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The Advanced Photon Source Facility at Argonne National Laboratory

The APS, a national synchrotron radiation research facility operated by UChicago Argonne, LLC, and Argonne National Lab-
oratory for the U.S. Department of Energy (DOE) Office of Science-Basic Energy Sciences, Scientific User Facilities Division, pro-
vides this nation’s brightest high-energy x-ray beams for science. Research by APS users extends from the center of the Earth to
outer space, from new information on batteries, combustion engines and microcircuits, to new and improved pharmaceuticals,
and nanotechnologies whose scale is measured in billionths of a meter. The APS helps researchers illuminate answers to the
challenges of our high-tech world, from developing new forms of energy to sustaining our nation’s technological and economic
competitiveness to pushing back against the ravages of disease. Research at the APS promises to have far-reaching impact on
our technology, our economy, our health, and fundamental knowledge of the materials that make up our world.

The APS occupies an 80-acre site on the Argonne campus, about 25 miles from downtown Chicago, lllinois. It shares a site
with the Center for Nanoscale Materials and the Advanced Protein Characterization Facility.

For directions to Argonne, see https://www.anl.gov/visiting-argonne.

CONTACT UsS

For more information about the APS send an email to apsinfo@aps.anl.gov or write to APS Info, Bldg. 401, Rm. A4113, Ar-
gonne National Laboratory, 9700 S. Cass Ave., Lemont, IL 60439.

To order additional copies of this, or previous, issues of APS Science send email to apsinfo@aps.anl.gov.

To download PDF versions of APS Science back issues go to Visit the APS on the Web at
www.aps.anl.gov/Science/APS-Science www.aps.anl.gov
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ARGONNE NATIONAL LABORATORY 400-AREA FACILITIES
ADVANCED PHOTON SOURCE

(Beamlines, Disciplines, and Source Configuration)
ADVANCED PROTEIN CHARACTERIZATION FACILITY
CENTER FOR NANOSCALE MATERIALS

16-BM-B « 16-BM-D « 16-ID-B « 16-ID-D (HPCAT-XSD) Advanced Protein

15-ID-B,C,D (ChemMatCARS) 17-BM-B (XSD) » 17-ID-B (IMCA-CAT) Ch"mﬁgzaﬁﬁ'é Facility
g.
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12 M Materials Science Esocm E Tandem
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Bldg. 400A Ring 31
4-ID-C + 4-ID-D « 4-ID-E (XSD)
(o Linac 3 28-ID-B,C (IDEA/CHEX-XSD)
\,® 6 :
3D-B,C,D (XSD) & Booster/Injector 32 o/ 29-ID-C,D (XSD)
&y /\

Synchrotron \
S \ 33 - 30-ID-B,C (XSD)
2-BM-A B * 2-ID-D + 2-ID-E (XSD)
4 S
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1
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Utility Building, N ,.C.D.E (DCS)

Bldg. 450
Conference Center, Bldg. 402 PSC_19.8
U.S. DEPARTMENT OF

' Central Lab/Office Building, Bldg. 401 Argon ne 4
Office of Science NATIONAL LABORATORY

APS sectors: At the APS, a “sector” comprises the radiation sources (one bending magnet and nominally one insertion
device, although the number of insertion devices in the straight sections of the storage ring can vary) and the beamlines,
enclosures, and instrumentation that are associated with a particular storage ring sector. The APS has 35 sectors dedicated
to user science and experimental apparatus. X-ray Science Division (XSD) sectors comprise those beamlines operated by
the APS. Collaborative access team (CAT) sectors comprise beamlines operated by independent groups made up of scien-
tists from universities, industry, and/or research laboratories both federal and private.

ii APS Science 2019 - Vol. 2



APS BEAMLINES

Key: Beamline designation « Sector operator « Disciplines «
Techniques - Radiation source energy « User access mode(s) «
General-user status

1-BM-B,C - X-ray Science Division (XSD) - Materials science, physics « Op-
tics testing, detector testing, topography, energy dispersive x-ray diffrac-
tion, white Laue single-crystal diffraction « 6-30 keV, 50-120 keV « On-site
« Accepting general users

1-ID-B,C,E « XSD - Materials science, physics, chemistry « High-energy x-
ray diffraction, tomography, small-angle x-ray scattering, fluorescence
spectroscopy, pair distribution function, phase contrast imaging - 41-136
keV, 45-116 keV - On-site « Accepting general users

2-BM-A,B « XSD - Physics, life sciences, geoscience, materials science «
Tomography, phase contrast imaging - 10-170 keV, 11-35 keV « On-site -
Accepting general users

2-ID-D « XSD . Life sciences, materials science, environmental science «
Microfluorescence (hard x-ray), micro x-ray absorption fine structure,
nanoimaging, ptychography « 5-30 keV . On-site « Accepting general
users

2-ID-E - XSD - Life sciences, environmental science, materials science »
microfluorescence (hard x-ray), tomography « 7-10.5 keV, 11-17 keV « On-
site « Accepting general users

3-ID-B,C,D « XSD - Physics, geoscience, life sciences, chemistry, materials
science « Nuclear resonant scattering, inelastic x-ray scattering, high-pres-
sure diamond anvil cell « 7-27 keV, 14.41-14.42 keV - On-site « Accepting
general users

4-ID-C « XSD -« Physics, materials science « Magnetic circular dichroism
(soft x-ray), x-ray magnetic linear dichroism, x-ray photoemission spec-
troscopy, x-ray photoemission electron microscopy, anomalous and reso-
nant scattering (soft x-ray) « 500-2800 eV . On-site « Accepting general
users

4-1D-D « XSD « Physics, materials science « Anomalous and resonant scat-
tering (hard x-ray), magnetic x-ray scattering, magnetic circular dichroism
(hard x-ray) « 2.7-40 keV . On-site « Accepting general users

4-ID-E « XSD - Materials science, physics « Synchrotron x-ray scanning tun-
neling microscopy « 500-1800 eV - On-site « Accepting general users

5-BM-C - DuPont-Northwestern-Dow Collaborative Access Team (DND-
CAT) - Materials science, polymer science « Powder diffraction, tomogra-
phy, wide-angle x-ray scattering « 10-42 keV . On-site « Accepting general
users

5-BM-D « DND-CAT . Materials science, polymer science, chemistry « X-
ray absorption fine structure, high-energy x-ray diffraction, general diffrac-
tion « 4.5-25 keV, 4.5-80 keV - On-site « Accepting general users

5-ID-B,C,D - DND-CAT - Materials science, polymer science, chemistry «
Powder diffraction, x-ray standing waves, x-ray optics development/tech-
niques, small-angle x-ray scattering, surface diffraction, x-ray reflectivity,
wide-angle x-ray scattering « 6-17.5 keV « On-site « Accepting general users

6-BM-A,B - COMPRES/XSD - Materials science, geoscience « Energy dis-
persive x-ray diffraction, high-pressure multi-anvil press « 20-200 keV -
On-site « Accepting general users

6-ID-B,C « XSD - Physics, materials science « Magnetic x-ray scattering,
anomalous and resonant scattering (hard x-ray), general diffraction, graz-
ing incidence diffraction « 3.2-38 keV . On-site « Accepting general users

6-ID-D - XSD - Physics, materials science « Magnetic x-ray scattering, high-
energy x-ray diffraction, powder diffraction, pair distribution function « 50-
100 keV, 70-130 keV « On-site « Accepting general users

7-BM-B « XSD - Physics « Radiography, tomography, microfluorescence
(hard x-ray) « 5-150 keV, 6-15 keV, 25-55 keV « On-site « Accepting general
users

7-ID-B,C,D « XSD « Materials science, atomic physics, chemistry « Time-re-
solved x-ray scattering, time-resolved x-ray absorption fine structure,

phase contrast imaging - 18 keV, 12-26 keV « On-site « Accepting general
users

8-ID-E « XSD - Materials science, polymer science, physics « Grazing inci-
dence small-angle scattering, x-ray photon correlation spectroscopy -
7.35-7.35 keV, 11-11 keV « On-site « Accepting general users

8-ID-I « XSD - Polymer science, materials science, physics « X-ray photon
correlation spectroscopy, intensity fluctuation spectroscopy, small-angle
x-ray scattering « 6-12.5 keV, 10.9-10.9 keV . On-site « Accepting general
users

9-BM-B,C « XSD - Materials science, chemistry, environmental science -
X-ray absorption fine structure, x-ray absorption near-edge structure « 2.1-
25.2 keV « On-site « Accepting general users

9-ID-B,C - XSD . Chemistry, materials science, life sciences « Nano-imag-
ing, microfluorescence (hard x-ray), coherent x-ray scattering (hard x-ray),
ultra-small-angle x-ray scattering « 4.5-30 keV « On-site « Accepting gen-
eral users

10-BM-A,B - Materials Research (MR)-CAT - Materials science, chemistry,
environmental science, physics « X-ray absorption fine structure « 4-32
keV « On-site « Accepting general users

10-ID-B « MR-CAT - Materials science, environmental science, chemistry «
X-ray absorption fine structure, time-resolved x-ray absorption fine struc-
ture, microfluorescence (hard x-ray) « 4.3-27 keV, 4.8-32 keV, 15-65 keV -
On-site « Accepting general users

11-BM-B « XSD - Chemistry, materials science, physics « Powder diffraction
« 22-33 keV « On-site, mail-in « Accepting general users

11-ID-B « XSD « Chemistry, environmental science, materials science « Pair
distribution function, high-energy x-ray diffraction « 58.66 keV, 86.7 keV -«
On-site « Accepting general users

1-ID-C « XSD - Materials science, chemistry, physics « High-energy x-ray
diffraction, diffuse x-ray scattering, pair distribution function « 105.6 keV -«
On-site « Accepting general users

1-ID-D « XSD - Chemistry, environmental science, materials science «
Time-resolved x-ray absorption fine structure, time-resolved x-ray scatter-
ing « 6-25 keV . On-site « Accepting general users

12-BM-B « XSD - Materials science, polymer science, chemistry, physics,
environmental science « X-ray absorption fine structure, small-angle x-ray
scattering, wide-angle x-ray scattering « 4.5-30 keV, 10-40 keV . On-site »
Accepting general users

12-ID-B « XSD -« Chemistry, materials science, life sciences, polymer sci-
ence, physics « Small-angle x-ray scattering, grazing incidence small-angle
scattering, wide-angle x-ray scattering, grazing incidence diffraction « 7.9-
14 keV « On-site « Accepting general users

12-ID-C,D « XSD . Chemistry, physics, materials science « Small-angle x-
ray scattering, grazing incidence small-angle scattering, wide-angle x-ray
scattering, surface diffraction « 4.5-40 keV - On-site « Accepting general
users

13-BM-C . GeoSoilEnviro Center for Advanced Radiation Sources (GSE-
CARS) - Geoscience, environmental science « Surface diffraction, high-
pressure diamond anvil cell, single-crystal diffraction « 15-15 keV, 28.6-28.6
keV « On-site « Accepting general users

13-BM-D « GSECARS - Geoscience, environmental science « Tomography,
high-pressure diamond anvil cell, high-pressure multi-anvil press « 4.5-80
keV « On-site « Accepting general users

13-ID-C,D « GSECARS - Geoscience, environmental science « Surface dif-
fraction, microdiffraction, x-ray standing waves, x-ray absorption fine struc-
ture, resonant inelastic x-ray scattering, x-ray emission spectroscopy,
high-pressure diamond anvil cell, high-pressure multi-anvil press « 4.9-45
keV, 10-75 keV « On-site « Accepting general users

13-ID-E « GSECARS - Geoscience, environmental science « Microfluores-
cence (hard x-ray), micro x-ray absorption fine structure, microdiffraction,
fluorescence spectroscopy « 2.4-28 keV, 5.4-28 keV « On-site « Accepting
general users

“APS Beamlines’ cont’d. on next page
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“APS Beamlines cont’d. from previous page

14-BM-C - BioCARS - Life sciences « Macromolecular crystallography, fiber
diffraction, biohazards at the BSL2/3 level, subatomic (<0.85 A) resolution,
large unit cell crystallography « 8-14.9 keV « On-site « Accepting general
users

14-ID-B - BioCARS - Life sciences, materials science, physics, chemistry «
Time-resolved crystallography, time-resolved x-ray scattering, Laue crys-
tallography, wide-angle x-ray scattering, biohazards at the BSL2/3 level,
macromolecular crystallography « 7-19 keV « On site « Accepting general
users

15-ID-B,C,D - ChemMatCARS - Materials science, chemistry « Anomalous
and resonant scattering (hard x-ray), microdiffraction, high-pressure dia-
mond anvil cell, single-crystal diffraction, liquid surface diffraction, x-ray
reflectivity « 6-32 keV, 10-70 keV « On-site « Accepting general users

16-BM-B - High Pressure (HP)CAT-XSD - Materials science, geoscience,
chemistry, physics « White Laue single-crystal diffraction, energy disper-
sive x-ray diffraction, phase contrast imaging, radiography, pair distribution
function « 10-120 keV « On-site « Accepting general users

16-BM-D « HPCAT-XSD - Materials science, geoscience, chemistry, physics
« Powder angular dispersive x-ray diffraction, single-crystal diffraction, x-
ray absorption near-edge structure, x-ray absorption fine structure, tomog-
raphy « 6-45 keV . On-site « Accepting general users

16-ID-B « HPCAT-XSD - Materials science, geoscience, chemistry, physics
« Microdiffraction, single-crystal diffraction, high-pressure diamond anvil
cell - 18-60 keV « On-site « Accepting general users

16-ID-D « HPCAT-XSD . Materials science, geoscience, chemistry, physics
« Nuclear resonant scattering, inelastic x-ray scattering (1-eV resolution),
X-ray emission spectroscopy, high-pressure diamond anvil cell « 5-37 keV,
14.41-14.42 keV - On-site « Accepting general users

17-BM-B « XSD - Chemistry, materials science « Powder diffraction, pair
distribution function « 27-51 keV « On-site « Accepting general users

17-1D-B « Industrial Macromolecular Crystallography Association (IMCA)-
CAT . Life sciences « Macromolecular crystallography, multi-wavelength
anomalous dispersion, microbeam, single-wavelength anomalous disper-
sion, large unit cell crystallography « Subatomic (<0.85 A) resolution « 6-
20 keV « On-site, remote « Accepting general users

18-ID-D . Biophysics (Bio)-CAT - Life sciences - Fiber diffraction, micro-
diffraction, small-angle x-ray scattering, time-resolved x-ray scattering -
3.5-35 keV « On-site « Accepting general users

19-BM-D - Structural Biology Center (SBC)-XSD - Life sciences « Multi-
wavelength anomalous dispersion, macromolecular crystallography, sin-
gle-wavelength anomalous dispersion, serial crystallography « 6-13.5 keV
« Remote, on-site, mail-in « Accepting general users

19-ID-D « SBC-XSD - Life sciences « Macromolecular crystallography, multi-
wavelength anomalous dispersion, subatomic (<0.85 A) resolution, large
unit cell crystallography, single-wavelength anomalous dispersion « 6.5-
19.5 keV « On-site, remote, mail-in « Accepting general users

20-BM-B - XSD - Materials science, environmental science, chemistry « X-
ray absorption fine structure, microfluorescence (hard x-ray) « 2.7-32 keV,
2.7-35 keV « On-site « Accepting general users

20-ID-B,C « XSD - Materials science, environmental science, chemistry «
X-ray absorption fine structure, x-ray Raman scattering, micro x-ray ab-
sorption fine structure, microfluorescence (hard x-ray), x-ray emission
spectroscopy « 4.3-27 keV, 7-52 keV « On-site « Accepting general users

21-ID-D - Life Sciences (LS)-CAT - Life sciences - Macromolecular crystal-
lography « 6.5-20 keV « On-site, remote, mail-in « Accepting general users

21-ID-F « LS-CAT - Life sciences « Macromolecular crystallography « 12.7
keV « Remote, on-site, mail-in « Accepting general users

21-ID-G « LS-CAT - Life sciences « Macromolecular crystallography « 12.7
keV « Remote, on-site, mail-in « Accepting general users

22-BM-D . Southeast Regional (SER)-CAT - Life sciences « Macromolec-
ular crystallography, single-wavelength anomalous dispersion, multi-wave-

iv. APS Science 2019 - Vol. 2

length anomalous dispersion « 8-20 keV « On-site, remote « Accepting
general users

22-ID-D « SER-CAT . Life sciences « Macromolecular crystallography, multi-
wavelength anomalous dispersion, single-wavelength anomalous disper-
sion, microbeam « 6-20 keV . On-site, remote « Accepting general users

23-ID-B - National Institute of General Medical Sciences and National
Cancer Institute (GM/CA)-XSD - Life sciences « Macromolecular crystal-
lography, microbeam, large unit cell crystallography, subatomic (<0.85 A)
resolution, multi-wavelength anomalous dispersion, single-wavelength
anomalous dispersion « 3.5-20 keV « On-site, remote « Accepting general
users

23-ID-D « GM/CA-XSD - Life sciences « Macromolecular crystallography,
microbeam, large unit cell crystallography, subatomic (<0.85 A) resolution,
multi-wavelength anomalous dispersion, single-wavelength anomalous
dispersion, serial crystallography « 5-20 keV « On-site, remote « Accepting
general users

24-ID-C - Northeastern (NE)-CAT - Life sciences « Macromolecular crys-
tallography, microdiffraction, single-wavelength anomalous dispersion, sin-
gle-crystal diffraction, microbeam, multi-wavelength anomalous
dispersion, subatomic (<0.85 A) resolution « 6.5-20 keV « On-site, remote
« Accepting general users

24-ID-E « NE-CAT - Life sciences « Macromolecular crystallography, mi-
crobeam, microdiffraction, single-wavelength anomalous dispersion, sin-
gle-crystal diffraction « 12.68 keV « On-site, remote « Accepting general
users

26-ID-C - Center for Nanoscale Materials (CNM)/XSD - Physics, materials
science « Nanodiffraction, nano-imaging, coherent x-ray scattering, syn-
chrotron x-ray scanning tunneling microscopy « 6-12 keV « On-site « Ac-
cepting general users

27-ID-B « XSD - Physics « Resonant inelastic x-ray scattering « 5-14 keV, 5-
30 keV - On-site « Accepting general users

29-ID-C,D « XSD - Physics, materials science « Resonant soft x-ray scat-
tering, angle-resolved photoemission spectroscopy « 250-2200 eV, 2200-
3000 eV . On-site « Accepting general users

30-ID-B,C « XSD - Physics, materials science -« Inelastic x-ray scattering -
23.7-23.9 keV « On-site « Accepting general users

31-ID-D - Lily Research Laboratories (LRL)-CAT - Life sciences « Macro-
molecular crystallography, single-wavelength anomalous dispersion « 9-
13.5 keV « Mail-in « Accepting general users

32-ID-B,C « XSD - Materials science, life sciences, geoscience « Phase
contrast imaging, radiography, transmission x-ray microscopy, tomography
« 7-40 keV -« On-site « Accepting general users

33-BM-C - XSD . Materials science, physics, chemistry « Diffuse x-ray scat-
tering, general diffraction, powder diffraction, x-ray reflectivity, grazing in-
cidence diffraction, anomalous and resonant scattering (hard x-ray) « 5-35
keV « On-site « Accepting general users

33-ID-D,E - XSD . Materials science, physics, chemistry, environmental
science « Anomalous and resonant scattering (hard x-ray), diffuse x-ray
scattering, general diffraction, surface diffraction, surface diffraction (UHV),
x-ray reflectivity « 4-40 keV, 6-25 keV « On-site « Accepting general users

34-ID-C « XSD - Materials science, physics « Coherent x-ray scattering »
5-15 keV « On-site « Accepting general users

34-ID-E « XSD . Materials science, physics, environmental science, geo-
science - Microdiffraction, Laue crystallography, microbeam, microfluores-
cence (hard x-ray) « 7-30 keV « On-site « Accepting general users

35-ID-B,C,D,E - Dynamic Compression Sector (DCS) - Physics, materials
science, geoscience « Time-resolved x-ray scattering, phase contrast im-
aging, radiography « 7-35 keV, 7-100 keV, 24-24 keV - On-site « Accepting
general users

Other abbreviations: AES: APS Engineering Support Division; ASD: Ac-
celerator Systems Division; XSD: X-ray Sciences Division



WELCOME

Stephen Streiffer

June 2020

This issue of our bi-annual highlights roundup includes a bit
of time shifting.

The book features a second batch of articles looking back
on the calendar year 2019 work of our incomparable users and
staff, but included also are some science highlights and other
content driven by the COVID-19 pandemic.

As | write this “Welcome,” Argonne and the APS are just
leaving minimum safe operations status and planning for transi-
tioning to limited operations. The former restricted research at
our facility (and the other DOE light sources) to remote molecu-
lar x-ray crystallography and a few other coronavirus-related
studies, with limited on-site staff and no on-site users. The latter
is allowing us to somewhat broaden the scope of allowable ex-
periments, while maintaining limits on beamline personnel and
continuing to require remote and mail-in experimentation.

Of course, throughout this months-long new reality, we
made the safety of on-site personnel our number one priority,
with new controls in place to help protect against virus transmis-
sion.

Scattered throughout this book are photos and text spot-
lighting some of the APS technicians and engineers who kept
our Upgrade moving forward and kept our facility running, and
APS and non-APS beamline staff who supported remote re-
search on the SARS-CoV-2 virus. These folks, and all the oth-
ers doing similar work, are truly heroes. We cannot possibly say
enough about their dedication to our mission and their expert
work in keeping the APS up and running at this critical time.

The 17 laboratories that comprise the U.S. national labora-
tory complex, which is funded by the Department of Energy
(which also funds the APS), have roots in the World War Il era
(most notably with the Manhattan Project, forerunner of Ar-
gonne) as a way of focusing U.S. scientific and technological re-

sources on a dire threat to our nation and the world. Since then,
the DOE national labs have been “a cornerstone of the United
States’ innovation ecosystem, performing leading-edge re-
search in the public interest.”

Now, history repeats, and the DOE national labs and user
facilities like the APS have been called upon to once again pivot
from a broad range of vitally important research topics to con-
centrate our resources on doing our part to meet another global
threat.

All of us look forward to the end of this pandemic. And all of
us at the APS and in our far-flung and exceptional user commu-
nity also look forward to resumption of the kinds of science
highlighted here, such as how to improve batteries, steel, ce-
ment, catalysts and solar cells; a possible treatment for
Alzheimer’s disease; how strengthening cardiac muscle helps
heart disease; aquifer remediation; and the many other studies
by our users that you can sample in these pages.

There have been many bright spots for the APS and its
users in 2019. Our staff and users continued to collect well-de-
served honors, and our physicists and engineers made great
contributions to advancing the development of innovative accel-
erators, insertion devices, detectors, x-ray beam diagnostics,
and other technologies that are the foundations of our field.

Of course, we are proud of our excellent APS Upgrade
Project, and the Project and APS Operations staff who are as-
sembling what promises to be a groundbreaking addition to our
nation’s research facility portfolio. (Speaking of groundbreaking:
we expect to break ground in 2020 for the long-beamline build-
ing that is part of the Upgrade Project.)

We know that brighter days are ahead for all of us.
Stephen Streiffer
Argonne Associate Laboratory Director for Photon Sciences and

Director, Advanced Photon Source
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The APS Upgrade: Full Speed Ahead

June 2020

A project like upgrading the
Advanced Photon Source (APS)
is @ massive endeavor. It re-
quires years of planning and de-
sign work before anything can
be built, and review after review
by the U.S. Department of En-
ergy (DOE) to make sure we are
on track and have properly esti-
mated our schedule and budget. This is all important and

Robert Hettel

necessary work on the path toward a fully realized project.

2019 was the year that the execution phase of the
APS Upgrade (APS-U) project — which will see the original
APS storage ring replaced with a newly designed, multi-
bend achromat lattice, with many more bending magnets
and magnet-focusing cells that will increase the instru-
ment’s brightness up to 1,000 times — received the green
light. In July 2019, the DOE granted the upgrade a Critical
Decision 3 (CD-3) approval, officially beginning the start of
the construction phase. Also included in the project are
nine “feature beamlines” that will exploit the very high
brightness and transverse coherence of the x-ray pro-
duced in the new ring, two of which will be housed in a
new Long Beamline Building (LBB); many new permanent
magnet and superconducting insertion devices; and en-
hancements to several existing x-ray beamlines.

CD-3 is a major milestone for the project, and | want to
take a moment to thank everyone who got us to this point.
I’'m grateful to our DOE partners in the Basic Energy Sci-
ences Scientific User Facilities Division for their expert
guidance, to Argonne Director Paul Kearns and Laboratory
management for their unflagging support, to APS Director
Stephen Streiffer, APS-U Project Manager Jim Kerby, and
Deputy APS-U Project Manager Elmie Peoples-Evans for
their consistent leadership. And | thank the entire APS-U
team and our partners in APS Operations, without whom
this project would not be possible.

If there is a theme that describes our 2019 and be-
yond, it is this: full speed ahead.

Our current schedule has the APS suspending opera-
tions in June of 2022 for one year as we replace the cur-
rent storage ring. We will see a flurry of activity between
now and then, with work proceeding on the components
for the storage ring, the new upgraded front ends, new in-
sertion devices, new scientific instruments, and the nine
new and 15 enhanced beamlines that, together with the
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LBB, will enable new types of research. The CD-3 ap-
proval gave the APS-U Project the authority to procure the
necessary components to move forward. Here are just
some of the achievements to date:

« Acceptance-tested more than 400 lattice magnets, out
of the 1321 total needed for the upgrade project multi-
bend achromat storage ring; the magnets (dipoles,
quadrupoles, and sextupoles) are all being carefully
measured upon arrival

«Received and tested dozens of magnet power supplies;

-Received first articles of the precision beam position
(BPM) monitor processing units and successfully tested
the first BPM vacuum chamber assembly

- Installed three shielded enclosures at beamline 28-I1D
and began installation on five shielded enclosures at
beamline 25-ID

« Installed BPMs at Sector 25 after receiving them from
our colleagues at Brookhaven National Laboratory

« Began construction of two of the nine new beamlines

« Conducted the first design review of the LBB

- Designs of the accelerator and beamlines are well ad-
vanced, and the final design of the new beamline instru-
ments progressed with help from our partner labs

Our goal for the near term is to finalize all designs and
execute the contracts necessary for the project. Once
completed, the APS will be a global leader among the
fourth-generation storage-ring x-ray light sources deliver-
ing not only world-class, intensely bright hard x-rays, but
tightly focused ones as well.

The upgraded APS will allow our users to conduct
small-beam scattering and spectroscopy, coherent scatter-
ing and imaging, and x-ray photon correlation spec-
troscopy at resolutions unattainable by today’s x-ray light
sources. It will allow researchers to see things at scale
they’ve never seen before. This extreme level of detail will
enable new discoveries in biofuels, energy storage, medi-
cine, and other fields, and help us betterv understand
everything from the structure of the Earth to the makeup
of the human brain.

When it is completed, it will be thanks to the dedi-
cated people who worked and are working tirelessly to
bring this project to fruition. With all of us working to-
gether, the APS-U will be a brilliant jewel in the crown of
the DOE science mission.

Robert Hettel, Project Directot,
Advanced Photon Source Upgrade



Working Safely on the APS Upgrade during MinSafe Operations

Work was ongoing for the APS Upgrade Project dur-
ing Argonne’s minimum safe operations status in re-
sponse to the COVID-19 pandemic between March and
June, 2020, when Argonne on-site staff was severely lim-
ited. Even under those trying circumstances the dedica-
tion of APS people kept the APS Upgrade Project moving
ahead. Here a few of those people.

Kris Mietsner (APS Engineering Support Division Survey and
Alignment Group) at the APS-U Magnetic Measurement Labora-
tory in Bldg. 369, collecting data from an APS-U storage ring
quadrupole magnet for analysis — this is called fiducializing the
magnet. These data are used for aligning magnets to each
other in a module assembly.

CJ Sarne (APS Engineering Support Division Mechanical Oper-
ations and Maintenance Group) at the APS-U Magnetic Meas-
urement Laboratory in Bldg. 369, preparing to carry out a
hydrostatic pressure test on quadrupole magnets for the APS
Upgrade multi-bend achromat storage ring.

Spiro Skiadopoulos (APS Engineering Support Division Me-
chanical Engineering and Design Group) at the APS-U Magnetic
Measurement Laboratory in Bldg. 369, analyzing the magnet
data collected by Kris Mietsner.

Mike Johnson (APS Engineering Support Division Mechanical
Operations and Maintenance Group) at the APS-U Magnetic
Measurement Laboratory in Bldg. 369, verifying that the mag-
net polarity is correctly marked.

Technician Senior Bob Furst (APS Engineering Support Division
Mechanical Operations and Maintenance Group) at the APS-U
Magnetic Measurement Laboratory in Bldg. 369, testing the
pole tips on sextupole magnets for the APS Upgrade multi-
bend achromat storage ring.

Argonne National Laboratory 3



Access to Beam Time at the Advanced Photon Source

Five types of beam-time proposals are available at the APS: general user, partner or project user, collaborative access
team (CAT) member, CAT staff, and APS staff. All beam time at the APS must be requested each cycle through the web-
based Beam Time Request System. Each beam-time request (BTR) must be associated with one of the proposals mentioned
above.

GENERAL-USER PROPOSALS AND BTRS Proposals are peer reviewed and scored by a General User Proposal Review Panel,
and time is allocated on the basis of scores and feasibility. A new BTR must be submitted each cycle; each cycle, allocation
is competitive. Proposals expire in two years or when the number of shifts recommended in the peer review has been uti-
lized, whichever comes first.

PARTNER- OR PROJECT-USER PROPOSALS AND BTRS Proposals are peer reviewed by a General User Proposal Review
Panel and reviewed further by a subcommittee of the APS Scientific Advisory Committee and by APS senior management.
Although a new BTR must be submitted each cycle, a specific amount of beam time is guaranteed for up to three years.

CAT-MEMBER PROPOSALS from CAT members are typically much shorter and are reviewed by processes developed by in-
dividual CATs. Allocation/scheduling is determined by each CAT’s management.

CAT AND APS STAFF-MEMBER PROPOSALS AND BTRS These proposals are also very short and are reviewed through
processes developed by either the CAT or the APS. Each CAT/beamline determines how beam time is allocated/scheduled.
Collaborative access team and/or APS staff may submit general-user proposals, in which case the rules for general-user
proposals and BTRs are followed.

In addition to the above, the APS has developed an industrial measurement access mode (MAM) program to provide a
way for industrial users to gain rapid access for one-time measurements to investigate specific problems. A MAM proposal
expires after one visit. The APS User Information page (www.aps.anl.gov/Users-Information) provides access to comprehen-
sive information for prospective and current APS users.
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Engineering Materials and
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tionship to wrist angle, suggesting that the feathers are
underactuated, which in robotics means that the system
has more degrees of freedom than actuators, and is a typi-
cal feature of efficient systems. In this case, the feathers’
underactuation results rom the connective tissues’ elastic-
ity, which passively redistributes overlapping feathers.

Next, the team investigated how neighboring pairs of
feathers stick together to avoid gaps during wing exten-
sion. With help from researchers at the Smithsonian Insti-
tute and the California Council on Science and Technol-
ogy, they visualized (Fig. 1) the microstructures that
interlock the feathers using scanning electron microscopy
(SEM) at the Smithsonian National Museum of Natural His-
tory and high-resolution computed-tomography (CT) x-ray
imaging at the XSD 2-BM beamline at the APS.

The researchers found that feather microstructures,
known as “lobate cilia,” latch onto as many as hundreds of
hooked structures, called “rami,” in a probabilistic fashion.
This property is also seen in bur fruit hooks, which led to
the development of Velcro®. Additionally, the feather fas-
tening is highly directional, as demonstrated by sticky
gecko feet. This is the first time that both properties have
been demonstrated by a single structure.

To test their findings about the feathers’ elastic-en-
abled redistribution and directional fastening, the team
built a biohybrid aerial robot equipped with underactu-
ated pigeon flight feathers (previous page). They con-
firmed in outdoor and wind tunnel experiments, under
low and high turbulence, that both features were crucial
during flight: the directional fastening kept the feathers
from separating and the elastic underactuation moved
unlocked feather into place.

The researchers propose that the observed fastening
mechanism likely appears across bird species based on
three pieces of evidence. One, the lobate cilia structure is
found in many species. Two, the team discovered fasten-
ing forces in more than a dozen bird species, including
merlins and ospreys. However, this excludes silent flyers
such as barn owls, and high-resolution CT scans of owl
feathers confirmed that they lack the telltale lobate cilia
and rami for fastening. And finally, by measuring the fas-
tening forces, they found that the forces ended up being a
similar fraction of body weight for a range of body sizes.

— Tien Nguyen

See: Laura Y. Matloff', Eric Chang', Teresa J. Feo??, Lindsie Jef-
fries', Amanda K. Stowers', Cole Thomson', and David Lentink™,
“How flight feathers stick together to form a continuous morph-
ing wing,” Science 367, 293 (17 January 2020). DOI: 10.1126/sci-
ence.aaz3358

Fig. 1. (A) Diagram of flight feather, view of obverse (dorsal) sur-
face; purple lines indicate example positions of images (i.e., SEM
or CT) or measurements along length of feather. (B) Diagram of
flight feather cross-section, view from feather base, purple points
indicate example positions of images (i.e., SEM or CT) or meas-
urements along the width of the feather vane. (C) Diagram of
overlapping feather pair, view of obverse (dorsal) surface. Dark
grey shading indicates region of overlap. Blue line at outer edge
of rachis at midpoint of underlapping feather indicates basis for
all angle measurements for a given feather pair. (D) Diagram of
overlapping feather pair cross-section, view from feather base.
Dark grey shading indicates region of overlap. (E) SEM of outer
vane of overlapping feather, view of reverse (ventral) surface.
Image reflected across vertical axis to maintain outer vane to left
of page and tip of feather to top of page. (F) Beamline CT cross-
section of outer vane of overlapping feather, view from feather
base. (G) 3-D render from beamline CT dataset of outer vane
ramus of overlapping feather. (H) SEM of inner vane of underlap-
ping feather, view of obverse surface. (I) Beamline CT cross-sec-
tion of inner vane of underlapping feather, view from feather
base. Cross-section locally perpendicular to long axis of rami. (J)
3-D render from a beamline CT dataset of a distal barbule (par-
tial) from inner vane of underlapping feather. Renders are viewed
from the tip and have been reflected to match the SEM and
beamline CT. From L.Y. Matloff et al., Science 367, 293 (17 Janu-
ary 2020). © 2020 American Association for the Advancement
of Science. All rights reserved.

Author affiliations: 'Stanford University, 2Smithsonian Institution,
3California Council on Science and Technology
Correspondence: * dlentink@stanford.edu

This project was supported by Air Force Office of Scientific Research
(AFOSR) Basic Research Initiative award number FA9550-16-1-0182 and
AFOSR Defense Enterprise Science Initiative award number FA9550-18-
1-0525, with special thanks to B. L. Lee, F. A. Leve, and J. L. Cambier
leading the program. T.J.F. was supported by National Science Founda-
tion (NSF) PRFB 1523857. E.C. and L.J. were supported by a NSF GRFP
fellowship, A.K.S. by a NDSEG fellowship, and D.L. by a NSF CAREER
award 1552419. This research used resources of the Advanced Photon
Source, a U.S. Department of Energy (DOE) Office of Science User Facil-
ity operated for the DOE Office of Science by Argonne National Labora-
tory under Contract No. DE-AC02-06CH11357.
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Resolving Some Mysteries of
Cement Formation

ement is a mineral-based material that binds together sand and rock to form concrete.

Although the use of cement stretches back into antiquity, and in spite of decades of sci-

entific inquiry, the exact process by which it transforms from a fresh paste into a solid
largely remains a mystery. To shed light on this process, researchers utilized complementary im-
aging methods at the APS to continuously monitor changes in cement as it hardened over the
first 15 h of hydration at nano- and micro-scale resolutions. Recording the changes to large
numbers of particles over the first few hours of hydration allowed the researchers to draw im-
portant inferences about the mechanisms driving cement hydration. It is anticipated that the in-
sights gained will aid in optimizing cement ingredients and processes to provide the most
durable and cost-effective concrete for different applications.

Fig. 1. Tomographic imaging showing the 3-D evolution of three
cement particles over time. All length and volume measure-
ments are in microns. Imaging begins during the induction
phase (1.2 h), when heat output from the hydration process is
lowest, and continues for nearly 15 more hours. Green colors
are regions with lower x-ray absorption, indicative of minerals
dissolved in solution, voids, and low-mass mineral compounds.
Dark gray indicates solid, high-absorption materials. The imag-
ing indicates that particle evolution depends strongly on size,
with smaller particles tending to dissolve and larger precipi-
tates grow through Ostwald ripening.
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Portland cement is the world's most popular type of
cement. It is produced by first mixing together limestone,
which is mostly composed of calcium carbonate (CaCO,,
along with minerals containing aluminum, iron, sulfur, and
other elements. This mixture is then ground up and baked
at high heat, forming small, dry lumps called “clinker.” The
clinkers are subsequently milled into a powder, along with
other ingredients to form finished Portland cement.

Adding water to cement initiates a cascade of com-
plex exothermic chemical reactions collectively referred to
as hydration. During hydration the cement begins as a
slurry and increasingly hardens over time as different
types of mineral compounds are formed.

Traditional studies have most often measured the
large-scale physical and chemical properties of cement as
it hardens. For instance, heat flow measurements show
that hydration initially produces considerable heat for sev-
eral minutes before falling to a minimum after an hour or
so (the induction period), and then rapidly rising again (the
acceleration period). Likewise, by examining cement sam-
ples extracted at various stages of hydration, chemists
have identified the formation of many different types of
minerals.

Scientists have also examined cement at the micro-
scopic scale using techniques such as electron and x-ray
microscopy. To do this, scientists stop the hydration
process with alcohol or acetone to remove water prior to
imaging.

Unfortunately, studying the bulk properties of cement
during hydration cannot provide details about the micro-
scopic mechanisms driving the process. Conventional mi-
croscopy methods have also proven to be inadequate. For
one thing, applying a drying agent to halt hydration can al-
ter the cement's microscopic structure and chemistry.
Moreover, many x-ray techniques cannot fully penetrate
the mineral sample, while particle movement has largely
frustrated attempts at x-ray tomography (three-dimen-
sional [3-D] imaging) due to the required hours-long expo-
sure times. The inadequacies of previous investigations
have left many fundamental questions unanswered, partic-
ularly about the induction and acceleration periods of hy-
dration.

The key was the advanced imaging methods em-
ployed by the research team from Oklahoma State Univer-
sity and Princeton University, together with colleagues
from the APS and the Argonne Center for Nanoscale Ma-

terials. The methods consisted of fast-computed tomogra-
phy and nano-computed tomography, both carried out at
XSD beamline 2-BM-A,B of the APS. The authors note that
this was possible because of advances in x-ray beamline
detector design and the high photon flux afforded by the
APS. The two imaging techniques allowed 3-D imaging of
particles at multiple length scales, from micron-sized parti-
cles down to nano-sized ones. These imaging techniques
relied on the highly penetrating power of the APS x-ray
beam, which required only seconds to obtain a 3-D tomo-
graphic data set. A new tomograph was produced every
10 min over approximately 15 h of sample hydration. After
gathering the x-ray data, a region measuring around 1 mm
across by 0.1 mm tall was selected for processing, allowing
some 60,000 particles to be imaged.

Figure 1 shows the dramatic evolution of three parti-
cles, each representing a different size range. The 3-D im-
ages were captured near the end of the induction phase
and continued throughout the acceleration phase.

The researchers in this study drew a number of broad
conclusions from the accumulated 3-D images and meas-
urements of particle composition. For instance, both mi-
cron-scale and nano-scale particles exhibit uneven growth
and dissolution on their surfaces. However, size does mat-
ter: during the induction phase particles larger than 20 mi-
crons across accumulated minerals with a high x-ray ab-
sorption on their surfaces, while the surfaces of smaller
particles mostly exhibited mineral dissolution. It is hoped
that these and other conclusions drawn from the multi-
scale imaging methods will improve control over the in-
duction and acceleration phases of cement. — Philip Koth

See: Masoud Moradian™, Qinang Hu', Mohammed Aboustait!, M.
Tyler Ley', Jay C. Hanan', Xianghui Xiao?, Volker Rose?, Robert
Winarski?, and George W. Scherer?, “Multi-scale observations of
structure and chemical composition changes of portland cement
systems during hydration,” Constr. Build Mater. 212, 486 (2019).
DOI: 10.1016/j.conbuildmat.2019.04.013

Author affiliations: 'Oklahoma State University, 2Argonne Na-
tional Laboratory, *Princeton University

Correspondence: * Masoud.Moradian@okstate.edu

This work was sponsored by funding from the Federal Highway Admin-
istration (FHWA) Exploratory Advanced Research (EAR) program and
funding from the United States National Science Foundation CMMI
1150404 CAREER Award. This research used resources of the Advanced
Photon Source, a U.S. Department of Energy (DOE) Office of Science
User Facility operated for the DOE Office of Science by Argonne Na-
tional Laboratory under Contract No. DE-AC02-06CH11357.
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Adding Stress Alters Material Aging

etallic glasses are popular for a wide variety of uses, from cell phone cases to medical
devices to sports equipment to electrical transformers. These alloys, which are glass-
like because of their disordered atomic structure, are strong, elastic, resistant to cor-
rosion, and can even have desirable magnetic or surface properties. Over time, however, that
atomic structure can change, leading to degradation of their properties. Scientists had so far fo-
cused on aging as a function merely of time and temperature, but now researchers working at
the APS have shown that mechanical stress plays a role, too. In fact, stress might even be

applied to reverse the aging process.

Fig. 1. Over time and at room temperature, an unstressed metallic
glass relaxes in an expected way (left). This is called “aging.” In
contrast, adding a mechanical stress alters the dynamics dramati-
cally (right), as revealed by x-ray photon correlation spectroscopy
at the APS. Figures adapted from A. Das et al., Nat. Commun. 10,
5006 (2019). © 2019 Springer Nature Limited
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Unlike crystals, metallic glasses are amorphous. Over
time, and increasingly with higher temperature, atoms in
the structure may shift to a lower-energy state, moving to
a different position and causing the material to relax (Fig.
1). A piece of metallic glass sitting on a shelf might shrink
slightly, or become more brittle. Depending on time and
temperature, the material may experience changes in
strength, toughness, ductility, elasticity, hardness, and
density. Scientists have referred to the time and tempera-
ture dependence of these changes as a universal aging
process. It turns out, however, that stress breaks that uni-
versality by altering how atoms within the material re-
arrange themselves.

To study the process, the researchers from the Univer-
sity of lllinois at Urbana-Champaign, the Paul Scherrer In-
stitute (Switzerland), and Argonne used metallic glass bars



made of an alloy of zirconium, titanium, copper, nickel, and
aluminum and performed x-ray photon correlation spec-
troscopy measurements on them at XSD beamline 8-ID-E
at the APS (Fig. 2). The x-rays produce a speckle pattern
based on the positions of atoms within the material. Re-
searchers then applied a load to bend the bar, and re-
peated their measurements. They bent the bar to a higher
load and measured it again. Finally they took a second
piece from the same bar and bent it in the opposite se-
quence, and performed the measurements on that. In all,
they recorded measurements every 10 sec over the
course of many hours. Such a study is only possible with a
synchrotron like the APS, which produces a coherent x-ray
flux and allows both small-angle and wide-angle scattering
experiments. The scattered x-rays are collected in a de-
tector containing 1 million pixels. While the overall intensity
of the image on the detector does not change, the inten-
sity can vary between pixels over time. Because the scat-
tering intensity is very sensitive to the position of the un-
derlying atoms, changes in pixel intensity show how the
atoms are moving, and studying the phenomenon over
time shows how fast that movement takes place.

The unloaded sample showed the universal aging be-
havior that would be expected, and some of the results
with loaded samples showed stress producing the same
relaxation effects as temperature-driven aging. Other
measurements, however, showed structural changes slow-
ing or even reversing in response to stress. In general, the
relaxation time of the material increased with the magni-
tude of applied stress.

Having shown that stress changes aging behavior, the
researchers’ next step will be to figure out which condi-
tions produce which alterations. Currently, to reverse ag-
ing in a metallic glass, the only option is to melt it down
and recast it, which can be expensive. The researchers
hope to work out protocols for applications of stress —
how much, for how long, whether it should be tensile or
compressive stress — that might allow them to control the
atomic structure enough to rejuvenate aging materials.

They would also like to design a new experiment to
measure the changes that happen immediately after the
application of the load. In this case, there was a lag be-
tween when they applied the stress to the metallic glass
bars and when they subjected them to the x-rays, which

Fig. 2. In situ four-point bending test. A coherent x-ray beam
from a synchrotron source is focused and slitted down to form
a 10-um x10-um probe on the sample surface. The x-ray beam
position away from the neutral axis determines the sign of the
applied stress. Photons from only 1° of scattered angular range
are collected for correlation spectroscopy.

could mean they missed many changes at the beginning
of the process. The APS Upgrade 8-ID beamline will
speed up such measurements by factors of 100-10,000,
enabling faster studies with periodic cycling of stress.

— Neil Savage

See: Amlan Das', Peter M. Derlet?, Chaoyang Liu', Eric M.
Dufresne®, and Robert MaaR™, “Stress breaks universal aging
behavior in a metallic glass,” Nat. Commun. 10, 5006 (2019).
DOI: 101038/s41467-019-12892-1

Author affiliations: 'University of Illinois at Urbana-Champaign,
2Paul Scherrer Institute, *Argonne National Laboratory
Correspondence: * rmaass@illinois.edu
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Battling Parasitic Reactions for
Better Batteries

batteries. For example, one promising material that could make batteries more powerful,

nickel (Ni)-rich lithium nickel manganese cobalt oxide, becomes unstable at higher
voltages over multiple charging/discharging cycles due to parasitic reactions at the interface be-
tween electrode and electrolyte. To get a better handle on these parasitic reactions and the
impact they have on battery durability, researchers studied a model system, chemically modified
LiNi, ¢Mn,,0, (NMC 622), using the APS. Indeed, knocking down the parasitic reactions demon-
strated myriad benefits to the battery life, suggesting that surface modification could be an ef-
fective approach to producing robust, long-lasting, and powerful battery materials.

l ' nwanted side reactions, commonly referred to as “parasitic reactions,” are the bane of
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Ni-rich NMCs are high-capacity cathode materials for
lithium-ion batteries, but they have poor cycling stability at
potentials above 4.3 V relative to standard Li/Li" reference.
The poor cycling stability has been pinned on parasitic re-
actions, which mostly consist of complicated chemical re-
actions involving electron transfer between the delithiated
cathode material and the electrolyte. Based on earlier re-
search, the research team from Argonne National Labora-
tory, the University of Arkansas, and Stanford University
figured out that the parasitic reaction at a potential below
4.5V is dominated by the chemical reaction between the
delithiated (the incorporation of lithium into an electrode
in a lithium-ion battery) cathode material and the elec-
trolyte. Above 4.5V, the dominant parasitic reaction is the
direct electrochemical oxidation of solvent molecules. Re-
gardless of the parasitic reactions details, the end result is
that the cathode gets coated in oxidized solvent mole-
cules — largely oxidized solvent molecules — that pose a
detrimental impact on the life of the cathode material.

In this study, the team explored a strategy for protect-
ing NMC-622 from parasitic reactions by covering it with
TiO,. This material is well known for its ability to protect
cathodes. The researchers chemically modified NMC-622
with TiO, using the atomic layer deposition (ALD) tech-
nique. This method allowed them to create strong chemi-
cal bonds between the titanium atom and naturally exist-
ing surface hydroxyl sites on NMC-622 particles. The TiO,
layer on the surface of NMC622 acts as a physical barrier
to suppress the electron transfer reaction between the
solvent molecules and the cathode materials, leading to a
reduced level of proton-bearing species and a better elec-
trochemical performance of the cathode material.

To get a handle on how titanium distributed on the
NMC particles, the researchers turned to elemental map-
ping via synchrotron x-ray fluorescence (XRF) and high-en-
ergy x-ray diffraction (HEXRD) experiments carried out at
beamlines XSD beamlines 2-ID-E and 11-ID-C, respectively,
of the APS, as well as scanning electron microscopy at Ar-
gonne’s Center for Nanoscale Materials. The XRF tech-
nique can show where particular elements map onto a

< Fig. 1. (@) XRF elemental mapping of the 20 ALD cycle-treated
NMC electrodes for Ti, Ni, Mn, and Co. (b) HEXRD patterns of
the 100 ALD cycle-treated and bare NMC electrodes under
pristine condition. (c) Deconvolution of the overlapping diffrac-
tion peaks from both NMC and Al current collectors for the two
samples.

surface. The data (Fig .1a) showed a uniform distribution of
titanium on the electrode surface. Next, the researchers
looked at the underlying structure of the NMC particles to
see the impact of chemical modification using HEXRD.
The HEXRD diffraction patterns (Fig. 1b) did not differ be-
tween modified and unmodified NMC particles, suggest-
ing that ALD did not change the atomic structure of the
material.

In addition, the research team deployed a prototype
high-precision leakage current measurement system to
quantitatively measure the rate of parasitic reactions oc-
curring at the interface of the cathode materials at various
working potentials. A negative correlation between the
measured leakage current and the capacity retention of
the cathode material was established. As expected, the
surface modification with TiO2 leads to a reduction in oxi-
dized solvent molecules that minimized impedance hike at
the interface and that improved cycling stability of the
cathode material. The authors report that this is a proof-of-
principle step showing that it's possible to reduce parasitic
reactions by surface modifications of the cathode and to
design advanced batteries.

The upgraded APS will allow for focusing the beam
down to submicrometer size enabling the structural analy-
sis of buried interlayers like in battery materials using
high-energy x-rays. — Erika Gebel Berg
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Boosting the Performance of Li-S Batteries

ithium-sulfur (Li-S) batteries boast a theoretical energy density that is 10-fold

greater than the energy offered by today’s best lithium-ion batteries. Yet for a

decade, researchers have struggled to make such powerful Li-S batteries a
reality. One limiting factor for this type of battery is sulfur’s poor electronic conduc-
tivity. Scientists have made some progress on this front by introducing conductive
materials into the cathode such as carbon or selenium, which are more promising
because of their electrochemical activity, but researchers still face a challenge known
as the “shuttle effect.” This effect comes from the formation of polysulfide and pol-
yselenides compounds, which degrade the battery over time and lower its overall
capacity. Now, researchers have developed a new Se-doped cathode material that
minimizes the unwanted shuttle effect to achieve high capacities. Using synchrotron
x-ray analysis at the APS, the team showed that the battery’s improved performance
owes to the formation of a robust solid-electrolyte interphase (SEI). These findings
emphasize the importance of the SEI layers and the authors suggest that their work
will spark more research focused on optimizing these layers.

Fig. 1. Using x-ray synchrotron data, researchers found that an
HFE-based electrolyte promotes a solid-solid mechanism, re-
sulting in high-energy capacities for a Se-doped Li-S battery.

Despite Li-ion batteries’ long reign in the electronics world, powering everything from
smart phones to electric cars, these batteries provide a fraction of the theoretical energy
offered by other cathode materials. Classic Li-ion batteries with a lithium cobalt oxide
cathode can reach energy densities up to 250 W h/kg, whereas Li-S batteries have densi-
ties up to about 2600 W h/kg. Although sulfur is abundantly available, the element brings
with it two inherent limitations as a battery material.

First, sulfur is a poor electronic conductor. To resolve this issue, researchers have
added materials like carbon. While this improves the cathode’s overall conductivity, car-
bon can’t participate in electrochemical reactions, reducing both its effectiveness as a
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cathode material and the battery’s overall capacity. As an
alternative additive, scientists have introduced selenium,
which is 25 times as conductive as sulfur and also electro-
chemically active, offering similar levels of energy capacity
to sulfur. Selenium, however, suffers from the same, and
second, major issue that sulfur does inside a battery: the
shuttle effect.

Now, scientists at Argonne have developed a mixed
cathode material called S,, ,Se/Ketjenblack that over-
comes the shuttle effect to achieve excellent electro-
chemical performance, delivering a capacity of more than
1000 mAh/g within 50 cycles. To develop this high-perfor-
mance material, the team undertook an investigation of its
physical properties.

The researchers prepared a range of Se-S com-
pounds, analyzing their structure via high-energy x-ray dif-
fraction experiments carried out at XSD beamlines 11-ID-C
and 11-ID-D of the APS, and in operando x-ray absorption
near edge structure experiments on the Se K-edge at XSD
beamline 20-BM-B of the APS. The team found that as
they increased the selenium content, the theoretical ca-
pacity and electronic conductivity increased as well.
Based on these findings, the researchers chose S Se, as
a model material.

Then, they explored how S Se, performed when
paired with conventional ether-based electrolytes. While
conventional ether-based (DME) electrolytes resulted in
severe shuttle effects, a hydrofluoroether-based (HFE)
electrolyte showed minimal shuttle effects (Fig. 1). Based
on x-ray diffraction data collected during the electrochem-
ical reaction, the authors found that the HFE-based elec-
trolyte promotes a solid-solid lithiation and delithiation
mechanism (Fig. 2). This mechanism, confirmed by 7Li
NMR and x-ray absorption near-edge spectroscopy exper-
iments, bypasses the formation of soluble polysulfides
and polyselenides for superior battery performance.

The team proposes that the advantageous solid-solid
mechanism arises from the formation of an solid-elec-
trolyte interface layer, observed via x-ray photoelectron
spectroscopy. The layer protects the Se-S material from
attack by electrolyte molecules to enable a solid-state re-
action. The researchers suggest that S;Se, molecules are
encapsulated in the Ketjenblack carbon pores, which also
helps keep them away from the electrolyte. Notably, the
HFE-based electrolyte enabled the use of large porous
carbon, which is crucial for high-loading batteries that
could lead to increased volumetric energy for batteries.

— Tien Nguyen

Fig. 2. Schematic illustration for different lithiation mechanism
of Se-S cathodes in HFE-based and DME-based electrolytes.
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Unraveling the Mechanisms Responsible for
Hydrogen Embrittlement of Steel

xposure to hydrogen gas (H,) causes the embrittlement of steel, a phenomenon first ob-

served nearly 150 years ago. Embrittlement means that the steel's ductility is reduced. Al-

though this process has been extensively examined using a variety of analytical techniques,
such as optical imaging and electron microscopy, the mechanisms, or combination of mecha-
nisms, that are chiefly responsible for hydrogen-induced embrittlement remain unclear. One of
the challenges encountered when investigating hydrogen embrittlement is that the sample being
examined is usually removed from the hydrogen environment prior to analysis. This precludes
real-time imaging of the hydrogen/steel dynamic. To address this limitation, researchers using
the APS carried out the first application of high-energy x-ray diffraction (HEXD) to a steel sample
during H, exposure. Analysis indicates that the hydrogen-induced embrittlement arose from a
combination of two distinct mechanisms. Understanding the primary mechanisms responsible
for steel embrittlement caused by H, exposure should help materials scientists develop strategies
to ameliorate this problem, which has important ramifications for hydrogen storage and transport,
as well as being a prerequisite for realizing a future hydrogen economy.

External forces acting on a steel ob-
ject are translated into microscopic defor-
mations and stresses within its polycrys-
talline structure. If the magnitude of these
stresses is sufficiently large, microscopic
fatigue cracks will form and propagate
over time. Crucially, under the same ex-
ternal loading conditions, any fatigue
cracks exposed to hydrogen will grow 10
to 100 times faster than those exposed to
air. Microscopic fatigue cracks in steel are
shown in Fig. 1. The crack in the upper
panel formed in air, while the lower crack
formed in H,.

Numerous mechanisms have been
proposed to explain the significantly
higher fatigue crack growth observed in
steels exposed to hydrogen. The two
mechanisms tested in this study were hy-
drogen enhanced decohesion (HEDE)
and hydrogen enhanced localized plastic-
ity (HELP). The HEDE model explains in-
creased crack growth as resulting from
hydrogen promoting decohesion within
the steel. Broadly speaking, decohesion
refers to the loosening of atomic or mo-
lecular bonds. Sufficient decohesion al-
lows a crack to propagate and can occur
in two ways: Decohesion within individual
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Fig. 1. Comparison of fatigue cracks in steel exposed to air (upper panel) and to
hydrogen (lower panel). The larger crack appearing in the lower panel is indica-
tive of the accelerated growth caused by H, exposure. Individual grains in the
steel are identified by color. The small white bars highlight the locations where
the crack formed between different grains, technically referred to as intergranu-
lar fracturing. Figures adapted from M. Connolly et al., Acta Mater. 180, 272
(2019). Copyright ©2019 Elsevier B.V. or its licensors or contributors.



grains is referred to as transgranular decohe-
sion (labeled T-HEDE), while decohesion be-

tween grains is called intergranular decohe-

sion (IG-HEDE).

The HELP model invokes a different
mechanism to explain hydrogen-enhanced
crack growth. According to HELP, the pres-
ence of hydrogen facilitates the movement of
dislocations within the grains (individual crys-
tals) of the steel. A dislocation is a mobile line
defect in a grain's crystalline structure whose
movement causes plastic deformation. The
presence of dislocations within individual
grains can actually be helpful by alleviating
stress buildup, thereby limiting fatigue crack
nucleation and growth. However, the pres-

Fig. 2. lllustration of dislocation movement within steel grains as determined by x-

ray diffraction. Narrowing or broadening of the diffraction peaks (top of figure) indi-

ence of hydrogen can cause redistribution of
the dislocations within steel grains, causing a
crucial buildup in strain that enhances crack
propagation.

Over the years, materials scientists have

cates dislocation distribution. Left side shows that under an air environment the
dislocations are evenly spread over the entire grain. By contrast, in a hydrogen en-
vironment dislocations migrate to grain boundaries (right side) due to the HELP
mechanism. Additionally, dislocation accumulation at grain boundaries leads to an
increase in intergranular (between grain) fractures as predicted by the IG-HEDE

mechanism, which is illustrated by the blue line segments along grain boundaries.

cited different experimental results to pro-

mote either the HEDE or HELP models. How-

ever, recent studies favor a more balanced approach in
which the HEDE and HELP mechanisms are seen as com-
plimentary, with both playing a role in explaining hydro-
gen's deleterious effect on crack formation and growth.

To unravel which mechanisms play significant roles in
hydrogen embrittlement, samples of the low-alloy steel
AISI 4130 were subjected to several experimental tests, in-
cluding high-energy x-ray diffraction (HEXD) at the XSD 1-
ID-E x-ray beamline at the APS. In the HEXD protocol,
4130 steel samples were placed in either air or hydrogen
environments. The samples were then cyclically stretched
and relaxed to induce microscopic fatigue cracks.

Figure 2 illustrates some of the HEXD results. Broad-
ening of the diffraction peaks occurred for the sample in
air (left side of Fig. 2), indicating that dislocations were
spread more-or-less evenly across the entire grain. In con-
trast, the narrower diffraction peaks recorded for the sam-
ple in hydrogen (right side of Fig. 2) indicate an accumula-
tion of dislocations at the grain boundary. The
accumulation of dislocations supports the HELP model of
H,-induced embrittlement. However, the fact that the frac-
ture in the hydrogen environment (right side of Fig. 2) also
appeared between the grain boundary, i.e., was intergran-
ular, lends support to the intergranular decohesion, or I1G-
HEDE, model.

The experimental results indicate that both the HEDE
and HELP mechanisms play important roles in the hydro-
gen embrittlement of steel. Moreover, the HEXD data
should also prove useful in calibrating models of fatigue
crack formation for use in future studies. — Philip Koth
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Coupling Single Platinum Atoms to Form
Clusters Improves Catalytic Activity

nvironmental and sustainability issues demand that new motor vehicles produce lower

emissions while increasing fuel economy. These goals require improvements to many

vehicle systems, including the catalytic converter. Catalytic converters reduce noxious
emissions, chiefly by converting carbon monoxide (CO), hydrocarbons, and nitrous oxides into
carbon dioxide (CO,), nitrogen, and water. In many converters, this task is achieved by mating
platinum-group metals with cerium oxide (CeO,)-based materials. An exciting development in
recent years has been the appearance of single-atom catalysis, which greatly reduces the amount
of expensive platinum (or similar metal) that is needed. In the single-atom approach, individual
platinum atoms are dispersed throughout a matrix of CeO,. A multi-institution collaboration of
researchers demonstrated that enhancing the single-atom approach can lead to vastly greater
catalytic activity. The innovative approach demonstrated in this study could lead to improved
catalytic converters for the next generation of ultra-low-emission vehicles.

Fig. 1. Oxygen activation by a single platinum atom (left side) and a platinum cluster
(right). The two catalytic sites are situated on a bed of cerium oxide (CeOQ,), with
cerium (Ce) atoms shown in yellow and oxygen (O) in red. Platinum (Pt) atoms are
colored blue. Note how the lone Pt atom at left is embedded within the cerium
oxide layer (denoted Pt/CeQ,). The single platinum atom actives oxygen atoms (lit-
tle green spheres) from the cerium oxide layer to convert CO to CO,. Researchers
assembled platinum/oxygen clusters (labeled Pt-O-Pt/CeQ,) from their single-atom
platinum cousins. The resulting Pt-O-Pt/CeQ, cluster stands atop the cerium oxide
layer and activates oxygen atoms much more effectively, as indicated by the more-
numerous green spheres.

18 APS Science 2019 - Vol. 2



The first catalytic converters first appeared in cars in
the mid-1970s. While many different materials have since
been used, Pt and related metals, such as palladium and
rhodium, remain among the most popular catalytic ele-
ments. One drawback of these metals is their limited sup-
ply and high cost. Traditionally, the platinum-group metals
in catalytic converters exist in the form of nanoparticles.
This inevitably causes a significant waste because most of
the metal atoms are buried inside the nanoparticles and
cannot participate in catalysis.

In the early 2000s, scientists serendipitously discov-
ered how to disperse single platinum atoms throughout
cerium oxide (commonly called ceria) and other materials.
The resulting single-atom catalyst allows all the platinum
present to participate, so much less of the precious metal
is required. Even though the single-atom catalyst utilizes
all the available platinum, the researchers in this study
considered whether coupling the isolated and dispersed
platinum atoms to form clusters would substantially multi-
ply their overall effectiveness. This hypothesis was tested
by preparing and testing both single-atom and clustered
platinum systems.

A single-atom catalytic system was produced by dis-
persing platinum atoms throughout a ceria matrix. The re-
sulting platinum single-atom system is denoted Pt/CeO,.
To produce the clustered system, single platinum atoms
were used as seeds to generate a much more active Pt
cluster through a facile activation treatment, wherein a
mild hydrogen gas (H,) reduction was followed by CO-
plus-O, treatment. In the resulting Pt clusters (Y1 nanome-
ter in diameter without stacked layers), an oxygen atom is
juxtaposed between a pair of platinum atoms (Pt-O-Pt).
The platinum/oxygen/ceria unit is denoted Pt-O-Pt/CeO,.
The two types of catalytic units and their relative positions
to the cerium oxide layer are illustrated in Fig. 1.

The number of platinum and oxygen atoms in a typical
cluster was determined using sophisticated computer
modeling and various imaging methods. One such
method consisted of the x-ray absorption spectroscopy
(XAS) measurements performed at XSD beamline 12-BM
of the APS. The XAS measurements helped determine
that the chemical formula Pt;O,, best reflected the relative
numbers of platinum and oxygen atoms in the clusters. In
addition, aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy images of

Pt species were obtained at the DOE’s Advanced Mi-
croscopy Laboratory at Oak Ridge National Laboratory
(ORNL).

In testing the relative effectiveness of the two sys-
tems, the researchers focused on CO oxidation, i.e., the
conversion of carbon monoxide to carbon dioxide. For
temperatures between 80° C and 150° C, the Pt-O-Pt/CeQ,
clusters exhibited up to 1000 times greater catalytic activ-
ity in oxidizing CO. Analysis further indicated that the oxy-
gen participating in the CO-to-CO, conversion came from
the Pt-O-Pt layer and not the underlying ceria. This is in
stark contrast to conventional reaction pathways, where
oxygen is contributed by CeO,.

The vastly improved oxidation of CO at lower temper-
atures achieved by the platinum clusters has important
ramifications for the low-temperature period following
cold-engine start, during which current catalytic convert-
ers are not being adequately heated to purify the noxious
exhaust emissions. Furthermore, the methods used in this
research can readily be applied to other catalytic systems;
for instance, the platinum clusters can be dispersed on
substrates other than ceria. Also, the size of the clusters
can be tuned to adapt their catalytic activity and selectivity
to better fit different emission environments. — Philip Koth
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Crystals, Lasers, Glasses, and Bent Molecules:
Adventures in Nonlinear Optics

ight is an indispensable scientific tool. For example, laser-based optical sensors can detect

oxygen in the environment, proteins in biomedical samples, and process markers in in-

dustrial settings, among other applications. However, not all wavelengths of light can be
generated by a single laser, which limits what chemicals can be detected with optical sensing.
That's where nonlinear optical crystals can help. By shining multiple lasers with different wave-
lengths through such crystals, researchers can tune laser beams via frequency conversion and
cover more of the optical spectra. This has been a successful approach for wavelengths from ul-
traviolet to near-infrared(IR), but the mid-IR region has lacked practical, nonlinear optical
crystals. However, crystals may not be the only game in town. A multi-institution international
research team is exploring a possible solution to the crystal problem: cutting-edge glasses con-
taining mercuric iodide. The idea is that these glasses could behave like nonlinear optical
crystals, offering an enticing approach to the generation of novel amorphous optical materials.
But first, the researchers needed to figure out what these glasses look like at the atomic scale.
For that, they went to the APS to collect high-energy x-ray diffraction data. By combining the
diffraction data with other structural data and computer modeling, the team uncovered the
secrets behind how a glass can act like a crystal.
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Nonlinear optical crystals are widely used in photonics
applications, but can be challenging to synthesize. To
sidestep the need for crystals, scientists have been pursu-
ing glassy materials that can tune lasers. One challenge is
that glassy materials with isotropic internal structures
aren't able to perform the frequency conversion necessary
to tune lasers. However, glasses with chiral asymmetric
properties have nonlinear optical potential. This research
team is investigating hybrid molecular/network glasses
with non-centrosymmetric mercuric iodide (Hgl,).

To explore this material, the researchers probed the
atomic structure of liquid mercury iodide as it transitions to
a solid form at low temperatures, as well as its transition to
molecular vapor at high temperatures. They employed
several techniques to get at this molecular architecture, in-
cluding high-energy x-ray diffraction at the XSD 6-ID-D
beamline at the APS, and at the BLO4B2 beamline at
SPring-8 (Japan); time-of-flight neutron diffraction at the
ISIS Neutron and Muon Source (Rutherford-Appleton Lab-
oratory, UK); and Raman spectroscopy. Furthermore, they
fed these data into a density functional theory-modeling
program to come up with a working structural model for

Fig. 1. Schematic representation of second harmonic gen-
eration as light passes through bent Hgl, molecules
adopting a non-random orientation within mesoscopic do-
mains of sulfide glass.

this glassy material in different states of matter.

At higher temperatures, above 400 K, Hgl, exists as a
linear triatomic molecule. However, the experimental data
and structural modeling suggest that in a stable liquid and

related glassy solid states, Hgl, becomes bent, with a
bond angle of around 156° degrees. That's important, be-
cause that bend creates asymmetry in the material, in turn
generating intrinsic optical nonlinearity. To bolster these
structural insights, the researchers checked the material's
second harmonic generation (Fig. 1). This property is one
of the main avenues for frequency conversion in nonlinear
optical crystals. Indeed, the bent Hgl,-containing sulfide
glass showed strong second-harmonic generation.

The team developed a hypothesis to help explain how
the bent Hgl, containing materials generated second har-
monic generation in a sulfide glass. At one extreme, the
bent Hgl, molecules could be completely randomly ori-
ented, conditions under which the second harmonic gen-
eration effect would be eliminated. At the other extreme,
the molecules could arrange themselves nonrandomly in
preferred orientations within mesoscopic domains, the re-
sult of which would be the observed second harmonic
generation effects.

In future research, the team plans to perform small-an-
gle neutron scattering and anomalous small-angle x-ray
scattering on the glass. These data could provide verifica-
tion for their hypothesis that nonrandom orientation within
mesoscopic domains is responsible for the second har-
monic generation effects.

A full understanding of this phenomena may help ex-
plain more generally the manifestation of nonlinear optical
effects in isotropic media, as well provide a basis for the
development of new materials with improved nonlinear
optical properties. — Erika Gebel Berg
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Vanadium Nitride Supercapacitors
Save the Day

ometimes you just need lots of little bursts of power fast, and for that, there's not much

that's better than a supercapacitor. These energy storage devices are found in cameras,

electric vehicles, trains, airplanes, and many other advanced electronics, but the cost for
the materials used in standard supercapacitors can be high, preventing wider use. Scientists are
exploring transition metal nitrides as low-cost electrode materials for supercapacitors due to
their high surface areas and high electronic conductivities. Vanadium nitrides have a particularly
high capacitance, but little has been known about the charge storage mechanism, limiting the
utilization of the material in supercapacitors. To close this knowledge gap, a research team
characterized vanadium nitride electrodes in situ using the APS, among other experiments.
Their findings revealed that the key to vanadium nitride's pseudocapacitance is the movement
of anions into and out of the material's micropores (Fig. 1). This insight paves the way for a
future of cost-effective energy storage systems with high-energy and high-power densities.

Fig. 1. Pseudocapacitive charge storage mechanism of vanadium nitride in aqueous alkaline electrolyte. Adsorption
and desorption of hydroxide anion in and out of micropores lead to reduction and oxidation of the V metal during
electrochemical charge discharge. From A. Djire et al., Nano Energy 60, 72 (2019). ©2019 Published by Elsevier Ltd.

22 APS Science 2019 - Vol. 2



Supercapacitor electrode materials like vanadium ni-
tride store charges via pseudocapacitive mechanisms.
Pseudocapacitance is the electrochemical storage of en-
ergy and relies on the very fast oxidation or reduction of a
chemical substance at the surface of an electrode. These
reactions are called “faradaic redox reactions” and they
are at the heart of a material's pseudocapacitance capabil-
ities. The researchers from the University of Michigan and
Oak Ridge National Laboratory knew that these faradaic
redox reactions were happening on the vanadium nitride
surfaces, but the details needed to be sorted out to maxi-
mize the potential of this material.

As a first step, the researchers synthesized the nanos-
tructured vanadium nitride from a V,Og precursor with a
temperature-controlled reaction. They characterized the
surface area and pore size distribution of the material,
finding that the average crystallite size was about 21 nm.
Pore-size analysis indicated the presence of micropores
(those less than 2 nm across) as well as mesopores (2-50
nm). There was also a gap in pores in the 3-10-nm range,
which had been previously reported. The surface area
measurements suggested the material was highly porous,
a fact that facilitates experiments probing the adsorption
of electrolyte ions on the vanadium nitride material during
chemical cycling.

Next, the team performed a series of studies aimed at
unraveling the electrochemical mechanism. These experi-
ments were performed in situ while the reaction was tak-
ing place, allowing the researchers to observe the redox
cycling as it happened. To initiate the reaction, vanadium
nitride electrodes were submerged in an alkaline elec-
trolyte solution; previous research had shown that hydrox-
ide ions were the active ion that triggers vanadium ni-
tride's pseudocapacitance. The researchers collected in
situ small-angle neutron scattering (SANS) at Oak Ridge
National Laboratory (ORNL), using a General Purpose
SANS instrument; and in situ x-ray absorption spec-
troscopy (XAS) data at the DND-CAT bending magnet
beamline station 5-BM-D at the APS, along with other
physical and electrochemical characteristics. Taken to-
gether, they found some surprising results.

Previously, scientists had assumed that vanadium ni-
tride's pseudocapacitance was mostly tethered to the
large pores that are more accessible to electrolyte ions
and therefore can store more charge. But in reality, the
SANS and XAS results revealed that the hydroxide anion
was spending a lot of time in vanadium nitride's microp-
ores, and that was the real source of pseudocapacitance

Fig. 2. Schematic of an asymmetric vanadium nitride superca-
pacitor.

(Fig. 2). As the anion entered a micropore, the vanadium
metal became reduced. Then as the anion exited the mi-
cropore, the vanadium metal became oxidized. The elec-
trochemical charging and discharging data suggested that
pseudocapacitances above 1300 Fg™ could be achieved in
1.2 V of aqueous alkaline electrolytes.

These findings bring the commercialization of super-
capacitors based on inexpensive nitrides within reach, and
vanadium nitrides may have energy storage applications
beyond supercapacitors as well. Furthermore, the ap-
proach outlined in this study could be used generally to
characterize energy storage devices. — Erika Gebel Berg

See: Abdoulaye Djire™, Priyanka Pande', Aniruddha Deb’, Jason
B. Siegel', Olabode T. Ajenifujah’, Lilin He?, Alice E.
Sleightholme', Paul G. Rasmussen', and Levi T. Thompson™*,
“Unveiling the pseudocapacitive charge storage mechanisms of
nanostructured vanadium nitrides using in-situ analyses,” Nano
Energy 60, 72 (2019). DOI: 10.1016/j.nanoen.2019.03.003

Author affiliations: 'University of Michigan, 2?Oak Ridge National
Laboratory

Correspondence: * adjire@umich.edu, ** ltt@umich.edu

The authors acknowledge technical and financial support from the Auto-
motive Research Center (ARC) in accordance with Cooperative Agree-
ment W56HZV-14-2-0001, Army Tank Command and Army Research
Office (grant number W91INF-11-1-0465), and Michigan Memorial Phoenix
Project Seed grant. DND-CAT is supported by Northwestern University,
The Dow Chemical Company, and DuPont de Nemours, Inc. ORNL's
High Flux Isotope Reactor is sponsored by the Scientific User Facilities
Division, Office of Science-Basic Energy Sciences, U.S. Department of
Energy (DOE). This research used resources of the Advanced Photon
Source, an Office of Science User Facility operated for the U.S. DOE Of-
fice of Science by Argonne National Laboratory under contract no. DE-
AC02-06CH11357.

Argonne National Laboratory 23



llluminating the Path Toward
High-Performance Organic Solar Cells

olar energy is a robust source of green power that has the potential to transform society

and improve global ecology. An international team of researchers used the APS to study

next-generation organic solar cell devices with a goal of identifying their most important
features to speed up development of solar energy production. These devices, which are referred
to as “polymer solar cells,” have as their photoactive layer a blend of organic semi-conductor
materials capable of converting sunlight into usable energy. Polymer solar cells are uniquely
comprised of organic materials and are presently not in widespread use because of their low ef-
ficiency. However, they harness enormous potential and have the capacity to become an inex-
pensive, lightweight, and scalable solar energy solution. To try and actualize the potential of
polymer solar cells, the team of researchers synthesized a series of polymers that systematically
differ in the size of their side chains. They then studied them with an array of functional and
structural characterization techniques to discover which structural features most strongly impact
performance, and developed computer modeling to interpret the results and point the way to-
ward rational design of optimal organic materials for harvesting energy from the sun. These
findings have exciting implications for commercial renewable energy and ecological sustainability.

Fig. 1. Schematic of polymer conformations

affecting aggregation in solution and the resulting
film morphology. Left: Single polymer chain confor-
mations highlighting the backbone surface area
(gray) and that of the alkyl side chains from small-
est to largest: (red: P-EH; green: P-BO; blue: P-HD).
Center: Polymer nucleation at early stages of film
formation. Right: The resulting solid-state BHJ mor-
phologies with the non-fullerene acceptor domains
shown in purple.
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A material that has electrical conductivity intermediate
between a conductor (material that permits a flow of elec-
tric charge) and an insulator (material that resists the flow
of electric charge) is known as a semi-conductor. Solar
cells have as their active layer semi-conducting material
capable of converting sunlight (i.e., photons) into electric
energy (i.e., a voltage difference). In organic solar cells,



the photoactive layer consists of organic semiconductor
material, that is, chemical compounds containing the ele-
ment carbon. In fact, organic solar cells contain at least
two types of organic material, an electron donor material
and an electron acceptor material, which interact differ-
ently with incident light. Absorption of a photon causes an
electron to be transferred from the donor to the acceptor
material, leaving behind the absence of an electron,
known as a hole, which acts like an electron, only with
positive charge.

The two kinds of materials must be blended very
finely so that the charge transfer between the materials
can occur. Also, each individual material must form a
continuous pathway for the charge carriers (the elec-
trons in the acceptor material and the holes in the donor
material) to reach the contacts of the solar cell, allowing
the photocurrent to do work such as charging a battery;
this configuration is known as the bulk heterojunction
(BHJ). In polymer solar cells, the electron donor material
consists of polymers, molecules formed from of a combi-
nation of repeating subunits giving rise to long chains of
bonded atoms. The electron acceptor material is typi-
cally a small organic molecule, often a fullerene, an or-
ganic caged molecule. One example is based on Cg,, or
60 carbon atoms bonded together, one at each corner of
a soccer ball.

While polymer solar cell technology is not especially
efficient vis a vis energy production, the ability to gener-
ate robust polymer solar cells would pave the way for in-
expensive, scalable, and powerful solar energy. Progress
in improving the performance of organic solar cells is diffi-
cult due to the dizzying array of parameters to consider.
There is a very complex interplay between the molecules
used, thin film fabrication processes and the structural de-
tails or morphology, of the donor/acceptor blend. Despite
the best efforts of chemists synthesizing new molecules,
engineers optimizing fabrication procedures and materi-
als scientists characterizing the structure and perform-
ance of test devices, performance had stalled, lagging be-
hind the efficiency of other technologies.

Recently, there has been a new surge in performance
gains to over 17%, driven by new synthetic efforts, replac-
ing the electron acceptor material with a new class of mol-
ecules, non-fullerene acceptors. Given the intercon-
nected, interdisciplinary nature of the challenge, the
researchers decided to re-evaluate the connection be-
tween structure and performance for a series of systemat-
ically tweaked electron donor polymers blended with a
non-fullerene acceptor and see which characterization

techniques were most predictive of the performance.

In this study, the researchers sought to determine if
they could customize a polymer material to enhance its
solar efficiency. For the subject of the study, they synthe-
sized a series of electron donor materials based on a
backbone of benzodithiophene-benzothiadiazole poly-
mer, but with different size side chains on the repeating
unit. Benzodithiophene is a central benzene carbon ring
connected to two sulfur-containing carbon rings. In con-
trast, benzothiadiazole is a carbon ring connected to an-
other ring containing nitrogen and sulfur. The authors
blended each member of this polymer series with a
unique compound known as ITIC-Th. ITIC-Th has the mo-
lecular formula of Cg,H,,N,0,S; and is a type of com-
pound referred to as a non-fullerene acceptor. Compared
to fullerene acceptors, which are widely used in solar
cells, non-fullerene acceptors have the ability to be freely
tuned to have their optical and electrical properties modi-
fied. Historically, organic solar cell devices containing
non-fullerene acceptors have not been as efficient as de-
vices containing fullerene acceptors.

After combining their chosen polymer series with a
non-fullerene acceptor, they then fabricated a series of
solar cell devices and characterized both their solar
power conversion efficiency, characterized their structure
by different synchrotron-based x-ray scattering tech-
niques, and modeled the blends with computer simula-
tions. They found that the polymer containing the smallest
alkyl substituent was able to achieve a power conversion
efficiency of 11%. This was due to the presence of small,
high-purity domains enabling large maximum photocur-
rent density (Jsc), as determined by resonant soft x-
rayscattering (R-SoXS) measurements carried out at the
Advanced Light Source, Lawrence Berkeley National
Laboratory beamline 11.01.2, and interpreted with addi-
tional results measured by near-edge x-ray absorption
fine structure (NEXAFS) performed at the Soft X-ray
Beamline of the Australian Synchrotron. An alkyl sub-
stituent is an alkane group lacking a hydrogen atom, and
alkane chemical compounds are carbon and hydrogen
atoms fitted in a unique orientation. Polymer morphology
(Fig. 1), notably texture, was assessed via grazing-inci-
dence wide-angle x-ray scattering measurements per-
formed at XSD beamline 8-ID-E of the APS.

The results showed that while the substituent size af-
fected the relative amounts of molecules oriented with
their carbon rings parallel or perpendicular to the sub-
strate significantly, the sample texture was not strongly

“lluminating” cont’d. on page 27
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Ultrafast Snapshots of Laser-Metal Dynamics

in Additive Manufacturing

s additive manufacturing (AM) technologies become ever more prevalent and impor-

tant in various industries, efforts to better characterize and understand the complex

phenomena of various AM techniques are accelerating to keep pace. Such efforts
are essential to improve and expand the utility of AM methods. The major AM technique for
fabricating metal parts is laser powder bed fusion (LPBF), which shares similarities with laser
welding. At the heart of both are laser-metal interactions, which because of their optical
opacity have only been indirectly studied, leaving important details of their underlying dy-
namics incompletely defined. Recently, however, synchrotron x-ray imaging techniques have
been developed that allow in situ investigations under real-time processing conditions, of-
fering vital new insights. Investigators used ultra-high-speed transmission x-ray imaging at
the APS to study LPBF phenomena in two commonly-used AM alloys. Achieving the most
complete understanding possible of the unseen intricacies of laser-based additive manu-
facturing processes will allow their continued improvement, resulting in increasingly reliable

and versatile AM-fabricated metal components.

Fig. 1. In situ x-ray imaging and simulation of laser-material in-
teraction during LPBF AM process. Observation of the laser-in-
duced melt pool dynamics leads to an understanding of how
surface morphology and pores are formed during LPBF.

Working at the DCS 35-ID x-ray beamline at the APS,
researchers from Lawrence Livermore National Laboratory
(LLNL) studied a range of laser heating mechanisms in al-
loys of aluminum (AL6061) and titanium (Ti-6Al-4V) at very
fine temporal resolution from 0.3 to 30 ps. Such resolution
at the nano- and microsecond level afforded detailed
characterization of laser-metal interactions below the ma-
terials’ surface, which is beyond the reach of other in situ
methods. The experiments were complemented by multi-
physics simulations.

Images of high-energy-density, 400-W laser irradiation
scanning at a 500-kHz frame rate in AI6061 show the
rapid formation of a keyhole vapor depression, which dis-
plays dynamic instabilities including the formation of
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ledges and humps of material. Some of these quickly
change shape and vaporize within the melt void while oth-
ers reattach or are absorbed into the vapor depression
wall. Some form close to the metal surface, where waves
create chevron patterns on the surface similar to those
seen in laser welding. Simulations show that laser energy
is reflected from the front of the vapor depression toward
the rear wall, vaporizing and expanding material and
strongly contributing to the observed instabilities. Similar
phenomena are seen at all laser powers utilized and in the
Ti-6Al-4V alloy, both under vacuum and in an argon envi-
ronment.

Pore formation under steady-state laser scanning was
also studied in both alloys. Experimental observations
show similar findings in an argon environment, indicating
that pores generally form near the base of the vapor de-
pression, and are then trapped as the melt pool front so-

“Ultrafast” cont’d. on next page
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lidifies. In the vacuum environment, however, pore entrain-
ment also occurs closer to the surface and pores are
driven deeper into the metal by Maragoni convection. The
experimental observations and multi-physics simulations
confirm that pores can be difficult to prevent or remove
and that further post-processing can drive them deeper
into the metal.

When laser power is shut off, the vapor depression
collapses in less than 5 ps and a solidification front occurs
that can trap pores near the base of the depression.
Cracks can also form when solidification fronts from the
back and front of the depression converge. Experiments
in Ti-6Al-4V under an argon environment in the end-of-
track region also show that pores and bubbles can be-
come trapped as the laser shuts off, the metal suddenly
cools, and the vapor depression collapses. These oscillate
in shape and size due to acoustic cavitation until the metal
solidifies. The investigators note that such end of track ef-
fects could be minimized or avoided by optimizing pro-
cessing conditions, perhaps by varying laser output or
scanning speed in ways that would better control laser
power density in the melt pool.

Even with the detailed picture of the range of laser-
metal heating phenomena and defect formation offered
by the ultrafast x-ray imaging techniques used in these ex-
periments, the research team states that further such ex-
periments will be needed to fully characterize the complex
dynamics in play, in conjunction with multi-physics simula-
tions. — Mark Wolverton
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correlated with device performance. A deep investigation
into the molecular dynamics of polymers revealed that dif-
ferent molecular substituents give rise to unique polymer
conformations. The authors devised an energetic parame-
ter (AEm) related to the surface area of the polymer back-
bone accessible to solvent (Sbb) to explain the observed
morphological trends and suggest novel strategies for
how to further optimize organic solar cells, a step toward
rational design of optimally performing electron donor/ac-
ceptor blends. For the full potential of solar energy to be
globally realized, the devices that convert sunlight into
electricity must be affordable, easily scalable, and effi-
cient. These novel data produced in this study suggest a
route toward further optimization of polymer solar cells.

— Alicia Surrao & Joseph Strzalka
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A Comparison of Shockwave Dynamics in
Foams

tochastic foams have a random topology that causes the material to compress in re-

sponse to high-speed shock waves, with some heterogeneity to the shock-wave front

due to the scale of the cells in the structure. Foams created by additive manufacturing
(AM) have a hierarchical assembly; the structure of the material is controlled at a variety of
scales, from atomic/molecular to micron. The ordered topology results in a fundamentally
different response to shockwave loading, and especially stress localization, even at the
same initial density. Using x-ray phase-contrast imaging (XPCI) experiments at the APS and
simulations at Los Alamos National Laboratory, the mechanics of stochastic vs. AM foam de-
formation were understood on the micron-length scale, which will lead to design principles
for cellular solids tailored to high-rate loading applications.
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Cellular solids — an assembly of packed cells with
solid edges or faces, such as cork or sponge — have
unique and useful mechanical, electrical and thermal prop-
erties. One type, polymeric foams, have desirable me-
chanical properties for a variety of applications; they are
lightweight, can be tailored for a range of compressive
strength, and often recover their dimensions after com-
pression. Polymeric foams have many applications, from
thermal insulation to support components to vibration
dampening to shockwave mitigation, and they are impor-
tant to industries including automotive, aerospace, elec-
tronics, and defense.

The individual cells in polymeric foams have variable
sizes, wall thicknesses, and arrangements. In a typical sto-
chastic, open-cell foam, energy is absorbed unevenly
through the foam architecture. While manufacturers can
control many features of polymeric foams, such as overall
porosity, void dimensions, and relative density, often the
microstructure cannot be tailored and thus, mesoscale de-
formation cannot be controlled. So, the deformation of
polymer foams under conditions of high strain rate loading
— conditions that are common in aerospace, automotive
and military applications — cannot be improved.

The recent development of AM has brought major ad-
vances to porous foams. Using hierarchical assembly, AM
foams have similar densities to open-cell stochastic foams,
but microstructures that are assembled by the additive
manufacturing process. By designing microstructures,
makers of AM foams have unprecedented control of de-
formation mechanics and structural instabilities. Examples
include ultra-lightweight lattice structures with high
strength-to-density, and energy dissipation and recover-
ability to mechanical loading.

In recent work at the DCS 35-ID beanline at the APS,
researchers from Los Alamos National Laboratory exam-
ined the response of both stochastic and AM foams to
high-speed shock waves using in situ, time-resolved XPCI
to measure the wave dynamics through the structure. The
experiments — performed using the IMPULSE gun platform
installed in the DCS B-hutch — were compared with finite

< Fig. 1. Pressure distribution in shocked stochastic foam. Red
indicates regions of high localized strain. From B. Branch et al.,
Polymer 160, 325 (2019). © 2018 Published by Elsevier Ltd.

element modeling of imported microstructures obtained
by x-ray computed tomography. Although both foam types
had similar initial densities, the spatial arrangement of the
ligaments were different, with one being stochastic, and
the other being periodic and lattice-like in structure.

In the stochastic foams, the spatial distribution of
stress during shock experiments was highly localized and
randomly variable, resulting in a bulk compaction of the
pore structure (Fig. 1). By contrast, the behavior of AM
foams during shock experiments showed localization of
compression and stress caused by the periodic structure;
similarly, reflective of their initial starting microstructure.

Shockwave dynamics are dramatically different in
polymeric and AM foams of similar density, due to stress
localization within the microstructure of the material on
the timescale of the shockwave compression. This arises
from coupling of the wave to the filaments and layer sym-
metry within the AM structures. In the future, additive man-
ufacturing will produce foams that are tailored to better
control their response to shock and compaction, and
thereby improve their functionality. — Dana Desonie
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SARS-CoV-2 Research at the APS

SAXS Studies of RNA Elements from the SARS-CoV-2 Virus at the Bio-CAT Beamline 18-1D

Small-angle solution x-ray scattering and biochemical characterization studies at the Bio-CAT beamline
18-ID at the APS were used to study the structure of portions of RNA from the SARS-CoV-2 virus. This RNA
contains the genetic instructions the virus uses to replicate itself. These experiments are designed to see
how these structures change when they interact with selected small molecules that are potential drug can-
didates. This work is a collaboration between Blanton Tolbert (Department of Chemistry, Case Western Re-
serve University), Amanda Hargrove (Duke Unversity) , Srinivas Chakravarthy (lllinois Institute of Technol-
ogy, pictured above) and a nuclear magnetic resonance consortium coordinated by Harald Schwalbe at
the Goethe University (Germany).
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Room-Temperature Superconductivity
Moves One Step Closer

ver since superconductivity was discovered in 1911, scientists have dreamed of achieving

the zero-resistivity state at room temperature, a dream that has moved progressively closer

to realization over the years, particularly with hydrogen-rich compounds, which become
superconductive at very high critical temperatures (T.) when under pressure. Recently the
highest of all reported T, values was achieved at the APS. The researchers in this study showed
that at megabar pressures, phases of lanthanum superhydride (LaH,,) become superconductive
above 260 K, which is nearly room temperature (~9°F) (Fig. 1).

Fig. 1. Top left: LaH10 shows a drop in resistivity starting at
around 265 K at 180 GPa in one of the samples synthesized
(shown with four platinum leads in center image). The structure
of LaH10 (top right) was confirmed with in situ x-ray diffraction
(lower right). The data were obtained at HPCAT-XSD beamline
16-ID-B at the APS.
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As is usual for such accomplishments, more was in-
volved than meets the eye. It turns out that simply heat-
ing La and H, loaded into pressurized diamond-anvil
cells (DACs) does not guarantee good electrical contact
between the synthesized materials and the electrodes
needed for resistivity measurements. So, the 5-um-thick
La samples were placed on platinum (Pt) electrodes and
packed with ammonia borane (NH;BH,, AB). The AB
yielded hydrogen and insulating cubic boron nitride,
which served both as a solid pressure medium and as a
support holding the hydride samples firmly against the
electrical contacts.

A versatile diode-pumped ytterbium fiber laser heat-
ing system was developed for the in situ synthesis and
structural characterization of the LaH,, samples at high
pressure. For the electrical conductivity measurements,
the researchers from George Washington University, the
Carnegie Institution of Washington, and Argonne National
Laboratory used a multistep process with DACs having di-
amond pistons that were coated with four 1-um-thick Pt
electrodes that were pressure-bonded to 25-um-thick Pt
electrodes. Pulsed laser heating above 175 GPa and to
temperatures of 1000 2500 K resulted in the formation of
LaH,,,, where x was between +2 and —1.

All the samples for which AC resistance data (the re-
sistance of the conductor) were taken were also charac-
terized structurally by x-ray diffraction at the HPCAT-XSD
16-ID-B beamline at the APS. The low-temperature x-ray
diffraction measurements ensured that any resistance
drops seen were not due to temperature-induced struc-
tural transitions. Indeed, the x-ray diffraction patterns gave
no indication of structural changes over the range of tem-
peratures explored.

Multiple measurements revealed that the resistivity of
LaH10+x decreased around 275 K, then dropped abruptly
by more than three orders of magnitude, and remained
constant thereafter from 253 to 150 K. Upon warming, the
resistance increased steeply at 245 K, indicating the
change was reversible but shifted at lower temperature.
Since pressure was not measured as a function of temper-
ature during thermal cycling, the pressure at which the re-
sistance change occurred was not directly determined but
was estimated to be 180 GPa to 200 GPa.

The researchers also carefully monitored possible
changes in transition temperature with applied current in

the small and mixed-phase samples. They observed a 10-K
decrease in transition temperature upon increasing the
current from 0.1 mA to 1 mA,; the transition temperature
also appeared to decrease at higher currents. Distinct -V
characteristics were observed above and below the tran-
sition temperature. The measurements suggest that
LaH,,,, could tolerate very large critical current densities
well into the superconducting phase.

Whereas diamagnetic measurements are needed to
confirm the present results, the magnitudes of the resist-
ance drops repeatedly observed in the experiments were
comparable to those observed in previous high-pressure
studies in which the transitions were subsequently found
to be correctly identified as signatures of superconductiv-
ity using magnetic susceptibility measurements. Also, be-
cause the transition temperature seen was close to that
predicted for superconductive LaH10 at comparable pres-
sures by Bardeen-Cooper-Schrieffer-type calculations, the
researchers felt justified in interpreting the drop in resist-
ance as signifying the onset of superconductivity. The re-
searchers have begun applying diamagnetic methods to
the small and complex superhydride samples produced in
this experiment with the goal of corroborating its findings.

— Vic Comello
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Controlling Magnetism in Superlattices via
Structural Distortions

uperlattices (SLs) are engineered materials that often exhibit technologically promising

features, for instance unique electronic properties. A SL is typically composed of alter-

nating layers of two or more crystalline compounds. Many types of SLs have been
constructed, and new types are continuously being developed. In this study, researchers in-
vestigated the magnetic properties of a superlattice consisting of single or double layers of
the iridate compound SrirO, separated by a single layer of strontium-titanate (SrTiO;). X-ray
experiments performed by a multi-national team of researchers at three different beamlines
of the APS probed the magnetic and crystalline properties of the two superlattices. A notable
achievement was the first-ever use of resonant inelastic x-ray scattering (RIXS) to characterize
the magnetic interactions between the SrTiO; and SrlrO, layers. Particularly striking was the
magnetic behavior of the two-layer SrlrO, superlattice, which was much stronger and oriented
differently than expected. The researchers further determined that the net magnetic moment
and magnetic orientation of this superlattice can be readily tuned via simple parameters, for
instance by modifying the superlattice's underlying substrate. The magnetic tunability de-
scribed in this study should prove applicable to numerous other superlattice systems, which
may ultimately be adapted for improved electronic devices.
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Both SrTiO; and SrlrO; are members of the perovskite
family of compounds. Perovskites are composed of octa-
hedra, as shown in Fig. 1. The octahedra associated with
each SrTiO, layer appear green and encapsulate a single
titanium atom, while SrlrO, octahedra are colored blue
with one iridium atom inside. Note that the octahedra in
each layer are tilted relative to the octahedra of adjacent
layers. The unusual structure of perovskites cause these
compounds to exhibit many unusual electric and magnetic
properties, such as interactions between the spin and mo-
tion of certain electrons in the compound, referred to as
spin-orbit coupling (SOC), which can significantly alter the
internal magnetic fields of the superlattice.

The superlattice composed of alternating SrirO, and
SrTiO, layers is denoted 1SIO/1STO (middle of Fig. 1) while
the superlattice with two layers of SrlrO; separated by sin-
gle layers of SrTiO, is denoted 2SIO/1STO (right side of
Fig. 1). The researchers wished to precisely evaluate the
magnetic behavior within both superlattices. An excellent
technique for this task is RIXS, which uses x-rays to probe
certain electrons in the superlattice. In particular, the x-
rays were tuned to excite electrons in the iridium atoms at
the L, subshell, providing insight into each superlattice's
magnetism.

Although RIXS is ideal for revealing superlattice mag-
netic behavior, applying the technique was problematic.
This is because the high-energy x-rays tend to penetrate
deeply into a sample, hence mostly pass right through the
thin-film superlattice. The researchers overcame this ob-
stacle in two ways. First, the superlattices were thickened
by depositing many additional layers. And second, the
RIXS measurements were performed at an extremely shal-
low angle of 1° from the sample surface. Both these adap-
tations provided the x-rays with sufficient path length
within the sample to interact strongly with the superlattice.

The RIXS measurements were performed at XSD
beamline 27-ID-B of the APS. Two additional x-ray tech-
niques were also employed, namely resonant elastic x-ray
scattering at XSD beamline 6-ID-B and (non-resonant) x-
ray diffraction at XSD beamline 33-BM-C. Taken together,
these x-ray measurements provided insight into the over-
all magnetic and structural properties of the two distinct
superlattices.

< Fig. 1. A side-by-side illustration of the two superlattices ex-
amined in this study. The color scheme used to identify individ-
ual atoms and directional interactions appears on the left. The
superlattice consisting of alternating SrlrO, and SrTiO; layers is
denoted 1SIO/1STO, as illustrated in the middle panel. The right-
hand side shows the superlattice with two layers of SrlrO; sep-
arated by single layers of SrTiO; denoted 2SIO/1STO.

The RIXS measurements revealed ferromagnetism in
both superlattice types within the planes formed by their
iridium octahedra, as illustrated in Fig. 1 (red arrows). While
the in-plane magnetism is present in both superlattices,
only 2SIO/1STO exhibited an out-of-plane magnetism (pink
arrow in Fig. 1, right-hand superlattice). The strongly direc-
tional magnetic interactions between superlattice planes
is an unusual characteristic that the researchers anticipate
will be searched for in related types of iridium crystals.

Theoretical modeling indicated that the observed out-
of-plane magnetism in the 2SIO/1STO superlattice is highly
dependent upon the tilt between the octahedra of adja-
cent layers. Even slight shifts in this tilt can produce signifi-
cant changes in the magnetic states and other quantum
behavior of the superlattice. The researchers suggest that
the octahedral tilt can be manipulated via substrate modi-
fication, thereby controlling the superlattice's quantum be-
havior. This manipulation could also be realized by substi-
tuting calcium for strontium atoms. The innovative RIXS
measurements performed in this study, as well as the ma-
nipulation of quantum behavior through physical or chemi-
cal changes, should be applicable to many other superlat-
tice systems. — Philip Koth
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Oxygen Vacancies in Complex Oxides Enable
Analog Switching Behavior

omplex oxygen-bearing compounds form the basis of many advanced electronic

technologies. For instance, complex copper oxides are among the leading candidates

for practical high-temperature superconductors. Complex oxides may also form the
basis of next-generation semiconductors and catalysts. Often, the properties of these varied
oxides can be significantly altered by changing the number of oxygen vacancies within
them. As the name implies, an oxygen vacancy occurs when an oxygen atom is missing
from an oxide's ordered structure. In this study, researchers using the APS investigated the
rare-earth oxides NdNiO,; and SmNiO; by varying the number of oxygen vacancies in each
and then measuring the impact on its electronic behavior. A dramatic increase in electrical
resistance was observed as the number of oxygen vacancies grew. Together, the experimental
results and prototype device employed highlight the potential of the two oxides for advanced
electronics, including as analog electronic devices for neuromorphic computing (computing
mimicking the human brain) and artificial intelligence (Al).

Fig. 1. Left side shows the crystalline structure of the rare-earth oxide SmNiO;,
composed of layers of octahedral units. Six oxygen atoms (small red spheres) oc-
cupy each octahedral vertex, surrounding a single nickel atom (dark blue).
Samarium atoms (pink spheres) lie outside and between the octahedra. The ion-
ization states of each atom are also indicated (for instance, Ni*). The outer elec-
trons in the crystal form an electron cloud (gray background) that conducts
electricity. Right side of figure depicts removal of oxygen atoms (O,). Every oxy-
gen vacancy frees up two electrons (e— e—) that disrupt the electron cloud and
increase electrical resistance.
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The research team constructed a prototype program-
mable resistor from NdNiO, to systematically investigate
the effect in question. The rare-earth oxides were probed
using x-ray photoelectron spectroscopy (XPS), performed
at XSD beamline 29-ID at the APS; and x-ray absorption
spectroscopy (XAS) performed at beamline 10ID-2 (REIXS)
of the Canadian Light Source.

Both NdNiO; and SmNiO; are considered rare-earth
oxides because they contain the rare-earth elements
neodymium (Nd) and samarium (Sm), respectively. They
are also referred to as nickelates since they both contain
nickel (Ni). Significantly, the two oxides have a perovskite
structure, which is often associated with peculiar elec-
tronic properties. Perovskites are composed of layers of

octahedral unit cells. An octahedron can be regarded as
two pyramids sharing a common base, with one pyramid
pointing up and the other down. Each octahedral cell has
eight faces and six vertices, with one oxygen atom occu-
pying each vertex. The left side of Fig. 1 depicts adjacent
octahedral layers in SmNiO;. Note that a single nickel
atom resides at the center of each octahedron.

Numerous samples of the two oxides were prepared
in the form of thin films. Additional processing was used to

vary the proportion of oxygen vacancies in the thin-film ox-
ides. The right side of Fig. 1illustrates the removal of oxy-
gen to form oxygen vacancies in the perovskite structure.
The x-ray photoelectron spectroscopy measurements per-
formed at the APS were used to quantify the exact level of
oxygen vacancies within individual films.

Each oxygen vacancy in the thin-film oxides freed up
two electrons. Normally the availability of extra electrons
lowers a material's resistance to an electrical current. But
in this case, the opposite effect occurred. Due to the struc-
ture of the Nd and Sm oxides, the liberated electrons were
localized, unable to conduct electricity. This meant that re-
sistance to electric flow in the thin-film oxides increased
as the number of oxygen vacancies increased. Amazingly,

the thin film with the highest number of va-
cancies had an electrical resistance ten mil-
lion times greater than the film with the
fewest vacancies.

The researchers exploited the relation-
ship between oxygen vacancies and resist-
ance to create a unique proof-of-concept
electronic device. The device was based on
the Nd oxide examined in this study. Apply-
ing a positive electric bias (voltage) com-
pelled some of its oxygen vacancies to move
away from the device's positive electrode.
Applying a negative bias reversed the effect,
causing the vacancies to move in the oppo-
site direction. The rearrangement of oxygen
vacancies was repeated over a number of cy-
cles.

Redistributing the oxygen vacancies in
the Nd oxide altered the device's electrical
resistance. Moreover, this change in resist-
ance was highly non-linear, with a small
change in vacancy distribution producing a
large change in resistance. The researchers
demonstrated that their prototype device be-
haves as an analog switch, a type of elec-
tronic device in which its electrical resistance

can be programmed. This programming is non-volatile,
meaning that the resistance profile is retained even if
electric power to the device is removed. Such tunable re-
sistors are currently being investigated for use in a variety
of applications, including as replacements for traditional
computer memory, and as hardware components for
brain-inspired computing.

The presence of oxygen vacancies was also shown to

“Oxygen” cont’d. on page 39
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Rise Up: Diffusion of the Substrate into
Growth Layers in
Multicomponent Layered Films

erovskite heteroepitaxial thin films composed of layers of two or more different types

of perovskite minerals have attracted significant attention due to the possibility of at-

taining electronic properties greater than the sum of the parts. For example, although
LaTiO; and SrTiO; (STO) are both insulators, heteroepitaxial films composed of these two
materials demonstrate both metallic and superconducting behaviors. This film, and others
based on STO as a substrate, are possible because of a milestone discovery in 1994 that al-
lows researchers to chemically remove SrO at the substrate surface, leaving behind an
atomically smooth, TiO,-terminated surface. This surface is ideal for the layered growth of
perovskite (i.e., ABO,, in which A and B are two different cations) materials since it allows
continuation of the AO-BO, stacking sequence with digital synthesis techniques such as
oxide molecular beam epitaxy (MBE). Being able to precisely control the surface has been
key to discovering an array of unusual phenomena in ultra-thin complex oxide films. Research
by users of the APS challenges commonly held assumptions regarding the assembly of het-
eroepitaxial films on TiO,-terminated STO and provides a new model for engineering the in-

teractions between components in the complex oxides that make up these films.

Fig. 1. Left: Schematic of LaTiO, growth by oxide MBE following
either the TiO,/LaO (T/L) or LaO/TiO, (L/T) growth sequence at
700° C in a background of 1 x 107 Torr O,. Right: Fitted specular
reflectivity curves (top) for the final structures after the T/L/STO
#1 and L/T/STO #2 depositions modeled as mixtures of the
TTLT and TLT surface structures (bottom). Fit results are pre-
sented as dashed lines for the T/L/STO #1 (a) and L/T/STO #2
(b) final structures.
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(a) T/L/STO #1

(b) LIT/STO #2

While the surface consists of TiO,, the actual picture is
more complex: the removal of SrO leads to the formation
of a TiO, double layer composed of a bulk-like TiO, plane
topped by a TiO, adlayer; the adlayer itself is comprised of
corner and edge-sharing TiO4 octahedral units. This sur-
face has been thought to mainly act as a crystalline tem-
plate for the layers built on top of it, dictating the initial
roughness of the film and the degree of strain with subse-

“Diffusion” cont’d. on next page
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quent layers. However, research by scientists at Argonne
National Laboratory and Northwestern University using
the using a custom-built oxide MBE chamber at XSD 33-
ID-E beamline at the APS to perform in situ surface x-ray
diffraction (SXRD) during growth by oxide MBE (Fig. 1, left)
suggests that may not be the substrate’s only role. Their
results indicate that for the heteroepitaxial growth of La
TiO; on STO, the TiO, adlayer acts as an active participant
in the film’s growth process, continually diffusing to the
surface throughout deposition. These findings reveal the
critical role of excess TiO, on the initial stages of het-
eroepitaxial growth on this fundamental oxide substrate.

The researchers prepared STO substrates by chemi-
cally etching and then annealing these materials, resulting
in a double layer of TiO, at the (001) surface. SXRD sug-
gests that the TiO, adlayer covers about 80% of this sur-
face and is composed of a mixture of two different types
of reconstructions — areas where the atoms at the surface
form a different crystal structure than in the underlying
bulk — in a 3:1ratio.

They then deposited a layer of LaTiO; on top of STO
using molecular beam epitaxy. Because LaTiO; is itself
comprised of LaO and TiO, planes, the researchers de-
posited individual monolayers of LaO and TiO, sequen-
tially. Two distinct growth sequences were explored: on
one STO substrate, LaO was grown first (T/L). On another
substrate, TiO, was grown first (L/T).

The results of the in situ SXRD experiment showed
that regardless of the growth sequence, the final struc-
tures were nearly identical, resulting in @ dominant TTLT
sequence (Fig. 1, right). When the team compared these
findings with the initial SXRD results for the bare STO sur-
face, they found similar coverage for the TiO, adlayers as
the TTLT layers in the new heteroepitaxial film, suggesting
that the TiO, adlayer had diffused to the surface.

The researchers found further evidence for this phe-
nomenon using time-resolved measurements during dep-
osition to observe the dynamic layer rearrangement that
takes place at the surface. These findings again revealed
that the TTLT sequence gradually forms for both T/L and
L/T after the final layer is deposited.

The authors note that these results mirror those of an-
other study in which heteroepitaxial LaTiO,/STO films were
assembled using pulsed laser deposition, a surprising
finding since these assembly methods are so different.
This suggests a universal tendency for the TiO, adlayer on
bare STO to diffuse toward the growth surface during thin-
film deposition. — Christen Brownlee
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affect other physical properties of the Nd and Sm oxides.
For instance, the presence of oxygen vacancies in the Sm
oxide was shown to increase the transmittance of visible
and infrared light by up to 300%. — Philip Koth
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SARS-CoV-2 Research at the APS

Nanotomography Studies of Potential N95 Mask Materials at XSD Beamline 32-ID-C

X-ray Science Division physicist Vincent De Andrade prepares an experiment performed with the
transmission x-ray microscope at the XSD 32-ID beamline at the APS. The experiment is part of Ar-
gonne’s COVID-19 activities devoted to developing filter materials for N95-grade medical masks to pro-
tect first-line medical personnel from contaminated air. Nanotomography is used to characterize in three
dimensions new fiber-based materials fabricated using electrospinning technology. This technique can
generate much finer polymer fibers, smaller pore sizes, and higher filtration efficiency than the state-of-
the-art filter media. Highly thermal and chemical resistive polymers were introduced into the filter
medium to improve its sterilization response and realize reusability.
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Splitting Water in a Neutral Way

ydrogen is a vital resource not only for various industrial purposes but

also as an energy vector, such as in hydrogen fuel cells. In fuel cells, hy-

drogen is combined with oxygen to create electricity and water, but the
process can also be reversed in an electrolyzer, which uses electricity to produce
hydrogen in what's known as water splitting or water dissociation. However, the
most effective catalysts for these hydrogen evolution reaction (HER) techniques,
such as platinum, are most effective in acidic environments. A team of experi-
menters used the APS to study an electrolyzer design they developed that is
highly effective in neutral conditions. These design principles offer a major new
direction for the development of large-scale seawater splitting and the production
of hydrogen for efficient biofuels and energy systems.

Fig. 1. (a) Schematic illustration of the preparation pathway for 3D CrO,/Cu—Ni from Cu foam as a
substrate followed by the growth of CuO nanowires and coating of the CrO,/Cu—Ni active phase.
(b—e), SEM images at different magnifications (b—d) and elemental EDX mapping (e) for CrO,/Cu—
Ni deposited on the 3D Cu nanowire structure. From C.-T. Dinh et al., “Multi-site electrocatalysts
for hydrogen evolution in neutral media by destabilization of water molecules,” Nat. Ener. 4, 107
(February 2019). ©2020 Springer Nature Limited.
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A method of achieving HER in neutral pH conditions
would make large-scale hydrogen production easier and
more efficient, allowing the use of seawater without prior
desalination and catalysts based on cheap and readily
available transition metals. Neutral HER also facilitates the
production of biofuels through processes involving mi-
croorganisms that are impossible in acidic media. The two
chief strategies for developing neutral HER electrocata-
lysts involve either adjusting the catalyst surface texture or
incorporating additional compounds within the catalyst to
improve water dissociation.

The present work combines both approaches,
anisotropically doping the surface using a metal with
strong hydrogen binding energy and a metal oxide with
strong hydroxide (OH) binding energy. With two types of
surface sites that each interact with different atoms, water
dissociation can be accelerated. The catalyst structures
were studied using scanning electron microscopy and var-
ious x-ray techniques, including x-ray absorption spec-
troscopy (XAS) at the XSD 9-BM-B,C beamline of the APS;
and ambient-pressure x-ray photoelectron spectroscopy
studies at Advanced Light Source beamline 9.3.2 at
Lawrence Berkeley National Laboratory (LBNL).

The investigators from the University of Toronto and
LBNL tested catalysts using copper (Cu) for hydrogen (H)
binding and a variety of metal oxide clusters for OH, meas-
uring the HER activity. They found that a CrO,/Cu system
promoted the best HER performance. To improve catalytic
activity even further, they doped the Cu surface with Ni to
take advantage of its strong hydrogen binding energy,
then tested the deposition of the different components in
various combinations. This demonstrated that the order of
CrO, and Cu-Ni deposition greatly affects the catalytic per-
formance, with the CrOx/Cu-Ni system substantially more
effective than the Cu-Ni/CrO, catalyst (Fig. 1).

While experiments confirmed that CrO, is not a partic-
ularly HER-active agent, it strongly modulates the oxida-
tion of copper-nickel (Cu-Ni), particularly the Ni structure.
On the Cu-Ni/CrO, samples, it induces water dissociation,
an effect, which can be maximized through an even dis-
persal on the Cu-Ni active layer.

The team used density functional theory (DFT) model-
ing to more closely investigate the catalytic activity of the
CrO,/Cu-Ni system on four surfaces with various doping

configurations. They found that an Ni-doped surface
greatly improves the stability of dissociated water. The
minimum energy barrier for water dissociation is seen with
the hybrid catalyst. Water dissociation is shown by the
DFT calculations to be the major factor for H, generation
in the Cu-based catalysts, and can be improved with spe-
cific configurations of the Cu, Ni, and CrO, components.

The investigators then used the information obtained
in these experiments to attempt the fabrication of the
most optimal chromium-copper-nickel catalyst, depositing
Ni and CrO, on a scaffolding composed of CuO
nanowires. Tests of the system's electrochemical perform-
ance displayed highly stable and impressive results, with a
48-mV overpotential at a current density of 10 mA cm?in a
buffer electrolyte of pH 7. This represents markedly supe-
rior performance compared to other known HER catalysts,
and arises not merely from higher surface area but from
the intrinsic structure that greatly reduces the energy bar-
rier for water dissociation.

The work demonstrates that it is both possible and
practical to create high-performance hydrogen evolution
reaction catalysts that not only perform in neutral condi-
tions but can do so without using rare and expensive ele-
ments. — Mark Wolverton
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For Better Pickering Emulsions,
Keep the Sound Down

omogenized milk, skin cream, and mayonnaise are just a few examples of

Pickering emulsions, mixtures of oil and water stabilized with solid particles.

Pickering emulsions are just as common in cosmetics, agrochemicals, and
drug delivery systems as they are in food preparations, and for the same reasons:
instead of using a surfactant (like a soap) to keep oil and water mixed, they use a
particle such as a protein or metal oxide that can have additional functionality
beyond simply keeping the emulsion together. Despite how common Pickering
emulsions are, the mechanics of how they form are not well understood. Multiple
repulsive forces involving electrical charge or particles shape work to prevent emul-
sification. Mechanical forces such as shaking or ultrasound waves have to be applied
to overcome the repulsions. Researchers used the APS to understand how sound
waves overcome the energy barriers to Pickering emulsification. Their findings
should lead to more efficient manufacturing of drug, food, and chemical emulsions,
was well as medical applications, in the future.

Fig. 1. A source of sound waves sonicates a mixture of oil (grey
spheres) and gold nanoparticles (GNP) in water. If the sound
source is powerful enough to produce sonication (waves of
bubbles in low pressure areas), then the oil droplets break
apart and become coated by gold nanoparticles to create a
Pickering emulsion (bottom right). If the sound source is not
powerful enough, the mixture does not emulsify (top).
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Pickering emulsions using perfluorinated oils have re-
cently gained a following in the medical community as po-
tential imaging agents. Using a combination of ultrasound
and laser pulses, these emulsions can simultaneously pro-
vide contrast and break up blood clots, making them po-
tentially useful for doctors treating victims of stroke and
embolism. Researchers from the University of Washington
teamed up with colleagues at Argonne to investigate ex-
actly how sonication — that is, exposing the ingredients to
powerful sound waves — creates Pickering emulsions of
these valuable medical compounds. They found sugges-
tive evidence that cavitation, meaning the creation of bub-
bles, may be the key.

The researchers chose gold nanoparticles as the
solid particles that would stabilize the Pickering emul-
sion. Onto the gold nanoparticles they added polyethyl-
ene glycol molecules with a hydrophilic (“water-loving”)
end, and then added hydrophobic (“oil-loving”) mole-
cules to the other side of the nanoparticles. Then they
gently mixed the nanoparticles with water and perfluori-
nated oils, and waited.

But no matter how long they waited, the mixture did
not emulsify. The water and perfluorinated oil stayed in
separate layers. It did not spontaneously form a Pickering
emulsion, showing that the mere presence of stabilizing
particles was insufficient to make the emulsion happen.
The researchers also tried mixing with a magnetic stirrer,
which caused some shear in the liquid, but this did not
lead to emulsification either.

But when they tried sonicating the mixture, every-
thing came together. Rapidly moving sound waves of
high enough acoustic pressure create cavitation (bub-
bles) in the low-pressure areas, as the quick drop in pres-
sure causes some of the liquid to evaporate. When these
bubbles subsequently collapse, they create tiny little
shock waves.

When the researchers sent sound waves above 7.2
MPa through the mixture, it quickly formed a Pickering
emulsion of droplets of oil in water and the droplets were
stabilized by the gold nanoparticles. However, the mixture
did not emulsify when sonicated at sound pressures be-
low 6.4 MPa, which is too low to create cavitation (Fig. 1.)
This indicated that bubbles are essential to the Pickering
emulsion process.

To better understand exactly what was changing
structurally within the mixture as it became a Pickering
emulsion, the team used the XSD 9-ID-C beamline at the
APS. They employed the ultra small-angle x-ray scattering
(USAXS) technique, which uniquely provides the ability to

quantitatively measure structural changes while applying
sound waves. The APS had the capacity to design a cus-
tom acoustic environment in which the sound pressure,
sound pulse frequency, and pulse duration could all be
precisely controlled.

The USAXS data showed that sonication at sound
pressures too low to create cavitation was actually bad for
the Pickering emulsion, destabilizing the oil and causing it
to evaporate without reforming droplets. The emulsion
lost oil that way.

From analyzing the USAXS data, the researchers now
have two specific hypotheses as to how Pickering emulsi-
fication occurs. The first assumes that cavitation happens
in the water, and then momentum from the shock waves
of collapsing bubbles breaks up the oil and encourages
the gold nanoparticles to adsorb onto the oil droplets. The
second hypothesis assumes, instead, that cavitation hap-
pens in the oil. Oil bubbles expand very quickly and then
collapse. The high velocity and displacements that occur
during the rapid expansion and collapse could entrap the
gold nanoparticles and induce them to adsorb onto the
surface of the oil droplet.

The researchers hope to use the time-resolved small-
angle x-ray scattering technique to tease out these differ-
ent scenarios in the next stage of their research. But
based on the results they already have, they suggest that
manufacturers of medical Pickering emulsions should
seek to use a lower-frequency sonication method to mini-
mize oil evaporation and loss, or consider using a pre-
emulsification treatment to create smaller oil droplets to
start with before beginning the Pickering emulsification
process. — Kim Krieger
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SARS-CoV-2 Research at the APS

Novel Coronavirus Research at DND-CAT Beamline 5-ID-D

Steven Weigand (DND-CAT research scientist) is shown collecting data for a COVID-19 project from
the Stupp Laboratory at Northwestern University while wearing a face mask as required by lllinois’
COVID-19 prevention controls. The measurements were solution scattering experiments carried out at
the DND-CAT x-ray beamline 5-ID-D station at the APS. Weigand used the DND-CAT in-vacuum flow cell
and small-angle scattering/mid-angle scattering/wide-angle scattering set of detectors. The Northwest-
ern group, headed by Samuel I. Stupp, submitted an online, COVID-19 related beam-time proposal/re-
quest titled “Peptide amphiphiles as a supramolecular system delivering COVID-19 inhibitor.”
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The Good and the Bad of Defects in Catalysts

Fig. 1. X-ray diffraction patterns and reconstructed three-dimen-
sional images of a platinum nanoparticle show how defects
evolve as oxygen (top row) or methane (bottom) is added. Fig-
ure adapted from D. Kim et al., Nano Lett. 19, 5044 (2019). ©
2019 American Chemical Society
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efects can play an important role in determining the electronic properties of ma-

terials, such as those used as catalysts. In some cases, defects in a catalyst can

enhance the efficiency, for instance by causing more of the material they’re re-
acting with to adhere to the defect. At the same time, they can ultimately cause the
catalyst to fail by putting stress on the structure over many cycles. Most studies of defects
in catalysts have been done on the surface of the material, and because of that have only
been able to give an overview of the effects. A group of researchers using the APS
looked at the process in nanoparticles, allowing them to focus on exactly what is happening
at the defect site and pointing the way toward improving how well the catalysis works.

Common catalysts such as platinum, widely used to
treat the exhaust streams from automobiles, often have
defects such as layers of atoms in their crystalline struc-
ture that are out of alignment with other layers in the
stack. The materials reacting with the reactants, such as
methane gas, tend to form oxides preferentially at the site
of such defects, which improves the catalytic activity.

In methane oxidation reactions with a platinum
nanoparticle as a catalyst, for example, defects have been
shown to play an important role in adsorbing oxygen
atoms at specific sites. Locations on the nanocrystal
where many molecules of oxygen collect are more active
catalytic sites because the oxygen is so reactive. In addi-
tion, the defects can cause strain on the crystal, which
makes it easier for the reactants to adhere to the catalyst.
Unfortunately, however, the strain can also cause the cata-
lyst to degrade.

To observe exactly what is happening at defect sites,
the researchers from Sogang University (South Korea) and
Argonne performed Bragg x-ray coherent diffraction imag-
ing at XSD beamline 34-ID-C at the APS, which allowed
them to see the atomic deformation of the nanoparticle
(nanoparticles are usually 500-100000 times “thinner”
than a human hair). They first took readings under a flow
of hydrogen and nitrogen, which cleaned the surface of
the nanoparticle. They then flowed a mixture of oxygen
and nitrogen and observed the oxygen being adsorbed
on the surface. After that, they used a flow of methane
and nitrogen so they could see what happened during the
catalytic reaction (Fig. 1).

Adding the oxygen caused a distortion in the coherent
x-ray pattern that revealed the molecules sticking to the
nanoparticle and causing strain. Adding the methane be-
low the temperature needed for a catalytic reaction did
not cause a change in the pattern, but when methane was

introduced at higher temperatures above the activation
temperature, the strain increased and the pattern became
more distorted, suggesting that it was the reaction caus-
ing the changes. About 10 min after all the oxygen was
used up by the reaction, the image returned to its original
state. Even though the nanocrystal recovered its shape, it
may be that repeated structural changes over many cycles
eventually leads to degradation of the catalyst.

The results showed that the areas with initial strain
caused by the presence of defects acted as seeds for fur-
ther dislocations under the pressure of the catalytic
process. While platinum is a good example of catalysts for
studying the impact of such defects in general, the re-
searchers would also like to perform similar experiments
on other catalysts to make sure their results apply more
widely. They hope that by understanding the dynamics of
defects, engineers will be able to design better catalysts.
By controlling the concentration of defects in the nanopar-
ticles, they could strike a balance between higher catalytic
efficiency and longer lifetimes for the materials.

— Neil Savage
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Resolving Redox Inequivalence within
Isovalent Clusters

n biological and non-biological systems, metal clusters facilitate electron transport

and mediate multi-electron processes. Due to the polynuclear nature of metal clusters,

changes in the oxidation state during such processes may be disproportionately local-
ized at some metal sites or equally distributed across the cluster. While researchers can
assign the overall oxidation state of an isolated cluster, it is difficult to allot a redox load
per metal site, redox being a process in which one substance or molecule is reduced and
another oxidized; oxidation and reduction considered together as complimentary
processes. Using multiple-wavelength anomalous diffraction (MAD) at the APS, a team of
researchers studied trinuclear iron clusters to determine the redox load distribution by
the free refinement of atomic scattering factors. MAD is a site-specific analytical technique
that resolves differences in relative redox states within molecular species. A better un-
derstanding of MAD data will allow researchers to decipher redox in more complicated
biological systems, such as metalloenzymes, to better interpret MAD data on more com-
plicated systems, including model complexes relevant to industrial and enzymatic catalysis.

Fig. 1. a) Crystal structure of [NBu,J[(*°L)Fe,Cl] with counterion
omitted for clarity, b) fluorescence edge scan (top) and f' curves
(bottom) for the three iron sites of [NBu,][(**L)Fe,Cl], c) fluores-
cence edge scan (top) and f' curves (bottom) for the three iron
sites of (tbsL)Fe,py, and d) crystal structure of (tbsL)Fe,py."
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Much like the oxidation state of a single metal in a
mononuclear complex can be probed by x-ray absorption
near-edge spectroscopy (XANES), site-specific oxidation
states of polynuclear metal clusters can be examined us-
ing MAD. However, analysis of MAD data is complicated
because atomic scattering within metal clusters can be im-
pacted by 1) metal atom primary coordination sphere, 2)
metal-metal bonding, and 3) redox delocalization in for-
mally mixed-valent species. Deconvoluting these effects
requires a careful series of experiments.

For this work, the researchers from Harvard University,
The University of Chicago, and SLAC National Accelerator
Laboratory probed redox states of metals in a series of
trinuclear iron complexes using MAD at the ChemMat-
CARS 15-ID-B,C,D x-ray beamline at the APS. The MAD
data were collected in up to 21 energy data points around
the Fe K-edge (the energy required to eject a 1s electron).
This strategy significantly improved the resolution of the
resulting cattering factor (f') curves compared to previous
small molecule MAD studies. The data reveal differences
based on local symmetry, electronic delocalization, and
metal-metal bonding in the metal complexes (Fig. 1).

While Mdssbauer spectra from multiple sites in a mult-
inuclear complex are difficult to assign to specific local
sites, MAD is a crystallographic technique so it is straight-
forward to assign each MAD trace to its corresponding
metal site. The researchers refined the Fe scattering fac-
tors for each partial dataset to determine the value of the
real f" at each of the measured energies. The researchers
then plotted real f' versus energy for each iron atom in
each complex. In previous, low-resolution MAD studies,
the minimum of the f' plot was taken as a direct indication
of the relative oxidation states, as it should loosely corre-
spond to a XANES edge.

In this study, a comparison of the f’ traces of homova-
lent iron sites in different local geometries showed that
differences in local coordination geometry can dramati-
cally impact the shape of the curve. Additionally, the high-
resolution f' curves were significantly broadened com-
pared to the sharp profile of theoretical f' curves. This
roadening, which results from the covalency of bonding
between the metal sites and the coordinating ligand, and
also between the two metal sites, prevents oxidation-state
assignment based on the minimum of the f’ trace. Thus,
relative oxidation levels within the clusters were deter-
mined by comparing the entire envelope of the atomic

scattering factor data. In particular, the location of the
right-hand rising edge was most indicative of oxidation
state, with more oxidized sites shifting to higher energies
as expected.

This work exposes the effects of aggregate oxidation
level, deviations in primary coordination sphere, and
metal-metal bonding levels on the capability of MAD to
decipher site-specific redox levels. While differences in lo-
cal coordination geometry dramatically impact the appear-
ance of site-specific f' curves, when control compounds
are structurally very similar to the compounds of interest,
MAD reveals the relative oxidation states of each metal
site in a polynuclear cluster. Differences in oxidation levels
undergo systematic shifts of scattering factor envelopes to
increasingly higher energies. — Dana Desonie
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Dialing-Up Diamagnetism to Search for a
New Material

hemistry’s magic is in its mixtures, the novel combinations of elements that make

unexpected properties possible. Even simple, two-element compounds can surprise

us. The classic example is sodium chloride, which combines element Na (which
by itself is an explosive metal) with CI (which, in the form of CI2, is a poisonous gas) to
create table salt. But many more esoteric compounds are yet to be explored. A team of
chemists in search of novel two-dimensional compounds used the APS to look at a cus-
tom-made nickel bismuth compound and see how its bizarre structure might facilitate su-
perconductivity or other new-to-science properties.

Fig. 1 Structure of NiBi, emphasizing the layered nature
of the material. Violet and green spheres represent Bi
and Ni, respectively.
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Nickel and bismuth are both metals known since an-
cient times. But combining them—nickel is a transition
metal, and bismuth a heavy Group-7 element often con-
fused with lead—has rarely been done. It could be very
worthwhile, because both nickel and bismuth have un-
usual magnetic properties. Nickel is one of the four ele-
ments that are magnetic near room temperature; bismuth,
on the other hand, is the strongest natural diamagnetic
material known. Diamagnetic materials have a strange
ability to produce the opposite of the magnetic field going
through them. In simpler terms, metals like iron are at-
tracted to magnets; metals like bismuth repel them.

Diamagnetism is not dramatic on the everyday scale
of pens and apples and cars and other objects we can
touch. But down on the scale of atoms and molecules, it
can be significant. Diamagnetism is caused by the com-
bined magnetic fields generated by electrons. Electrons
generate magnetic fields in two ways: by orbiting their
atoms, and by spinning on their axes at the same time. All
those spinning electrons create tiny magnetic fields that
add together in different ways, depending on the arrange-
ment of atoms and electrons in space. It is hard to under-
stand intuitively, because it depends on quantum mechan-
ics. But in bismuth, the net result is that whenever the
material is exposed to an external magnetic field, its inter-
nal magnetic fields generate an opposing field that repels
the external one.

Superconductivity and other exotic properties also de-
pend on quantum mechanics. Combining a strongly dia-
magnetic material with a strongly magnetic material (which
behaves in a very different way, creating its own strong
and usually permanent magnetic field) might generate a
material with very unusual behavior.

A team of researchers from Northwestern University,
The University of Chicago, and the DOE's Argonne and
Lawrence Livermore national laboratories were intrigued
by nickel bismuth compounds. They were already familiar
with NiBi (nickel bismuthide) and NiBi; (nickel tribis-
muthide). NiBi; forms itself into chains of Ni-Bi polyhedral
that arrange in hexagonal patterns and it is a supercon-
ductor at low temperatures. They wondered what NiBi,
(nickel dibismuthide) would be like.

The challenge to making NiBi, was that it wouldn’t
form at regular atmospheric pressure. So the team used a
diamond anvil cell (DAC), originally developed by geo-
physicists to study conditions deep within planets, to cre-
ate the material. By combining bismuth and nickel in the
right proportions and then heating and squeezing the mix-
ture at about 14 GPa, a pressure close to what one would

expect to find in the interior of Mercury, they made NiBi,
(Fig. 1).

Once the researchers had made NiBi,, they needed a
very high-intensity, high-flux x-ray source to look at its
structure. The HPCAT-XSD beamline 16-ID-B at the APS is
specialized for just these sorts of applications. The team
used the DAC in combination with the x-ray diffraction
technique to reveal the atomic structure of the NiBi,. The
data they obtained showed that NiBi, forms into columns
similar to those of NiBi,, but the columns are squashed to-
gether. To scale up the new intermetallic compound, they
performed high-pressure reactions using the 1000-ton
multi-anvil press at the GSECARS 13-ID-D beamline, also at
the APS.

The researchers also confirmed that the material is in-
deed a superconductor at very cold temperatures close to
that of liquid helium. Now, they are working on flaking it
into single, two-dimensional sheets. They suspect that
when NiBi, electrons are confined to a single plane, and
the bonds between the atoms are forced to localize in two
dimensions, more intriguing properties may emerge.

— Kim Krieger
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Making the Most of Methane

he world is awash in methane, a potent greenhouse gas that is the main component

of natural gas. The expansion of hydraulic fracturing, or fracking, has greatly in-

creased the U.S. natural gas supply, and fueled ambitions to upgrade methane into
more valuable chemicals, such as through oxidation to methanol. Methanol is a chief
feedstock for chemicals, including those used to make plastics, and can fuel vehicles or
power fuel cells. However, the simple and inexpensive selective oxidation of methane re-
mains a holy grail of catalysis. Current conversion methods rely on high temperatures
and pressures, and are only economically feasible at large scale. But natural gas is pro-
duced in many locations at lower volumes, so alternative strategies to turn methane into
methanol under milder conditions at smaller scale are needed. One promising approach
involves copper-exchanged zeolites that catalyze methane oxidation using only water
and oxygen at low temperatures, but the reaction mechanism has been elusive. To unravel
the catalytic mechanism, researchers probed the copper-exchanged zeolite's active sit