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preparation of alcohols bearing adjacent tri- and
tetrasubstituted stereogenic centers. We antici-
pate that the design of optimal ligand scaffolds
will enable the transformation of a broader range
of unactivated olefins, ultimately delivering a
powerful tool for the asymmetric addition of
olefin-derived nucleophiles to carbonyls that will
be of broad synthetic utility.
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CATALYSIS

Thermally stable single-atom
platinum-on-ceria catalysts

via atom trapping

John Jones,'* Haifeng Xiong,"* Andrew T. DeLaRiva,' Eric J. Peterson,” Hien Pham,'
Sivakumar R. Challa,’ Gongshin Qi,> Se Oh,” Michelle H. Wiebenga,>
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Catalysts based on single atoms of scarce precious metals can lead to more efficient use
through enhanced reactivity and selectivity. However, single atoms on catalyst supports
can be mobile and aggregate into nanoparticles when heated at elevated temperatures.
High temperatures are detrimental to catalyst performance unless these mobile atoms can
be trapped. We used ceria powders having similar surface areas but different exposed
surface facets. When mixed with a platinum/aluminum oxide catalyst and aged in air at
800°C, the platinum transferred to the ceria and was trapped. Polyhedral ceria and
nanorods were more effective than ceria cubes at anchoring the platinum. Performing
synthesis at high temperatures ensures that only the most stable binding sites are
occupied, yielding a sinter-resistant, atomically dispersed catalyst.

iesel oxidation catalysts (DOCs) are used

in the automotive industry to oxidize harm-

ful emissions that contain CO, NO, and

hydrocarbons. Pt is very active for such

oxidation reactions (7, 2). Under oxidizing
conditions at high temperatures, the Pt nano-
particles on the oxide support sinter to form
large particles, which leads to a loss of surface
area and hence decreased catalytic activity, so
there is commercial interest in developing sinter-
resistant catalysts that can maintain activity over
long-term operation. We previously found that
the mechanism of activity loss involves the emis-
sion of mobile species from small particles and
their capture by large particles—a process called
Ostwald ripening (3, 4). Here, we show that the
conditions under which nanoparticles emit mo-
bile species are also ideally suited to generating
atomically dispersed catalysts if the mobile spe-
cies can be effectively trapped. Platinum group
metals can be trapped in ionic form in complex
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oxides (5), but they can be lost inside the bulk
oxide, where they are no longer effective as a
catalyst. An ideal support for trapping metal spe-
cies is one in which the mobile species stay at
the surface so that they retain catalytic activity.

Our studies were performed at 800°C in
oxidizing ambient conditions typically used for
accelerated testing of DOCs. Under these con-
ditions, Pt can be emitted as volatile PtO, (6)
which can lead to transport of Pt from the DOC
catalyst to the downstream selective catalytic
reduction (SCR) catalyst (7). A vapor-phase ap-
proach for the synthesis of catalysts—specifically,
transferring Pt from a metal foil to alumina—was
reported previously (8), but the ability of sup-
ports such as ceria to trap atomically dispersed
Pt was not recognized. In industry, the vapor-
phase transport of metal oxides is regarded as a
leading cause of catalyst degradation (9). Thus,
we set out to find materials that could effec-
tively trap the mobile species. In previous work,
we found that PdO was able to trap mobile PtO,,
forming metallic Pt-Pd particles (10). The re-
markable efficiency of PAO for trapping Pt sug-
gests that other oxides could play a similar role.
McVicker et al. (11) had implied that CaO, SrO, and
BaO may slow the rates of Ir sintering through
the presence of acid sites on the support.

We worked with ceria as a support because
Ce-Zr-Y was shown by Nagai et al. (12) to be
effective for inhibiting the sintering of Pt by
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forming a surface complex. The ability of ceria
to improve the sinter resistance of metals in au-
tomotive catalysts has been explained in terms
of lowering the surface energy of nanoparticles
(enhanced wetting) (13). However, as we show
here, an additional benefit is the ability of ceria
to trap Pt in an atomically dispersed state. Other
catalyst supports have been shown to stabilize Pt
in the form of isolated atoms—for example, penta-
coordinated Al** sites on alumina (14), FeO,, (15),
and the (111) surface of MgAl,O, (16). However,
when these catalysts are aged at 800°C in air
(16, 17), the formation of large crystalline Pt
particles can be detected via x-ray diffraction
(XRD). The complete absence of an XRD peak
for Pt demonstrates that the sample contains
only atomically dispersed species, which can be
confirmed by reactivity measurements, energy-
dispersive spectroscopy (EDS), aberration-corrected
scanning transmission electron microscopy (AC-
STEM), and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS).

Exposing ceria powders with different surface
facets allowed us to determine the most effective
surface for trapping Pt. Ceria can be synthesized
in well-defined shapes, specifically nanorods,
cubes, and octahedra (18). The similar specific
reactivity of octahedra and nanorods for the
water-gas shift reaction (19) suggests that the
rods expose dominant (111) facets, contrary to
the previously reported morphology of the nano-
rods (18). Ceria nanoshapes have been studied
for their role in Pt sintering and redispersion (20).
Density functional theory (DFT) calculations by
Bruix et al. (21) suggested that CeO, (100) sur-
faces provide the right geometry to stabilize Pt>*
by bonding to 0> in square pockets. Neitzel et al.
(22) showed that the Pt cations are stable on the
surface rather than diffusing into the ceria bulk.
However, the highest temperature achieved in

these previous studies was much lower than the
aging temperature of DOCs (21).

We sought to determine the effectiveness of
various ceria surface facets for trapping Pt at
typical DOC aging conditions, 800°C in air. We
introduced ceria powders as a separate phase
by simple physical mixing. Three different ceria
shapes were used: cubes (50 m?/g), nanorods
(90 m?/g), and what we refer to as polyhedral
ceria (89 m?/g). The latter, obtained by calcina-
tion of cerium nitrate, consists of nanoparticles
of truncated octahedra, which expose (111) sur-
face facets, because they constitute the most sta-
ble low-index surface of ceria (23). The rounded
nature of these polyhedral particles indicates
that other less prominent surfaces, as well as step
edges, must also be exposed (figs. S1 and S2).

The STEM image of the as-prepared Pt/La-
Al,Oj4 catalyst, nominally 1 weight percent (wt %)
(Fig. 1A), shows small Pt particles on the alumina
support. After the sample was aged at 800°C for
10 hours in flowing air, large Pt crystallites were
formed (Fig. 1B). After aging, EDS analysis in a
scanning electron microscope (SEM) showed
~0.8 wt % Pt (table S1), which was confirmed via
XRD analysis (24). XRD patterns corroborated
the rapid sintering, as evident from the well-
defined, sharp reflections for face-centered cubic
(fce) Pt in Fig. 1C; the broad reflections and the
background in this pattern come from the alu-
mina support.

The as-prepared 1 wt % Pt/La-Al,O5 catalyst
was physically mixed with ceria powders in a
weight ratio of 2:1 (33 wt % ceria) and then sub-
jected to aging in flowing air. TEM/STEM images
of the physical mixtures after aging show that
the Al,O3 and CeO, phases in the mixture are
attached to each other (fig. S3). Furthermore, the
STEM image revealed that no Pt was present on
the alumina because it had migrated to the CeO,

phase (figs. S3 and S4:) and was trapped, forming
subnanometer Pt species. XRD patterns of the
physically mixed catalysts after aging at 800°C
for 10 hours in air are shown in Fig. 1D, curves a
to c. The size of the Pt(111) peak gets smaller in
samples a to ¢, suggesting improved efficiency for
trapping Pt (decrease in the amount of the crys-
talline Pt phase). The sample aged for 1 week in
air (Fig. 1D, curve d) shows no Pt peak at all, in-
dicating the complete absence of large Pt parti-
cles. Because ceria can scatter x-rays, it causes a
decrease in the size of Pt peak. This effect of ceria
is seen by comparing the XRD pattern of the
aged Pt/La-Al,O3 (Fig. 1C) with the XRD pattern
of the same sample after mixing with ceria (2 parts
Pt/La-Al,O3:1 part ceria) (Fig. 1D, curve e).

The inset in Fig. 1D shows magnified views
of the Pt(111) reflection. The size and sharpness
of this peak are indicative of the crystallite size
of Pt. The splitting of the peak into a doublet,
the K; and K, is further evidence of large Pt
crystallites. With such large particles, XRD
cannot be used to estimate crystallite dimensions
because size-induced broadening is smaller than
the instrumental broadening. The size of the Pt
peak gives us a visual indication of the amount of
crystalline Pt in these samples. The Rietveld re-
finement method (fig. S5) was used to quantify
the amount of crystalline Pt visible to XRD, which
is reported for each of these samples in table S2.
The calculated value of 0.81 wt % Pt in the refer-
ence sample (Fig. 1D, curve e) agrees with inde-
pendent EDS analysis of the overall composition
of this sample (table S1). The excellent agreement
between XRD-derived composition and elemental
analysis allows us to estimate the amount of crys-
talline Pt visible to XRD in each of these samples.
Subtracting the amount of crystalline Pt from the
total Pt gives us the amount of atomically dispersed
Pt in each sample (table S2).
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(D) XRD patterns of physical mixtures of 1 wt % Pt/La-Al,O3 and ceria powders (weight ratio 2:1) after aging at 800°C for 10 hours in flowing air [(a) to (c)],
aged for 1 week with polyhedral ceria (d), and a reference sample (e) where the Pt/La-alumina catalyst was first aged as in (C), then mixed with polyhedral ceria
in the same weight ratio. The asterisks show the CeO, reflections whose peak widths vary as a result of changes in crystallite sizes due to aging. The inset shows
a higher-magnification view of the Pt(111) reflection; the size of the peak corresponds to the amount of crystalline Pt in the sample.
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Fig. 2. Physically mixing ceria with Pt/La-Al;O3 leads to enhanced reactivity. (A) lllustration of Pt nanoparticle sintering, showing how ceria can trap the
mobile Pt to suppress sintering. Cubes appear to be less effective than rods or polyhedral ceria. (B) Light-off curves for CO oxidation on the 1 wt % Pt/La-Al,O3
sample (20 mg of catalyst in the reactor) and the samples physically mixed with ceria (20 mg of 1 wt % Pt/La-Al,O3 mixed with 10 mg of ceria powder) and
then aged at 800°C in air. The higher reactivity of the samples containing ceria correlates with the smaller Pt peak in the XRD patterns (inset in Fig. 1).

Fig. 3. Heating in air at 800°C
allows mobile Pt species to be
trapped on ceria. (A to D) Repre-
sentative AC-STEM images of
1wt % Pt/CeO,-rod [(A) and (B)]
and 1 wt % Pt/CeO,-polyhedra
[(C) and (D)] after aging at 800°C
for 10 hours in flowing air. The
darker objects within the ceria
particles are internal voids. The
bright dots on the surface of CeO,
represent mononuclear Pt species
that are stable to treatment in
flowing air at 800°C. When the
ceria lattice is aligned with the
electron beam [(B) and (D)], it is
more difficult to distinguish the Pt
because of the strong contrast
from the ceria. The Pt species
reside on the surface of ceria rather
than being embedded within it.

Figure 2A provides a schematic illustration
of how physically mixed ceria traps Pt emitted
from the alumina catalyst, thereby helping to
improve the reactivity for CO oxidation (Fig. 2B).
The smaller the Pt peak in the inset in Fig. 1D,
the more atomically dispersed Pt that is present
on the sample, which leads to higher catalytic
activity. The aged Pt/La-alumina had such large
Pt crystallites that there was negligible CO oxida-
tion reactivity at 225°C. Among the nanoshapes,
the physically mixed polyhedral ceria and the
nanorods show similar performance, with the
lowest reactivity seen with the ceria cubes. When
the physically mixed polyhedral ceria was aged
for 1 week with the Pt/La-Al,O3, the reactivity
was comparable to that of the fresh catalyst (per

152 8 JULY 2016 « VOL 353 ISSUE 6295

gram of catalyst), indicating remarkable sinter
resistance (Fig. 2B).

On the basis of the CO oxidation activity shown
in Fig. 2, we calculated the specific reactivity
[turnover frequency (TOF)] for the Pt (table S2
and fig. S6). Chemisorption of H,, O,, and CO
was performed on these catalysts (24) after oxi-
dative pretreatments similar to those used for
the reactivity measurements. No H, or O, uptake
was detected; the ratio of chemisorbed CO/Pt
was 0.18. The low CO uptake would suggest a
particle size of ~5 nm, but high-angle annular
dark-field (HAADF) AC-STEM imaging showed
only atomically dispersed Pt species on the poly-
hedral ceria and on the ceria rod samples (Fig. 3).
The ceria underwent sintering after being heated

at 800°C in air, as seen from the peak widths of
the ceria XRD peaks highlighted with asterisks in
Fig. 1D. As a result, the rods and cubes changed
shape and became more rounded (Fig. 3 and
fig. S7). The effect of high-temperature treat-
ment was most severe on the ceria cubes, as seen
from the K;-K,» splitting of the high-angle ceria
XRD reflections (Fig. 1D, curve a) indicating large
crystallite sizes. We could not image any single-
atom Pt species on the ceria cubes; hence, the
concentration of atomically dispersed Pt on the
cubes is apparently much lower (fig. S7).
Because chemisorption of CO was not useful
for counting the number of Pt sites, we used
the amount of atomically dispersed Pt derived
from the XRD measurements (24). The TOF de-
rived in this manner is remarkably similar for
all of these catalysts, within experimental error
(0.12 + 0.04 s at 225°C). Surprisingly, the TOF
is also close to that reported for single crystals
of Pt(100) (25) at this temperature (0.12 s™),
even though the atomically dispersed Pt is very
different from a monolithic single crystal in
morphology and nearest neighbors. These TOF
values are lower than those reported on the most
active Pt/CeO, catalysts (26, 27), but the latter
contain metallic Pt nanoparticles while our cat-
alysts contain atomically dispersed Pt that is
present in ionic form, most likely Pt**. A reaction
mechanism based on DFT calculations was pro-
posed for single isolated Pt** on alumina, and
although the mechanism differs from that on
metallic Pt, the TOF for CO oxidation was com-
parable to that on 1 wt % Pt/alumina (28).
Because Pt was deposited through the vapor
phase in physically mixed ceria samples, we pre-
pared a second set of catalysts directly on the
same ceria powders using a conventional meth-
od, impregnation of chloroplatinic acid. These
1wt % Pt/ceria samples were then aged at similar
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Fig. 4. The atomic dispersion of Pt is preserved during CO oxidation measurements. (A) DRIFTS of the 1 wt % Pt/CeO, polyhedra during CO oxidation
at 125°C after oxidative pretreatment in 10% O, at 450°C. After 30 min of CO oxidation, the CO flow was stopped and spectra recorded at O, 2, and 10 min while
the oxygen flow continued. There is negligible drop in the symmetrical feature at 2095 cm™ that is assigned to isolated ionic Pt sites on the ceria. (B, C, E, and F)
HAADF AC-STEM images of Pt/ceria rods treated at 800°C in flowing air for 10 hours, before [(B) and (C)] and after three cycles of CO oxidation [(E) and (F)] to
300°C, showing that the catalyst is stable after reaction and the Pt species remain atomically dispersed. The arrows point to step edges that appear to be
sites where the Pt species are present, rather than the smooth well-defined (111) facets. (D) DRIFTS of a 1 wt % Pt/Al,O5 catalyst after similar pretreatment
as in (A) and after 30 min of CO oxidation at 125°C. Spectra were recorded after CO was switched off while the oxygen continued to flow for 0, 5, and 10 min.
The band of CO on metallic Pt (2087 cm™ and 2064 cm™) disappeared rapidly, leaving behind a feature at ~2100 cm™ that corresponds to oxidized Pt.

conditions (800°C in air for 10 hours). The XRD
patterns of these aged Pt/ceria samples (fig. S8)
show that a well-defined Pt(111) reflection is seen
only on the Pt/ceria cube sample, but no Pt(111)
reflection is seen on the nanorods or the poly-
hedral ceria. SEM images (fig. S9) show large Pt
particles on the cube sample, but no such large
particles were detected on the rod or polyhe-
dral ceria samples. The conversion of CO was
marginally higher on the rod samples than on
the polyhedral ceria; the cubes were less reactive
(fig. S10). TEM images of the Pt species in the
physically mixed ceria after aging (fig. S3) are
similar to the Pt/ceria prepared by impregnation
(fig. S11). The method of Pt deposition does not
seem to matter as long as the sample is aged at
elevated temperatures in air. The similarity in
TOF for Pt/alumina and Pt/ceria suggests that
the Pt is not lost into the bulk of the ceria. Solid-
solution substitution of platinum for cerium in
bulk ceria is unfavorable, given the smaller ionic
radii of Pt>* or Pt**. Platinum cations prefer six-
fold octahedral coordination with surrounding
oxygens, in contrast to the eight-fold cube coor-
dination of oxygens surrounding cerium cations
in CeO,.

We examined the Pt/ceria rod samples after
three cycles of CO oxidation going up to 300°C.
The Pt was atomically dispersed before (Fig. 4,
B and C) and after reaction (Fig. 4, E and F). To
examine the nature of the Pt during reaction, we
performed DRIFTS of the 1 wt % Pt/polyhedral

SCIENCE sciencemag.org

CeO, sample (Fig. 4A) and compared the results
with a 1 wt % Pt/Al,O5 sample (Fig. 4D). Both
samples were subjected to an oxidative treat-
ment (10% O, in He at 450°C) before exposure
to reaction conditions at 125°C (CO:0,, = 1.5:1).
A prominent symmetrical band at 2095 cm™
was the only feature seen on the Pt/CeO, sup-
port (Fig. 4A), whereas on Pt/alumina we ob-
served multiple CO adsorption features typical
of metallic Pt nanoparticles, including a band
on ionic Pt at ~2100 cm™ (which is seen most
clearly when the CO is switched off while oxy-
gen continues to flow for 10 min) (Fig. 4D). The
coexistence of Pt ionic species and Pt nano-
particles on alumina and other oxide supports
was also noted by Ding et al. (29). To prepare a
sample that contained exclusively ionic Pt (and
showing a CO adsorption band similar to Fig.
4A), they used a ZSM-5 support and low metal
loading (0.5 wt %). The Pt/ZSM-5 was not sta-
ble beyond 1 min during electron microscope
imaging, forming Pt nanoparticles (29). As seen
from the images in Figs. 3 and 4 (24), the Pt/ceria
is stable in the TEM and during repeated CO oxi-
dation tests. The 2095 cm™ band is the only fea-
ture seen even at 350°C during CO oxidation (fig.
S12), indicating that Pt nanoparticles do not form
under these conditions. As reported by Ding et al.
(29), CO on ionic Pt (2095 cm ™) is not reactive at
low temperatures (Fig. 4A), whereas CO on me-
tallic Pt (2064 cm™) reacts readily with flowing
oxygen (Fig. 4D). Despite the transient activity

seen on metallic Pt nanoparticles, both of these
catalysts exhibit very low steady-state activity at
this temperature (Fig. 2 and figs. S13 and S14)
due to strongly bound CO. It is only at higher
temperatures that the Pt nanoparticles on alu-
mina and the single-atom Pt on ceria become
active (Fig. 2) and exhibit similar specific activity
for CO oxidation (table S2).

While ceria helps to trap atomically dispersed
Pt, the strong interaction between Pt and ceria
also helps preserve the surface area of polyhedral
ceria (table S3). We estimate a surface atom
concentration of 1.1 Pt atoms/nm? in the aged
sample (table S3). A recent study (30) suggests
that step edges on the ceria (111) surface provide
stable sites for Pt**. By engineering the density
of surface steps, 80% of the Pt loading of 0.18
monolayer (1 monolayer = 7.9 atoms/nm?) could
be stabilized in the form of Pt>*. This corre-
sponds to 1.2 atoms/nm?, which is similar to the
loading of atomically dispersed Pt that we ob-
served. The high step density was achieved by
Dvordk et al. (30) through deposition of ceria on
their CeO, (111) thin films or via heat treatment.
The AC-STEM images, especially those in Fig. 4,
suggest that the Pt occupies step edges (arrowed)
on the ceria rod sample. On the other hand, the
well-defined (111) facet in Fig. 4C does not show
any Pt species. DFT calculations suggest that
the binding energy of Pt to surface steps on
CeO, (30) exceeds that of Pt on CeO, (111) and
also the cohesive energy of bulk Pt. The images in

8 JULY 2016 « VOL 353 ISSUE 6295 153

Downloaded from http://science.sciencemag.org/ on December 16, 2016


http://science.sciencemag.org/

RESEARCH | REPORTS

Figs. 3 and 4 show Pt species located randomly
on the ceria surfaces (not embedded in the ceria),
with no preference for specific facets.

Atom trapping should be broadly applicable
as a method for preparing single-atom catalysts.
The approach requires a supply of mobile atoms
and a support that can bind the mobile species.
Conditions that are conducive to Ostwald ripening,
which normally is implicated in the degradation
of catalysts (3), are ideal because mobile species
are continually being generated. In our work, at
the aging temperature of 800°C in air, mobile
PtO, is rapidly emitted; the estimated lifetime is
only a few seconds for a 5-nm Pt crystallite (24).
Surface species such as hydroxyls and carbonates,
which could prevent the trapping of mobile spe-
cies, would have desorbed at high temperatures,
providing a clean surface for the formation of
covalent metal oxide bonds that are needed to
stabilize single atoms. Trapping of atoms pro-
vides a plausible explanation for the role of ceria
in slowing the rates of Ostwald ripening and may
help to explain how other supports modify the
rates of catalyst sintering.

REFERENCES AND NOTES

1. G. W. Graham et al., Catal. Lett. 116, 1-8 (2007).

2. M. H. Wiebenga et al., Catal. Today 184, 197-204 (2012).

3. T.W. Hansen, A. T. Delariva, S. R. Challa, A. K. Datye,
Acc. Chem. Res. 46, 1720-1730 (2013).

4. T.R. Johns et al., J. Catal. 328, 151-164 (2015).

5. J. A Kurzman, L. M. Misch, R. Seshadri, Dalton Trans. 42,
14653-14667 (2013).

6. C. B. Alcock, G. W. Hooper, Proc. R. Soc. London Ser. A 254,
551-561 (1960).

7. G. Cavataio et al., SAE Int. J. Fuels Lubr. 2, 204-216 (2009).

8. Y.-F. Yu-Yao, J. T. Kummer, J. Catal. 106, 307-312 (1987).

9. J. G. McCarty, K.-H. Lau, D. L. Hildenbrand, Stud. Surf.
Sci. Catal. 111, 601-607 (1997).

10. C. Carrillo et al., J. Phys. Chem. Lett. 5, 2089-2093
(2014).

11. G. B. McVicker, R. L. Garten, R. T. K. Baker, J. Catal. 54,
129-142 (1978).

12. Y. Nagai et al., J. Catal. 242, 103-109 (2006).

13. J. A. Farmer, C. T. Campbell, Science 329, 933-936 (2010).

14. J. H. Kwak et al., Science 325, 1670-1673 (2009).

15. B. Qiao et al., Nat. Chem. 3, 634-641 (2011).

16. W.-Z. Li et al., Nat. Commun. 4, 2481 (2013).

17. T. R. Johns et al., ChemCatChem 5, 2636-2645 (2013).

18. H.-X. Mai et al., J. Phys. Chem. B 109, 24380-24385
(2005).

19. S. Agarwal et al., ChemSusChem 6, 1898-1906 (2013).

20. T. Wu et al., J. Phys. Chem. Lett. 5, 2479-2483 (2014).

21. A. Bruix et al., Angew. Chem. Int. Ed. 53, 10525-10530
(2014).

22. A. Neitzel et al., J. Phys. Chem. C 120, 9852-9862 (2016).

23. Z. L. Wang, X. Feng, J. Phys. Chem. B 107, 13563-13566
(2003).

24. See supplementary materials on Science Online.

25. P. J. Berlowitz, C. H. F. Peden, D. W. Goodman, J. Phys. Chem.
92, 5213-5221 (1988).

26. R. Kopelent et al., Angew. Chem. Int. Ed. 54, 8728-8731
(2015).

27. M. Cargnello et al., Science 341, 771-773 (2013).

28. M. Moses-DeBusk et al., J. Am. Chem. Soc. 135, 12634-12645
(2013).

29. K. Ding et al., Science 350, 189-192 (2015).

30. F. Dvorék et al., Nat. Commun. 7, 10801 (2016).

ACKNOWLEDGMENTS

Supported by NSF GOALI grant CBET-1438765 (J.J., H.X., SR.C,,
A.K.D.), General Motors Global R&D (G.Q., S.0., and M.H.W.),

U.S. Department of Energy grant DE-FGO2-05ER15712 (A.T.D., EJ.P,,
AKD., XIPH., and Y.W.), and the Center for Biorenewable Chemicals
funded by NSF grant EEC-0813570 (H.X., H.P., and

AKD.). This work made use of the JEOL JEM-ARM200CF at the
University of lllinois at Chicago. We thank A. Nicholls for

154 8 JULY 2016 « VOL 353 ISSUE 6295

recording the AC-STEM images and D. Kunwar for assistance
in catalyst preparation.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/353/6295/150/suppl/DCL
Materials and Methods

Figs. S1 to S14
Tables S1 to S3
References (31-35)

26 April 2016; accepted 13 June 2016
10.1126/science.aaf8800

ANIMAL ROBOTICS

Tail use improves performance on
soft substrates in models of early
vertebrate land locomotors

Benjamin McInroe,'* Henry C. Astley,’* Chaohui Gong,” Sandy M. Kawano,?
Perrin E. Schiebel,' Jennifer M. Rieser,' Howie Choset,>

Richard W. Blob,* Daniel I. Goldman®°t

In the evolutionary transition from an aquatic to a terrestrial environment, early tetrapods
faced the challenges of terrestrial locomotion on flowable substrates, such as sand and
mud of variable stiffness and incline. The morphology and range of motion of appendages
can be revealed in fossils; however, biological and robophysical studies of modern taxa
have shown that movement on such substrates can be sensitive to small changes in
appendage use. Using a biological model (the mudskipper), a physical robot model,
granular drag measurements, and theoretical tools from geometric mechanics, we
demonstrate how tail use can improve robustness to variable limb use and substrate
conditions. We hypothesize that properly coordinated tail movements could have provided
a substantial benefit for the earliest vertebrates to move on land.

uring the vertebrate invasion of land, 385

to 360 million years ago, early tetrapods

and relatives faced a variety of challenges

(1), including locomotion in terrestrial en-

vironments. Terrestrial locomotion relies
on interactions between the body and substrate
to generate propulsive forces, but the interaction
between the organism and some substrates may
be complex. Fossil evidence indicates that tetra-
pods emerged from water in near-shore habitats,
where they likely encountered flowable soft sub-
strates such as sands and muds (2, 3). These
substrates exhibit properties of solids and fluids,
either jamming or yielding (plastic deformation
of the material) depending on how they are
loaded (4) and sloped (5).

The challenge of movement on flowable sub-
strates therefore arises from the complexity of
interactions between the substrate and the or-
ganism. Even on level deformable substrates,
subtle variations in limb morphology (6) and
kinematics (7) can lead to substantial differences
in performance. Furthermore, interactions be-
tween appendages and these substrates leave
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Pittsburgh, PA, USA. 3National Institute for Mathematical and
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local disturbances, which can influence subse-
quent interactions, sometimes leading to deteri-
orating locomotor performance and eventual
total locomotor failure (8). As substrate slope in-
creases, yield forces decrease and downhill ma-
terial flow becomes important, reducing the range
of effective locomotor strategies (5).

The use of an additional locomotor structure
that can be independently coordinated may allow
a greater range of effective behaviors, even in the
absence of derived limb morphology and sophis-
ticated motor patterns. We propose that the tail
could have been a critical locomotor structure for
early tetrapods. In addition to being a primary
driver of aquatic locomotion, tails play major
roles in the propulsion of many modern fishes
during terrestrial locomotion (9-12) and can be
used as inertial reorientation appendages in some
tetrapods (I3, 14). Thus, the use of a prominent
tail [as seen in fossil taxa (15-17) (Fig. 1A)] may
have increased locomotor robustness to environ-
mental and kinematic variables.

Evaluating locomotor performance for extinct
taxa is challenging (18, 19), in part because the
sensitivity of locomotion on complex substrates
to kinematics and control strategies cannot nec-
essarily be inferred from range of motion and
morphology (7). Therefore, to test our hypothesis,
we used three complementary modeling methods
(Fig. 1): a model organism, a robophysical model,
and a mathematical model. We made several choices
governing our modeling approaches. In our loco-
motors, we modeled symmetrical, forelimb-driven
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Thermally stable single-atom platinum-on-ceria catalystsvia

atom trapping
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Editor's Summary

Hot single-atom catalysts

For heterogeneous catalysts made from precious metal nanoparticles adsorbed on metal oxides,
high temperatures are the enemy. The metal atoms become mobile and the small particles grow larger,
causing alossin surface area and hence in activity. Jones et al. turned this processto their advantage
and used these mobile species to create single-atom platinum catalysts. The platinum on alumina
supported transfersin air at 800°C to ceria supports to form highly active catalysts with isolated metal
cations.
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