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between a slope and a flat terrain showing a
regular topography in OSIRIS images (31). The
morphology and illumination conditions at this
place are similar to those of many nearby areas
observed by VIRTIS-M.

The presence of CO, ice at the surface of the
nucleus thus appears to be an ephemeral oc-
currence, which provides clues to the emplace-
ment mechanism. After perihelion passage, the
activity of a cometary nucleus starts to decrease,
with water sublimation decreasing first. Nucleus
thermodynamical modeling (7) shows that a strat-
igraphy associated to the volatility of the major
gaseous species is produced in the outer layers of
67P/CG. However, the combination of spin axis
inclination and nucleus shape means that the
Anhur CO, ice-rich area experiences a fast drop
in illumination, going into permanent shadow
quickly after equinox and, consequently, under-
going a rapid reduction in surface temperatures
in winter to less than 80 K, whereas the interior
remains warmer for a longer time because of the
low thermal inertia (8, 29). Sublimation of water
ice at depth is prevented, but sublimation of CO,
ice is not; CO, can continue to flow from the in-
terior to the surface, where it begins to freeze as a
result of the low surface temperatures. Moving
further toward the aphelion, the low surface tem-
peratures preserve the CO, ice on the surface,
which grows in >100-um grains until, on the next
orbit, it is exposed again to sunlight and subli-
mates away. This inverse temperature profile of
cometary surfaces (warmer inside and cooler on
the surface) going into winter after perihelion (in
permanently shadowed regions) could potentially
freeze other volatiles that are sublimed from the
warmer interior as well. Based on the temper-
ature of these surface areas, more volatiles species
such as CO and CH,, could also be frozen until the
next exposure to solar photons occurs. The same
phenomenon could also explain why no water ice
was seen at this site during the initial exposure to
the Sun, because the water ice would have been
frozen at lower depths than the CO, ice.

The 67P/CG nucleus shows two different tem-
poral activity cycles respectively caused by H,O
and CO, ices in different regions: Whereas water
ice has diurnal variability, with a surface subli-
mation and condensation cycle occurring in the
most active areas (7), the surface condensation of
CO, ice has a seasonal dependence. Similar pro-
cesses are probably common among many Jupiter-
family comets, which share with 67P/CG short
revolution periods and eccentric orbits (32).
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Rosetta’s comet 67P/Churyumov-
Gerasimenko sheds its dusty mantle
to reveal its icy nature

S. Fornasier,'* S. Mottola,? H. U. Keller,>® M. A. Barucci,’ B. Davidsson,* C. Feller,!

J. D. P. Deshapriya,' H. Sierks,” C. Barbieri,® P. L. Lamy,” R. Rodrigo,*° D. Koschny,'®

H. Rickman,™'> M. A’Hearn,'® J. Agarwal,’ J.-L. Bertaux,'* I. Bertini,® S. Besse,'”

G. Cremonese,'® V. Da Deppo,” S. Debei,'® M. De Cecco,'® J. Deller,” M. R. El-Maarry,2°
M. Fulle,”* O. Groussin,?? P. J. Gutierrez,® C. Giittler,> M. Hofmann,” S. F. Hviid,>

W.-H. Ip,2%2* L. Jorda,> J. Knollenberg,”> G. Kovacs,>>* R. Kramm,” E. Kiihrt,?

M. Kiippers,'” M. L. Lara,® M. Lazzarin,® J. J. Lopez Moreno,® F. Marzari,°

M. Massironi,?®>7 G. Naletto,>>27'7 N. Oklay,” M. Pajola,2%>” A. Pommerol,2° F. Preusker,>
F. Scholten,> X. Shi,” N. Thomas,° I. Toth,2° C. Tubiana,’ J.-B. Vincent®

The Rosetta spacecraft has investigated comet 67P/Churyumov-Gerasimenko from large
heliocentric distances to its perihelion passage and beyond. We trace the seasonal and diurnal
evolution of the colors of the 67P nucleus, finding changes driven by sublimation and
recondensation of water ice. The whole nucleus became relatively bluer near perihelion, as
increasing activity removed the surface dust, implying that water ice is widespread
underneath the surface. We identified large (1500 square meters) ice-rich patches appearing
and then vanishing in about 10 days, indicating small-scale heterogeneities on the nucleus.
Thin frosts sublimating in a few minutes are observed close to receding shadows, and rapid
variations in color are seen on extended areas close to the terminator. These cyclic processes
are widespread and lead to continuously, slightly varying surface properties.

11 cometary nuclei observed to date have
appeared to be dark, with only a limited
amount of water ice detected in small patches
(1, 2), although water is the dominant vola-
tile observed in their coma.

The Rosetta spacecraft has been orbiting comet
67P/Churyumov-Gerasimenko since August 2014,
providing the opportunity to continuously inves-
tigate its nucleus. The comet has a distinct bilobate
shape and a complex morphology (3-5), with a
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surface dominated by anhydrous and organic-
rich refractory materials (6). Small amounts of
water ice have been identified by the Visible, In-
frared, and Thermal Imaging Spectrometer (VIRTIS)
spectrometer in different regions (7-9), and sever-
al isolated or clustered bright spots were observed
in Optical, Spectroscopic, and Infrared Remote
Imaging System (OSIRIS) images and interpreted
as exposures of dirty water ice (9, 10).

Here, we report on seasonal and diurnal color
variations of the surface of 67P’s nucleus from ob-
servations with the narrow-angle-camera (NAC)
of the OSIRIS imaging system (77) onboard Rosetta,
as caused by the evolution of the dust mantle and
exposures of water ice.

We monitored the color evolution of the nu-
cleus from 3.6 astronomical units (AU) to perihe-
lion (1.24: AU) and beyond by measuring changes
in the spectral slope in the 535- to 882-nm range.
Comparing the spectral slopes obtained in late
August 2015, shortly after perihelion passage, with
those obtained in early August 2014 after phase
reddening correction (12) (Fig. 1, figs. S1 to S3, and
table S1) clearly indicates that the nucleus has
become relatively bluer—i.e., the spectral slope
has decreased as the comet approached perihelion.

Even though only the equatorial regions such
as Imhotep (13) are common for both data sets
(Figs. 1 and fig. S4), due to different seasonal in-
solation conditions, a decrease of about 30% in
the mean spectral slope (12) from 3.6 AU to the
perihelion passage is measured in the common
areas. A decrease of the visible spectral slope was
also reported from VIRTIS observations in the
August to November 2014 time frame (74). In a
water-ice/refractory-material mixture, regions with
bluer colors indicate a higher abundance of water
ice (15, 16), as demonstrated by VIRTIS observa-
tions (8, 9) and as previously observed for the 9P/
Tempel 1 and 103P/Hartley 2 comets (1, 2).

In addition to the change of color, the amount
of phase reddening (the increase of spectral slope
with phase angle) decreased by a factor of two
when the comet approached perihelion in the
2015 observations compared with those from
August 2014 (12, 15), indicating a change in the
physical properties of the outermost layer of the
nucleus. The relatively blue color of the surface
and the decreased phase reddening effect observed
at small heliocentric distances suggest that the

increasing level of activity has thinned the sur-
face dust coating, partially exposing the under-
lying ice-rich layer. This result is in agreement
with the variation of the sublimation rate with
heliocentric distance r reported by (17), consid-
erably steeper (o< ~*?) than the one obtained
from modeling considering the shape of the nu-
cleus and seasonal effects (18). This steepness can
be explained by the observed thinning of the sur-
face dust layer that facilitates the sublimation
during the approach to perihelion. Observations
at 2.2 AU outbound (fig. S3) show that the comet’s
colors redden again as the activity decreases and
is no longer capable of sustained removal of dust.

The increase in water-ice visibility is observed
on the whole surface, indicating that the compo-
sition in terms of dust-to-ice ratio must be sim-
ilar at large scales all over the nucleus. This means
that even the smooth areas commonly thought to
be covered with material that fell back on the
surface (18) must be water-ice rich.

We observed and monitored two bright patches,
of about 1500 m? each (table S2), located in a
smooth area of the Anhur/Bes (13) regions (Fig. 2
and fig. S4), on images acquired on 27 April to
2 May 2015. One of the two patches, patch B in
Fig. 2, was still present in an image acquired on
7 May, yielding a survival time of at least 5 to
10 days. These features are considerably larger
than the meter-scale bright spots previously de-
tected on the 67P comet (10). The VIRTIS spec-
trometer detected the presence of CO, ice in region A
on 21 to 23 March 2015 that had sublimated in less
than 3 weeks (19). On 12 April, the bright patches
were not present yet, but these regions were spec-
trally bluer than the surrounding ones, indicating
a higher water-ice abundance (Fig. 2). On 27 April
and 2 May, the bright patches were clearly vis-
ible and showed a relatively flat spectrum, with a
maximum reflectance four to six times as bright
as the surrounding regions. A water-ice surface
abundance of ~25% linearly mixed with the comet

Spectral slope (%/100nm) [882-535 nm]

12 14

1 Aug 2014 UT14:43, re= 3.6 AU

7]

18 20

30 Aug 2015 UT15:01, rg=1.26 AU

Fig. 1. Spectral slope evolution with heliocentric distance. The August 2014 image was corrected for
the phase reddening from 10° to 70° using the coefficients published in (15) to match the viewing geometry
on the right. See fig. S4 for the morphological regions context.
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Fig. 2. Anhur/Bes ice-rich
patches. Composite
images (882, 649, and
480 nm filters) showing
the appearance of the
bright patches in the
Anhur/Bes regions (A to
D), and associated zooms
(E to H); the arrows indi-
cate two common
boulders. The reflectance
relative to 535 nm and
the normal albedo are
represented in (I) and (J).
The black line represents
the mean spectrum of
the comet from a region
close to the patches.
Dashed and dotted lines
(J) show the best-fit
spectral models to the
patches (associated

uncertainty shown in m T T T T ik T T T T 173

|gray) prptiuced fbtyh the I o A e pach A = patch B ]

inear mixture of the L « patch B g ==
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dark terrain is needed to match the patches’ reflec-
tance (72). Subsequent images covering the Anhur
region were acquired on 4 to 5 June, revealing
that the water ice had fully sublimated from the
surface, leaving a layer spectrally indistinguishable
from the average nucleus (Fig. 2).

We compute the sublimation rate for this pe-
riod by applying the thermal model described in
(18) for both intimate and areal mixtures of re-
fractory material and ice (72). The estimated ice
loss rate ranged from 1.4 to 2.5 kg day ' m™2 for
the intimate mixture and from 0.14 to 0.38 kg
day ™ m™? for the areal mixture cases. By noting
that the permanence of the ice patches was about
10 days, we estimate a solid-ice equivalent thickness
between 1.5 and 27 mm for the ice patches. The
actual thickness of this layer will be up to a factor
of 10 higher due to porosity of the dust/ice mixture.

The appearance and disappearance of water-
ice patches shows that the level of activity is
varying on time scales that are short compared
with seasonal changes of the illumination. These
ice-rich patches indicate a variation of the water-
ice content in the uppermost layers, pointing to
local compositional heterogeneities with scales
of 10s of meters on 67P’s nucleus. The huge width-
to-depth ratio observed in the ice patches would
suggest a near-surface solar-driven process being

1568 23 DECEMBER 2016 » VOL 354 ISSUE 6319

Wavelength [nm]

responsible for enhancement of local ice abun-
dance, resulting from the recondensation of vol-
atiles and sintering of the subsurface material
during previous perihelion passages. Laboratory
results from Kometen Simulation (KOSI) exper-
iments had shown that a considerable fraction
of sublimating ice can be redeposited instead
of being released through the dust mantle (20).
Numerical simulations show that a hardened layer
may form beneath a fine dust mantle (21), a hard
layer that was detected by the Philae lander in the
Abydos site (22). The composition of the icy patches
may be representative of the comet’s near surface.
Occasional local removal of the overlying mantl-
ing material could expose the underlying layer, lead-
ing to an icy surface for limited periods of time.

Approaching perihelion, the nucleus has shown
considerable diurnal color variations on extended
areas and the occurrence of water frost close to
morning shadows. This is evident on the Imhotep
region, where morphological changes were ob-
served (23). Areas just emerging from the shad-
ows are spectrally bluer than their surroundings
(Fig. 3A), while 40 min later, once fully illuminated,
their spectral slope has increased (Fig. 3B). This
phenomenon, observed during other color se-
quences acquired in June and July 2015, and seen
at dawn on different areas on both lobes of the

Wavelength [nm]

comet (12) (fig. S5 and movie S1), is periodic. We
interpret the relatively blue surface at dawn as
the presence of additional water frost that con-
densed during the previous night.

We also observe the presence of fronts of bright
material in the illuminated regions close to rapid-
ly traveling shadows cast by local topography
(Fig. 3). A water-rich fringe near shadows at the
Hapi/Hathor transition was also observed by
VIRTIS (7). The bright fronts move with the
shadows. Modeling of the illumination (fig. S6
and movie S2) shows that the extent of these bright
features directly correlates with the shadow travel
speed, being wider where the shadow speed is
faster and narrower where the shadow speed is
slower.

These fronts are about six times as bright as
the mean comet reflectance. Their spectrum is
globally flat with a flux enhancement in the ul-
traviolet (Fig. 4 and fig. S7), similar to that ob-
served on blue regions of comet Tempel 1 (). An
abundance of about 17% water frost linearly mixed
with the comet dark terrain is needed to match
the reflectance of the bright fronts (72). We inter-
pret these bright features as surface frost, formed
when water vapor released from the subsurface
recondenses after sunset, that rapidly sublimates
when exposed to the Sun. Molecules in the inner
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Spectral slope %/(100 nm) [535-882nm]
|

12 14 16 18 20

27 June, 13:28

I/F(%) at phase angle 90° (360 nm)
2 s ]
0.0 0.1 0.2 0.3 0.4 0.5

14:08

250 m

Fig. 3. Spectral slope changes and frost sublimation. (A and B) Spectral slope maps of Imhotep
region taken 40 min apart. The Sun is toward the top. (C and D) Zoom in radiance factor (I/F) of the regions
indicated by the white rectangle on (A) and (B) showing morning frosts (evidenced by the yellow arrows),
disappearing and moving with shadows. The yellow rectangular region in (C) indicates the area where the
same frost structures are seen 2 weeks later and analyzed in Fig. 4.

11 July 2015, 12:41
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Fig. 4. Reflectance of frost fronts. (A) Bright fronts seen close to shadows on the Imhotep region (see
Fig. 3 for the context). (B and C) Reflectance normalized at 535 nm and normal albedo of three selected
regions [magenta points in (A)]. The dashed line represents the best-fit model, with uncertainties in gray,
including 17 + 4% of water frost linearly mixed to the comet dark terrain.
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coma may also be back-scattered to the nucleus
surface and recondense, contributing to the frost
formation (24, 25). From the shadow travel speed
and the extent of the frost fronts, we calculate an
ice permanence time of about 3 min (72). From
thermal modeling using an intimate mixture, we
estimate a water-ice sublimation rate of about
4 g m™2 min™", from which we infer a total ice
content of about 12 g m 2 for the frost layer, which
is extremely thin (thickness ~10 to 15 um of equiv-
alent solid ice) (table S3). If we assume an areal
mixing, the sublimation rate and total ice content
are lower by a factor of 8. In the absence of direct
temperature measurements of the frost, it is im-
possible to discriminate whether areal or intimate
mixture represents the correct thermal model (7).
In either case, the exposed ice is depleted on short
time scales. In the case of geographical mixing,
however, sublimation rates at the time of the ob-
servations would be so low that a frost perma-
nence time of 3 min would imply a frost layer on
the order of ~1 um solid-ice equivalent. Because
it is questionable whether such a thin layer would
be optically thick, it appears more likely that the
frost patches are intimately mixed with the re-
fractory material. Similar to the observed diurnal
color variations, the recondensation of frosts is
also a periodic phenomenon that takes place
close to topographic shadows, as indicated in
Figs. 3 and 4.

The long-term observations of 67P provide in-
formation on the composition of the outermost
layers of the nucleus. They reveal that ice is abun-
dant just beneath the surface on the whole nucleus,
which, most of the time, is covered by a thin layer
of dust. Hence, the apparent surface composition
is globally dominated by anhydrous refractory mate-
rials (6). The increasing cometary activity while
approaching the Sun progressively thins the dust
surface layer, partially exposing the ice-richer sub-
surface, yielding nucleus’s colors that are bluer
relative to those at large heliocentric distances.

OSIRIS observations show that mixtures hav-
ing high abundance (up to ~30%) of water ice are
occasionally locally present on the nucleus and
that the lifetime of exposed ice is short, on the
order of a few minutes to a few days. However,
no dust-free ice patches were observed even dur-
ing the peak of activity near perihelion, indicat-
ing that water ice and dust are well mixed within
the resolution limit of the images (~2 m pixel ™).
Most of the bright features are observable only
at high spatial resolution and under particular
insolation conditions—i.e., close to the morning
shadows. Similar phenomena presumably take place
on other comets, explaining why cometary nuclei
are so dark even if they have important water ice
abundance. The extended bright patches observed
in the Anhur/Bes regions indicate a local enrichment
of water ice, pointing to compositional heteroge-
neities in the uppermost layers of comet 67P.
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Selective oxidative dehydrogenation
of propane to propene using boron

nitride catalysts

J. T. Grant,! C. A. Carrero,' F. Goeltl,! J. Venegas,> P. Mueller,’ S. P. Burt,”
S. E. Specht,’ W. P. McDermott," A. Chieregato,’ I. Hermans">*

The exothermic oxidative dehydrogenation of propane reaction to generate propene has
the potential to be a game-changing technology in the chemical industry. However, even
after decades of research, selectivity to propene remains too low to be commercially
attractive because of overoxidation of propene to thermodynamically favored CO,. Here,
we report that hexagonal boron nitride and boron nitride nanotubes exhibit unique and
hitherto unanticipated catalytic properties, resulting in great selectivity to olefins. As an
example, at 14% propane conversion, we obtain selectivity of 79% propene and 12%
ethene, another desired alkene. Based on catalytic experiments, spectroscopic insights,
and ab initio modeling, we put forward a mechanistic hypothesis in which oxygen-
terminated armchair boron nitride edges are proposed to be the catalytic active sites.

elective oxidation technology plays a piv-
otal role in the modern chemical indus-
try (Z). The scientific challenge for partial
oxidations is the prevention of consecutive
overoxidation of the desired product, which
is often more reactive than the parent substrate.
The oxidative dehydrogenation of propane (ODHP)
is a contemporary example of such a challeng-
ing reaction. Although propene is conventionally
produced via steam cracking of large hydro-
carbons in naphtha, the more recent trend to
use shale gas as feeds to steam cracker units great-
ly increases the availability of low-cost ethene
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but also results in a gap between demand and
supply of propene, as well as other higher ole-
fins (2, 3). This disparity motivates the explora-
tion of “on-purpose” propene technologies. Even
though nonoxidative propane dehydrogenation
is the emerging technology used today, ODHP
has the potential to improve reaction efficiency
over its nonoxidative counterpart because of fa-
vorable thermodynamics (exothermic and lower
reaction temperatures) and enhanced catalyst sta-
bility (prevention of coke deposition on the cat-
alyst surface). It is estimated that the potential
energy savings for moving to ODHP would be
~45% of the energy consumption (4, 5). This gain
in reaction efficiency, coupled with the facts that
demand for propene is around 100,000 kt and
its production consumes around 1 quad of ener-
gy, illustrates the potential impact of ODHP if it
could be implemented on a large scale. The key

scientific challenge that must be overcome re-
mains, however, the prevention of the facile
overoxidation of propene product into more
thermodynamically stable CO and CO, (CO,).

To date, supported vanadium oxide catalysts
show the most promising activity for ODHP,
owing to the favorable redox properties of the
active vanadium sites (6, 7). However, even after
decades of research, propene selectivity remains
too low, even at moderate propane conversion.
As an example, at 10% propane conversion, the
propene selectivity typically drops to less than
60% for such conventional catalysts. The lack of
kinetic control identifies the need for the dis-
covery of alternative materials with the ability
to better control this partial oxidation (8).

Here, we present both hexagonal boron nitride
(h-BN) and boron nitride nanotubes (BNNTSs) as
metal-free materials able to catalyze the ODHP
reaction. Although graphene and fullerene mate-
rials are emerging as catalysts for partial alkane
oxidations (9-1I), BN materials, one of the “in-
organic analogs” of graphene, have yet to be ex-
plored for their own catalytic activity. A supported
vanadia on silica catalyst (V/SiO,) was used in
this work to make direct comparisons with the
catalytic performance of BN. These materials
were loaded into a quartz tube reactor heated
between 460 and 500°C under flowing propane,
oxygen, and nitrogen as an inert carrier gas.
Reaction parameters—such as temperature,
catalyst mass, total gas flow-rate, and partial
pressures of propane (PcsHg) and oxygen (Po,)—
were varied to observe changes to product dis-
tributions by sampling the reactor exhaust stream
via online gas chromatography and mass spec-
trometry. Gas contact time with the catalyst is
represented in this work as the inverse weight-
hour-space-velocity {WHSV ! [keg-catalyst s (mol
C,;Hg)'T}, which was varied primarily by altering
the total gas flow rate.

Use of BN materials results in extraordinary
selectivity to propene, among the highest re-
ported under ODHP conditions. For instance,
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Rosetta's comet 67P/Churyumov-Gerasimenko sheds its dusty mantle to reveal its icy nature
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Rosetta observes sublimating surface ices

Comets are "dirty snowballs" made of ice and dust, but they are dark because the ice sublimates away, leaving
some of the dust behind on the surface. The Rosetta spacecraft has provided a close-up view of the comet
67P/Churyumov-Gerasimenko as it passes through its closest point to the Sun (see the Perspective by Dello Russo).
Filacchione et al. detected the spectral signature of solid CO5 (dry ice) in small patches on the surface of the nucleus as
they emerged from local winter. By modeling how the CO 5 sublimates, they constrain the composition of comets and
how ices generate the gaseous coma and tail. Fornasier et al. studied images of the comet and discovered bright
patches on the surface where ice was exposed, which disappeared as the ice sublimated. They also saw frost emerging
from receding shadows. The surface of the comet was noticeably less red just after local dawn, indicating that icy material
is removed by sunlight during the local day.

Science, this issue p. 1563, p. 1566; see also p. 1536
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