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that its concentration-dependent behavior and
values correspond to a crystallization transition
that is consistent with that found in other con-
densed matter systems (28). A thermal expansion
of ~0.01°C™* of the lattice (fig. S8) stems from
the decrease of an average NLC elastic constant
K and quadrupolar elastic forces as temperature
increases (K decreases by a factor of ~3 when the
composite is heated from room temperature to
~34°C) (22).

Nanorods can be electrically concentrated and
ordered starting from dilute initial dispersions
(fig. S9), similar to the crystallization of hard
sphere-like colloids when subjected to electro-
phoretic or dielectrophoretic forces (29). The
triclinic crystal order is facilitated by applying
300 to 900 mV to transparent electrodes on in-
ner substrates of the cell, which is lower than
the threshold voltage needed for NLC switching.
In response to these dc fields, the positively
charged nanorods slowly move toward a nega-
tive electrode as a result of electrophoresis and
eventually form a crystal as their concentration
uniformly increases (fig. S9). These low voltages
also facilitate uniform alignment of crystalline
nuclei and healing of defects; in addition, they
induce a giant electrostriction of the triclinic
lattice, with ~25% strain at fields of 0.03 V um™
(fig. S8B). Because NLC is switched at ~1V (9, 21),
colloidal crystal lattice orientations can be re-
configured while following the rotation of the
director, although these processes are slow and
complex. Electric fields, confinement in thin cells
(thicknesses <15 um) that are incompatible with
an integer number of primitive cells in the col-
loidal crystal, variations in nanorod concentra-
tions that exceed the range accommodated by
an equilibrium triclinic lattice, and temperature
changes control the primitive cell parameters
(table S1) and prompt the formation of defects
ranging from edge dislocations (fig. S11) to va-
cancies and grain boundaries (2, 22, 30).

‘We have introduced a highly tunable and re-
configurable colloidal system with competing long-
range elastic and electrostatic interactions that
lead to triclinic pinacoidal lattices of orientation-
ally ordered nanorods. This unexpected triclinic
crystallization of semiconductor particles at pack-
ing factors <<1% shows potential for the self-
assembly of a wide variety of mesostructured
composites on device-relevant scales, which can
be tuned by weak external stimuli such as low-
voltage fields and very small temperature changes.
The control of particle charging allowed for
tuning of the triclinic lattice periodicity between
0.5 and 1.6 um, a range which can be extended by
tuning the strength of electrostatic interactions
through doping or deionizing NLCs (10-13) or
through using nematics with different properties.
Considering that dipolar and other multipolar
elastic colloidal interactions in NLCs can be in-
troduced and guided by controlling the bound-
ary conditions at particle surfaces, and given that
the control of NLC elastic constants may alter the
angular dependencies of these interactions (22),
our study sets the stage for explorations of meso-
scopic colloidal positional and orientational or-
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dering that can enable the engineering of material
properties through spontaneous ordering of
nanoparticles.
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ELECTROCATALYSIS

Tuning the activity of Pt alloy
electrocatalysts by means of the
lanthanide contraction

Maria Escudero-Escribano,”>* Paolo Malacrida,’ Martin H. Hansen,>*
Ulrik G. Vej-Hansen,®> Amado Velazquez-Palenzuela,’ Vladimir Tripkovic,>®
Jakob Schigtz,> Jan Rossmeisl,>* Ifan E. L. Stephens,”%* Ib Chorkendorff'*

The high platinum loadings required to compensate for the slow kinetics of the oxygen
reduction reaction (ORR) impede the widespread uptake of low-temperature fuel cells in
automotive vehicles. We have studied the ORR on eight platinum (Pt)-lanthanide and
Pt-alkaline earth electrodes, PtsM, where M is lanthanum, cerium, samarium, gadolinium,
terbium, dysprosium, thulium, or calcium. The materials are among the most active
polycrystalline Pt-based catalysts reported, presenting activity enhancement by a factor of
3 to 6 over Pt. The active phase consists of a Pt overlayer formed by acid leaching. The ORR
activity versus the bulk lattice parameter follows a high peaked “volcano” relation. We
demonstrate how the lanthanide contraction can be used to control strain effects and tune
the activity, stability, and reactivity of these materials.

o reduce the Pt loading at the cathode of
polymer electrolyte membrane fuel cells
(PEMFCs), researchers have intensively
studied alloys of Pt with late transition me-
tals such as Ni or Co as oxygen reduction
reaction (ORR) electrocatalysts (-6). Catalysts ex-
hibiting even greater activity and stability could

be designed through the identification of the de-
scriptors that control the performance (7-10). One
single descriptor controls ORR activity, the AEq;
binding energy, by way of a Sabatier volcano: An
AEoy ~0.1 eV weaker than Pt(111) yields the op-
timum value (77). Other indirect descriptors related
to AEog include the d-band center (72), the Pt-Pt
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interatomic distance (4) and the generalized coor-
dination number (8). Stability is a multiparametric
challenge, hence requiring several descriptors,
such as the alloying energy E, (11, 13), and dis-
solution potential (74, 15).

Our earlier studies identified alloys of Pt and
rare earths, in particular Pt,Y and Pt,Gd, as active
and stable catalysts for oxygen reduction, both in
the bulk polycrystalline (11, 16) and nanoparticle
(NP) form (17, 18). The exceptionally negative E,
of Pt-rare earth alloys should increase their re-
sistance to degradation (11, 13). In contrast, more
commonly studied ORR alloys, such as Pt-Ni or
Pt-Co, typically degrade in long-term tests via de-
alloying (19, 20). Nevertheless, new forms of Pt-
Ni-based catalysts achieve exceptional activity and
stability during short-term accelerated degradation
tests (5, 21, 22). Nonetheless, engendering long-
term stability in fuel cells (20) may require ma-
terials that are inherently less prone to dealloying.
Because the rare earth (e.g., Y or Gd) is unstable
against dissolution, a Pt overlayer is formed on the
surface, as shown on Fig. 1, A and B. We showed
that on Pt,Gd and Pt,Y NPs, the bulk compressive
strain correlated strongly with increased ORR ac-
tivity; this result suggested that the bulk strain is
imposed onto the Pt surface atoms, weakening
AEop (23). These observations led us to conjecture
that other Pt-lanthanide alloys, exhibiting more
optimal levels of compression, would reach the
peak of the Sabatier volcano. Here, we show how
the decreased radius of the lanthanides with in-
creased filling of the f-shell—i.e., the lanthanide
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contraction—provides us with a route to engineer
such compression. We have systematically studied
activity and stability trends of Pt;La, Pt;Ce, Pt;Sm,
Pt;Gd, Pt;Tb, Pt;Dy, Pt;Tm, and Pt;Ca, using a
combination of experiments and theory to explain
our observations.

‘We evaluated the electrocatalytic properties of
sputter-cleaned polycrystalline Pt;M electrodes by
rotating disk electrode (RDE) voltammetry in O,-
saturated 0.1 M HCIO,. We chose a Pt:M ratio of
5:1because we could obtain a consistent series of
alloys with the same structure, allowing for a sys-
tematic investigation. Furthermore, it corresponds
to the phase that is most Pt-rich and stable (16).
At 0.9V, Pt;Thb is the most active polycrystalline
Pt-based catalyst reported. All of the materials ex-
hibited activity enhancement by a factor of 3 to 6
over pure Pt (see figs. S5 and S6 and table S1 in
the supplementary materials). The overall elec-
trocatalytic ranking of ORR activity of polycrys-
talline Pt alloys is shown in fig. S6: PtsTb > Pt;Gd ~
Pt;Y > Pt;Sm > Pt;Ca ~ Pt;Dy > Pt;Tm > Pt;Ce >
Pt;Y ~ Pt;La >> Pt (6, 11, 16), demonstrating that
these alloys accelerate the ORR more effectively
than other polycrystalline Pt alloys. Pt;Co and
Pt;Ni alloys prepared this way exhibited enhance-
ment only by a factor of 2 (12, 24). Accelerated
stability tests consisting of 10,000 consecutive cy-
cles between 0.6 and 1.0 V versus a reversible hy-
drogen electrode (RHE) were performed after the
initial ORR activity measurements. The electro-
chemical experiments are summarized in figs. S3
to S11. Figure 1C reports the ORR activities before
and after the stability test for all the Pt alloys and
pure Pt. Apart from Pt;Ca (which has a lower E,),
all of the Pt-lanthanide alloys retained enhance-
ment by a factor of 3 over pure Pt after the ac-
celerated stability test. Notably, Pt;Gd exhibited
aresidual activity that was 5 times as great as that
of pure Pt.

We characterized the structure and chemical
composition of the electrocatalysts by x-ray dif-
fraction (XRD) and x-ray photoelectron spectros-
copy (XPS) in order to explain our experimental
observations. All of the alloys formed stable inter-
metallic compounds with a hexagonal structure

o
0

-
o
n

j, 0.9V vs. RHE) /mA cm”

(figs. S1 and S2 and table S1), in agreement with
previous reports (25). The XRD data suggest that
the polycrystalline alloys may show different de-
grees of preferential orientation in the bulk (figs.
S1 and S2). However, by presputtering the elec-
trodes, we minimize any differences in surface
orientation between the samples under investi-
gation. Moreover, based on Watanabe and co-
workers’ in situ scanning tunneling microscopy
measurements on sputter-deposited Pt-Fe (26),
we expect the acid-leached Pt overlayers to be
dominated by (111) terraces, typically the most
stable facet termination (27). Most of the ele-
ments in the bulk Pt;M alloy form a so-called
kagome layer (6, 16) (Fig. 2 and fig. S16), with a
nearest-neighbor Pt-Pt distance dp.p; = a/2.
The lattice parameter a and hence dp;.p; decreased
from left to right in the lanthanide series (Fig. 2).

Figure 3, A and B, show the angle-resolved XPS
(AR-XPS) depth profiles on sputter-cleaned Pt;Tb
before and after electrochemical measurements.
For each of the alloys, the Pt to M ratio increased
substantially, especially at the most surface-
sensitive angles, as shown for Pt;Tb on Fig. 3C,
after initial electrochemistry measurements, con-
firming the formation of a Pt overlayer. The depth
profile of Fig. 3B showed that, even after accel-
erated stability tests, this structure was maintained,
demonstrating the stability of these materials upon
potential cycling.

To quantitatively interpret our XPS data (for
details, see section S4 of the supplementary ma-
terials and figs. S12 to S15), we evaluated the mean
Pt overlayer thickness for the alloys. Figure 3D
shows how it varied for both the initial ORR ac-
tivity and after stability tests as a function of the
bulk lattice parameter a. The overlayer thickness
after the initial testing varied little between the
different alloys. However, after stability tests, the
mean Pt overlayer generally increased from Pt;La
to Pt;Tb [Pt;Ca lies out of the scale; the initial Pt:M
ratios for Pt;Ca, Pt;Sm, and Pt;Dy were in fact
higher than those expected from the nominal bulk
stoichiometry (fig. S13), thus inhibiting a precise
calculation of the overlayer thickness]. This differ-
ence could explain the anomalous behavior of

{ Pt;Tb Pt.Gd

Pt.Sm
Pt.,Dy pt Ca

—I— Pt,Ce
Pt.La
il <— Initial
After 10000
cycles
Pt

Fig. 1. Schematic views and electrochemical properties of polycrystalline PtsM (M = lanthanide or alkaline earth metal) electrocatalysts. Three-
dimensional view of the PtsM structure (A) during sputter-cleaning and (B) after electrochemistry. (C) Kinetic current density, ji, of PtsM and Pt at 23°C, 1600
revolutions per minute in Oo-saturated 0.1 M HCIO,, before and after a stability test consisting of 10,000 cycles between 0.6 and 1.0 V versus RHE at 100 mV s
The activity of PtsCa after the stability test has been normalized considering the increase of area after the test (see section S3.4 in the supplementary
materials). The value normalized by the geometric area (dotted line) is shown for comparison.
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Fig. 2. Structure of PtsM.
(A and B) Schematic view of
the bulk structure of a PtsM
(illustrated for PtsTh),
showing PtsTh terminated by
(A) a Pt and Tb intermixed
layer and (B) a Pt kagome
layer. Purple spheres repre-
sent Tb atoms, and gray
spheres represent Pt atoms.
Under ORR conditions in an
acidic environment, one to
two layers of M will be leached
out, leaving three to five layers
of Pt, as shown on Fig. 1B.

(C) Relation between the lattice parameter a of PtsM measured by XRD (table S1) and the covalent radius of the lanthanide atoms (31). The dotted line shows
the linear fit. The upper part of the figure shows the lanthanide contraction across the lanthanide series, the covalent radii decreasing in the same direction as
dpept. The error in a corresponds to the uncertainty in the fit (table S1), whereas the error in the covalent radius corresponds to the estimated standard

deviation from (31).

Fig. 3. XPS profiles before and after electro-
chemistry and Pt overlayer thickness as a func-
tion of the lattice parameter and activity loss.
(A and B) AR-XPS profiles of polycrystalline PtsTh
(A) as prepared and (B) after initial ORR activity
(solid line) and after stability test (dashed line).
(C) Pt to Th atomic ratios in PtsTh from AR-XPS
during sputter cleaning, after ORR initial activity,
and after stability test. (D) Estimated average thick-
nesses of the Pt overlayer for PtsTm, PtsDy, PtsTh,
PtsGd, PtsCe, and PtsLa after initial ORR activity
and after stability test (taken from Fig. 1C), as a func-
tion of a lattice parameter [PtsDy is shown as a
hollow symbol to demarcate it as an outlier, likely
because its as-prepared composition was inconsistent
with that of the bulk (fig. S13)]. (E) Percentage of
activity loss after stability test as a function of the
Pt overlayer thickness. (F) Slab stability represented
as dissolution potential versus the strain of the

Pt overlayer on PtsM (from experimental lattice
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Fig. 4. Experimental volcano-
type relationships between
activity, H adsorption, and
Pt-Pt distance. (A) Kinetic cur-
rent density at 0.9 V (taken from
Fig. 1C) on polycrystalline PtsM
electrocatalysts versus the lattice
parameter a of bulk PtsM (lower
axis) and bulk dpy.pt (Upper axis),
respectively. The figure shows the
kinetic current density, ji, of the
alloys after the initial ORR activity
(dark gray squares) and after
10,000 cycles of the stability test
(colored circles). The dotted and
dashed lines represent the exper-
imental trends resulting after ini-
tial ORR activity and after stability,
respectively. The activity of PtsCa
after 10,000 cycles has been nor-

malized to account for the increase of area after the stability test. (B) Relation between the potential necessary to adsorb 1/8, 1/6, 1/4, and 1/3 monolayers
(ML) of H (Up) from the cyclic voltammograms (CVs) in the H adsorption region in No-saturated 0.1 M HCIO,4 on PtsM (Fig. S5) and dpt.pt.
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these alloys, relative to the overall trend. The ac-
tivity loss also correlates with the thickness of the
overlayer (Fig. 3E) (3). Our density functional
theory (DFT) calculations on the stability of dif-
ferent Pt overlayers, expressed as dissolution po-
tential, show that the stability decreases as the
compressive strain increases (Fig. 3F)—i.e., strain
is a stability descriptor. We attribute the appar-
ent thickening of the Pt overlayer with cycling to
surface diffusion processes (28); bulk diffusion of
lanthanide atoms through the overlayer will be
strongly impeded by the strength of E, (13). The
strain-induced destabilization of the Pt overlayer
could facilitate surface mobility (28), providing a
channel for the dissolution of any residual lan-
thanide atoms in close vicinity to the surface. In
summary, Fig. 3, D to F, shows that the overlayer
thickness, activity losses, and thermodynamic sta-
bility are all a function of the bulk lattice param-
eter: Increased strain destabilizes the Pt overlayer
and thus accelerates surface diffusion.

Figure 4A is a plot of the ORR activity as a
function of the lattice parameter, a and dp.p;.
Notably, all nine compounds, including the
Pt-lanthanides and Pt;Ca, follow the same volcano-
type trend, with Pt;Gd and Pt;Tb at the apex. Be-
cause AEqy is likely correlated with dpyp; (3),
the most trivial explanation for this trend is that
the plot represents a Sabatier volcano: Alloys
on the left bind OH too weakly, whereas on the
right hand they bind AEqy too strongly (as de-
scribed by the DFT calculations in figs. S17 and
S18). Alternatively, beyond a certain level of bulk
strain, the overlayer could be unstable, causing
the dp.p; of the overlayer to relax toward a much
lower level of surface strain. On single crystals,
the destabilization is manifested as a positive
shift in the “reversible” voltammetric peak for
OH adsorption (Z, 10); however, we do not observe
this shift on our polycrystalline materials, pre-
sumably because of hysteresis (electrochemical
“irreversibility”) or possibly coadsorption of OH
and O. Conversely, the lanthanide contraction
results in a clear voltammetric shift for the H
adsorption region (figs. S3 and S4), plotted on
Fig. 4B, which resembles the activity volcano, with
Pt;Tb exhibiting the maximum destabilization
of adsorbed H. Notably, we also observe a linear
relation between the experimental activity and
the potential shift in the H adsorption (fig. S7).

Our DFT calculations on strain-activity-reactivity
relations (section S5.4) suggest that Pt;Tb, which
is the most active electrocatalyst, should exhibit
~3% compression, approaching the optimum OH
binding energy of the Sabatier volcano (I1). By
comparing our activity data and the voltammetric
shift in H adsorption to the DFT predictions, we
can conjecture that Pt-lanthanide alloys with a
shorter dpp; than Pt;Tb form a more relaxed over-
layer (figs. S19 to S21]. More generally, our obser-
vations suggest that strain effects can only weaken
the binding of H and OH to a certain extent. More
appreciable destabilization of reaction intermedi-
ates can be afforded by ligand effects (7, 10). The
implementation of these catalysts in fuel cells
will require scalable synthesis methods yielding
high surface catalysts. Nonetheless, we have al-
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ready demonstrated that Pt,Gd NPs exhibited an
outstanding activity of 3.6 A/mg Pt at 0.9 V RHE
in liquid half cells (18, 29) (fig. S6B), only sur-
passed by Pt;Ni nanoframes (21) and Mo-doped
Pt;Ni nanoparticles (22). Careful tuning of the NP
composition—for instance, by synthesizing ternary
Pt-Gd-Tb alloys, in combination with a judicious
choice of annealing treatment (21, 22, 30)—could
yield record-breaking catalytic activity and stabil-
ity over the long term in real devices.
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About 34 million years ago, Earth’s climate cooled and an ice sheet formed on Antarctica

as atmospheric carbon dioxide (CO,) fell below ~750 parts per million (ppm). Sedimentary
cycles from a drill core in the western Ross Sea provide direct evidence of orbitally controlled
glacial cycles between 34 million and 31 million years ago. Initially, under atmospheric CO,
levels of =600 ppm, a smaller Antarctic Ice Sheet (AIS), restricted to the terrestrial continent,
was highly responsive to local insolation forcing. A more stable, continental-scale ice sheet
calving at the coastline did not form until ~32.8 million years ago, coincident with the earliest
time that atmospheric CO, levels fell below ~600 ppm. Our results provide insight into the
potential of the AIS for threshold behavior and have implications for its sensitivity to
atmospheric CO, concentrations above present-day levels.

he establishment of the Antarctic Ice Sheet
(AIS) is associated with an approximate
+1.5 per mil increase in deep-water marine
oxygen isotopic (§'®0) values beginning at
~34 million years ago (Ma) and peaking at

~33.6 Ma (1-3), with two positive 80 steps
separated by ~200,000 years. The first positive
isotopic step primarily reflects a temperature de-
crease (4); the second isotopic step has been in-
terpreted as the onset of a prolonged interval of
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Editor's Summary

A lanthanide boost for platinum

High loadings of precious platinum are needed for automotive fuel cells, because the kinetics of
the oxygen reduction reaction (ORR) are relatively slow. Escudero-Escribano et al. studied a series of
platinum alloys with lanthanides and akaline earth el ements. When the surfaces were leached to leave
pure platinum, they developed compressive strain that boosted the ORR activity——up to afactor of 6 for
terbium. Enthalpy effects helped to stabilize these alloys under operating conditions.
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