pt;Y (dotted
gray curve) polycrystalline electrodes in O,-saturated 0.1 M HCIO,.
(b) Tafel plots showing the kinetic current density (j,) of Pt;Gd, Pt,
and Pt;Y as a function of the potential (U), based on data from (a).

nitrogen-saturated electrolyte (typically after ca. 100 cycles).
On both electrodes, the onset for the ORR starts at %1 V, and
the current increases exponentially with decreasing potential,
characteristic of kinetic control. At more negative potentials,
the current becomes increasingly controlled by mass transport,
until it is completely transport limited, reaching the value of 5.7
mA cm™2 We assume that the roughness factor was 1 cm?/cm?,
as found for other Pt alloys tested for the ORR.* In the
potential region of mixed kinetic transport, there is a
considerable positive shift for Pt;Gd, relative to Pt. This
represents a substantial decrease in the overpotential for the
alloy surface. Moreover, Figure 1 also shows that the ORR
activity on Pt;Gd is essentially the same as that of polycrystal-
line Pt;Y (see gray dotted curve).* In the Tafel plot shown in
Figure 1b, the kinetic current density, ji, i.e., the current density
in the absence of any mass-transfer effects, is represented as a
function of the potential, U. Pt;Gd exhibits a kinetic current
density, at 0.90 V, j, = (10.4 + 0.2) mA cm™? which means that

Pt;Gd exhibits a S-fold improvement over Pt. A similar
enhancement was obtained on polycrystalline Pt;Y (see gray
dotted curve in Figure 1b).* Previous results on sputter-cleaned
polycrystalline Pt;M (M = Nji, Co, Fe) alloys by Stamenkovic et
al.* showed up to 2-fold improvements in acthlt?r over pure Pt.
However, our results show that Pt;Gd and Pt;Y'™* present the
highest activities for sputter-cleaned (Pt- skeleton) structures
reported in the literature so far. According to these results, the
ranking of ORR activity for the most active polycrystalline Pt
alloys is in ascending order: Pt << Pt;La ~ Pt;Y < Pt;Y =
Pt,Gd."®

In order to investigate the chemical composition of the active
phase of the Pt;Gd electrocatalyst, angle-resolved XPS (AR-
XPS) experiments were carried out before and after the
electrochemical measurements. After sputter cleaning the
sample (before electrochemistry, see Figure 2a), the Pt to Gd
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Figure 2. Nondestructive AR-XPS profiles of polycrystalline, sputter
cleaned, Pt;Gd before (2) and after (b) the ORR measurements. The
adventitious C and O traces have been omitted for clarity; these are
presumably accumulated during the transfer. The sputter cleaned
sample exhibited a small submonolayer coverage of C and O,
associated with the high sticking coefficient of any residual molecules
on Gd, which is very reactive. (c) Schematic three-dimensional view of
the structure shown in (b), consisting of a Pt (gray balls) overlayer,
covering a bulk Pt;Gd alloy (the large red balls are Gd atoms). In this
case, the thickness of the Pt overlayer, at three monolayers, is arbitrary.

ratio was 5.0 + 0.2, as estimated from three different
measurements at 21° emission angle from the normal to the
surface. At this angle, the surface sensitivity is lower, and the
effects of possible differential sputtering are minimized.
However, these do not seem to play an important role on
the surface composition, as the Pt to Gd ratio does not change
significantly with the emission angle (see Figure S8). Following
the ORR experiments, the sample was transferred to the UHV
chamber, and Pt to Gd ratio of 9.1 + 0.9 was measured. This
suggests that Gd is partially dissolved in the acidic electrolyte.
Figure 2 shows the typical depth profiles of Pt;Gd before (a)
and after (b) ORR. Evidently a Pt overlayer with a thickness of
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tew Pt layers was formed. This is consistent with other acid
leached Pt-skeleton alloys, including Pt;La, PtsY, and Pt;Y."*'*
Further investigations are underway to quantify the exact
thickness of the Pt overlayer. Accordingly, the effect of alloying
Pt is to impose strain onto the Pt overlayer. In the absence of
Gd in the first three atomic layers, there would be no “ligand
effect”.'™'*

It must be noted that under the acidic and oxidizing
operating conditions of a PEMFC, there would be a strong
thermodynamic force toward the dissolution of Gd from Pt;Gd:
the standard dissolution potential, Uy, for Gd to Gd** is —2.40
V vs the normal hydrogen electrode (NHE)*® (which means
that the standard Gibbs free energy for the dissolution of Gd to
Gd* is —7.20 eV), and the alloying energy of Pt;Gd stabilizes
each Gd atom by 3.9 eV."! Then, the standard Gibbs free
energy for the dissolution of Gd to Gd* will be —3.30 eV, and
the corresponding standard reduction potential is —1.10 V vs
NHE. Hence, despite the stabilization of Gd atoms in the
Pt;Gd alloy by 3.9 eV, at 1 V vs NHE we are 2.1 V above the
standard reduction potential, i.e., there is a driving force of —6.3
eV for the dissolution of each Gd atom. A similar driving force
exists for the dissolution of other rare earths or early transition
metals when alloyed with Pt, including Pt;Y and PtsLa,
explainin% why the solute metal will dissolve from these
surfaces.'” However, this is inconsistent with reports that
metallic La or Y could be present at the surface Pt;La or Pt;Y
electrodes under ORR conditions.">'” Despite the thermody-
namic driving force, the Pt overlayer provides kinetic stability
against Gd dissolution from the alloy bulk.

DEFT calculations were performed in order to understand the
high ORR activity of Pt;Gd. The Pt;Gd structure was modeled
following the same procedure as for Pt;La,"® as a strained close-
packed pure Pt overlayer. The surface strain was estimated on
the basis that the Pt—Pt interatomic distance would be set by
the bulk lattice parameter of Pt;Gd, a = 0.522 nm (based on
XRD measurements described in the SI). A schematic
representation of the structure is shown in Figure 2c. This
would lead to a Pt overlayer that is compressed by 6% relative
to Pt(111). Our DFT calculations suggest that this strain would
result in an excessive weakening of the OH binding energy,
relative to Pt(111), of ~0.3 €V. The compressive strain that
would provide the optimal OH binding energy ~0.1 eV weaker
than Pt(111) would be 2%.>* On the basis of the DET model,
we would expect the perfect, defect-free surface to have a lower
activity than pure Pt, in contradiction to our experiments.7’18
However, we expect that on the experimentally tested phase of
Pt;Gd, the strain at the surface would be significantly lower
than the 6% we estimate for a “perfect” overlayer on Pt;Gd, due
to relaxation effects.>"®

In order to study the stability of polycrystalline Pt;Gd
electrodes in acidic solutions, we first performed an accelerated
stability test (test I) consisting of continuous cycles from 0.6 to
1.0 V vs RHE in an oxygen-saturated 0.1 M HCIO, electrolyte
at 100 mV s~ and 23 °C. The CVs in an O,-saturated 0.1 M
HCIO, solution before and after 10 000 cycles (after around 20
h of experiments) between 0.6 and 1.0 V are shown in Figure
S4. Figure 3a shows the Tafel plots for the ORR on Pt;Gd
before (red curve) and after (orange dotted curve) 10000
cycles in the conditions described above. Interestingly, these
results show that the percentage of activity loss after 10 000
cycles is 14%, most of this loss occurring in the first 2000
cycles. For comparison, when subject to the same treatment,
polycrystalline Pt loses 5% of its initial activity after 10000
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Figure 3. Tafel plots showing the stability of Pt;Gd after: (a) 10 000
cycles between 0.6 and 1.0 V vs RHE at 100 mV s™* (test I) and (b)
100 (purple curve) and 200 (magenta curve) cycles between 0.05 and
1.6 V vs RHE at 50 mV s™" in O,-saturated 0.1 M HCIO, (test IT). The
inset shows the kinetic current density at 0.9 V of Pt;Gd: sputter
cleaned (red), after test I (orange), and after 100 (purple) and 200
(magenta) cycles of test II. For comparison, the kinetic current density
of Pt is represented in black.

cycles. Presumably, this loss in activity can be explained by
residual contamination from the electrolyte. The CV in N,-
saturated 0.1 M HCIO, taken immediately before the ORR
measurements was completely recovered after stability test I
(not shown). This <15% deactivation seems to be related to a
slight decrease in Gd from the near-surface region: the Pt:Gd
XPS ratio at 21° to the sample normal increased from 9.1 (after
ORR) to 12.3 (after stability test I, see Figure SS).

Following stability test I, we exposed it to a more aggressive
experiment, by cycling it between 0.0S and 1.6 V (ie., very
strong corrosive conditions) at 50 mV s™' in O,-saturated
solutions (test II). After 10 cycles, we did not observe any
additional loss in activity in the ORR. However, after 50 cycles
between 0.05 and 1.6 V the ORR polarization curve (after
stability test I) could not be recovered. As shown in Figure 3b,
the sample retains 59% of its initial activity after 100 cycles and
48% after 200 cycles (after ca. 30 h of experiments). Despite
these very promising results, the stability of the catalyst will
ultimately need to be tested in nanoparticulate form in a
PEMFC.

In summary, we present a novel highly active and stable
electrocatalyst for the ORR. The activity of Pt;Gd is similar to
that obtained on Pt;Y in previous studies, which was identified
as the most active Pt-based polycrystalline alloy for the ORR.
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Moreover, polycrystalline Pt;Gd electrodes are extremely
stable, resistant to cycling to potentials as positive as 1.6 V.
For all these reasons, we expect that alloying Pt with Gd and
other rare earths will be a fruitful strategy toward the
development of highly active and durable cathodes for
PEMECs.
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