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1. Some examples of X-ray diffraction (XRD) techniques
available for materials research at the Canadian Light
Source, including:

Powder X-ray Diffraction (PXRD),

Single Crystal X-ray Diffraction (SC-XRD),

Laue microdiffraction with the VESPERS beamline,
Thin film analysis with the IBM endstation.

2. Some examples of X-ray absorption spectroscopy (XAS)
and spectromicroscopy (SM) for materials research.
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Overview of Synchrotron Techniques

Synchrotron techniques can be
divided into four major areas:

1.

Diffraction:
» Crystal structure and
microstructure determination.
« Quantitative phase analysis.
Spectroscopy (X-ray and IR):
» Oxidation states.
» Chemical species.
Spectromicroscopy (X-ray and IR):
« Combination of imaging and
spectroscopy.
* Mapping of species and chemical
states.
Imaging:
» Synchrotron version of medical x-
rays/CT.
» High contrast and large field of
view.
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Why Synchrotron Powder X-ray Diffraction (PXRD)?

e Synchrotron sources provide a number of distinct
advantages for powder diffraction:

s

High resolution (thinner peaks than a laboratory diffractometer).

High intensity (short data collection times, improves application of
diffraction to time-resolved studies and small sample volumes).

Excellent signal-to-noise and intensity estimates from large 2D
detectors.
Tunable energy over a wide

.- ] — Laboratory PXRD data
range, facilitating anomalous ™| (cuka, A=1.54059 A)
dispersion & pair distribution 2% 1 synchrotron PXRD data
function (PDF) techniques:
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Why Synchrotron PXRD?

e Synchrotron sources provide a number of distinct
advantages for powder diffraction:
High resolution (thinner peaks than a laboratory diffractometer).

High intensity (short data collection times, improves application of
diffraction to time-resolved studies and small sample volumes).

Excellent signal-to-noise and intensity estimates from large 2D
detectors.

Tunable energy over a wide Li,Nig 33Mno.33C00 550, - 101 peak
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dispersion & pair distribution
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Why Synchrotron PXRD?

e Synchrotron sources provide a number of distinct
advantages for powder diffraction:
High resolution (thinner peaks than a laboratory diffractometer).

High intensity (short data collection times, improves application
of diffraction to time-resolved studies and small sample volumes).

Excellent signal-to-noise and intensity estimates from large 2D
detectors.

Tunable energy over a wide ™ Synchrotron PXRD
range, facilitating anomalous .. Laboratory PXRD

dispersion & pair distribution
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Why Synchrotron PXRD?

e Synchrotron sources provide a number of distinct
advantages for powder diffraction:
High resolution (thinner peaks than a laboratory diffractometer).

High intensity (short data collection times, improves application of
diffraction to time-resolved studies and small sample volumes).

Excellent signal-to-noise and intensity estimates from large 2D

detectors. ]
Tunable energy over a wide
range, facilitating anomalous ‘
dispersion & pair distribution |
function (PDF) techniques: S

- CMCF: E=41t018 keV ]

(A =3.1t0 0.69 A).

. Brockhouse: E = 7 to 90 keV
(A=1.8t00.14 A) .

Dachraoui, W., et al.
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Powder X-ray Diffraction (PXRD) on CMCF-BM
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PXRD Applications: Very Small Samples

16000

12000 |

10000 -

8000 -

100 ym spot size

Intensity (a.u.)

Data courtesy of Marie-Claude

14000 |

Corbeil (Canadian Conservation
Institute).

Canadian Centre canadien
Light de rayonnement
Source synchrotron

—Paint Sample (raw data minus background)
—Anglesite, PbS0, (01-075-6951)

—Zincite, ZnO (01-080-3004)

——Cinnabar, HgS (04-008-8272)
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PXRD Applications: Trace Phase Analysis
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—MIP powder, Na2MoO4 (raw data)
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—Na,Mo0, (H,0), (PDF 04-014-0499)
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PXRD Applications: Trace Phase Analysis (cont.)
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PXRD Applications: Crystal Structure Solution
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Reid, J.W., Kaduk, J.A. & Matei, L.
: Powder Diffraction 34 (2019) 44-49.

Canadian Centre canadien THE BRIGHTEST LIGHT IN CANADA | lightsource.ca
Light de rayonnement
Source synchrotron




PXRD Applications: Structure Solution (HOFs)

Acetone loaded (SC-XRD) Closed pore (PXRD)

[Cr(H,0)4] [O3P-CzH,-PO;H] - CH;COCH, [Cr(H,0),] [O5P-C¢H,-PO,H]

Taylor, J.M., et al.
Chem 4 (2018) 868-878.
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PXRD Applications: Structure Solution (HOFs)

Closed pore (PXRD)
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Partial Pressure (P/P )

[Cr(H,0)e] [O3P-CgH,-PO3H]

Taylor, J.M., et al.
Chem 4 (2018) 868-878.
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Small Molecule Single Crystal XRD

 The behavior of metal-organic polyhedra (MOPSs) in solution depends on
the distribution of surface ligands, allowing the surface chemistry to be
tailored to specific applications.

Denis
Spasyuk

Lal, G., Lee, S.J., Spasyuk, D.M. & Shimizu, G.K.H.
Chem. Commun. 54 (2018) 1722-1725.
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Powder and Single Crystal XRD Mail-In Programs

« \We have mail-in programs! Rapid access PXRD and single
crystal XRD forms can be accessed at:

* https://www.lightsource.ca/industry

) EaS y : S i m p I e fo rm : n 0 CANADIAN LIGHT SOURCE Inc. POWDER DIFFRACTION ANALYSIS REQUEST FORM a;ﬁ:%ﬁ.

Requested Analysis/Charges
Data Collection Prep and Data Collection Phase ID Additional Work

C O I l t raCt sample Id Formula Colour Composition (wt% or at%) or Major Elements <13 e oo fonal
N O O ]
d m]

Ooooooo
oooono
Ooooooo
oooono

o Affordable: Data

. Client Information: Billing Information: LS| Technical Contact: CLS! Industrial Science Contact:
Sta rt I n at 6 5 e r d a-ta il liis —eden m e
Contact Name: Joel Reid Erika Bergen
Phone: 306-657-3854 306-657-3867
Email: joel.reid@lightsource.ca erika.bergen@lightsource.ca
: 5 ‘ ! . Address: 44 Innovation Blvd, Saskatoon, SK 57N 2V3, Canada
PO#:
Description of work:
1)  Data Collection- This package includes data collecti for capillary by the client. Data can be formatted in numerous common powder diffraction data formats based on your software requirements.
2)  Prep and Data collection: This package includes sample preparation (capillary packing], data collection and calibration. Data can be formarted in numerous common powder difiraction data formats based on your software reguirements.
3] Phase ID: This package includes sample preparation (capillary packing), data collection, calib h for phase its are presented ina witha

estimate of the relative crystalline phase composition.
4] Additional Work: Additional work charges may apply for complex structures (client will be contacted if additional work is required)

Please inquire about additional PXRD services, offerad by customized quotes to mest your neads, including ab initio unit call indexing, Rietveld structure refinement, relative crystalline ive ph (apa), and total apa fincluding

.
PY » amorphous content) using an internal standard.
u I C u r I I a. r 0 u I l L] asked ta report any ions based on work performed, in whale or in part, st the Canadian Light Source or CLS@APS Programme. The list of the publications reported to the CLS is in important factor in our funding and is
b i html

taken into account during peer review of

. By signing and retuming this form, the Client relinquishes the above listed samples to the Canadian Light Source Inc_and authorizes the above client has read and is with the Canadian Standard Terms and
[ypically 1 to 2 weeks
y p y " Client Signature: Date:
For Internal Use Only
Sample Received (Date) Initial" Waork Completed (Date): Initial Contract # Invoice # Initial"
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Microprobe XRD with XRF: The VESPERS Beamline

Magnetite
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Hamilton, J.G, et al.
ACS Earth Space Chem. 2 (2018) 1161-1167

Kirkpatrick-Baez Mirrors
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Twinning in La,_Sr,CrO, Under Applied Stress

Sample plates

Incoming beam

//

Piezoelectric
actuators

Imaging twin domains in La,_Sr,CuO,
- Experimental setup.

Zheng, X.Y, et al.
Appl. Phys. Lett. 113 (2018) 071906.
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(a) Partial diffraction
pattern under no strain,
with views at =20V, 0 V,
and +30 V.

(1V=~1MPa)

(b) The reciprocal space (b) i 1y E#
perpendicular to c-axis for b* 9,
the two twin domains. i 5 V] ;
Circles - Bragg peak ¢ f _— v
positions for (200) and j o L
-20 V] :

(020) peaks. i f i

i i
(c) Real-space schematics ~ b—=—————te-t—— -b*

illustrating the response of (©)
CuO, planes in LSCO
under compressive strain.
The buckled rectangles
represent CuO, octahedra.
Note the elongation along -
; . . a v\]‘/
the compression direction. b
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Twinning in La,_Sr,CrO, Under Applied Stress
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Zheng, X.Y, et al.
Appl. Phys. Lett. 113 (2018) 071906.
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(a) Partial diffraction
pattern under no strain,
with views at =20V, 0V,
and +30 V.

(1V=~1MPa)

(b) The reciprocal space (b)
perpendicular to c-axis for b*
the two twin domains.

Circles - Bragg peak
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(020) peaks.

(c) Real-space schematics
illustrating the response of (©)
CuO, planes in LSCO

under compressive strain.

The buckled rectangles

represent CuO, octahedra.

Note the elongation along a\(f,
the compression direction. b
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XRD on Thin Films: In Situ Phase Transformations

7.5 180.0 nm

 Temperature dependent phase
transformations and growth
processes in thin films can be
monitored using the IBM endstation
on our IDEAS beamline.
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X-ray Absorption Spectroscopy (XAS)

 An XAS spectrum is the result
core-shell energy transitions.

XANES EXAFS

 These transitions occur at
different energies for different
elements, so XAS is an
element-specific technique.

HE)

-100 -50 0 50 100 150 200 250 300

e XAS is sensitive to bulk
oxidation state and local
coordination geometry.

Energy (eV)

32-element Vortex
XRF Detector

Monochromator XRF Signal

e XAS can be used to carry out Crystals Entrance Slits Reference Foil

quantitative analysis of S .\
chemical species. —

lon Chambers
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XAS Applications: Charge Compensation in Batteries

When Li-ion batteries are charged

and discharged, the electrode
materials are oxidized and
reduced.

Which is the active element?

XAS can be used in-situ to look at

each element in the material.

L g 5%

SR T - -
IDEAS beamline

Nickel Manganese Cobalt
1.0fF T ! ! | T
J"l J'"b o o8
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2
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Energy (eV) Energy (eV) Energy {eV)
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XAS Applications: Developing New Catalysts

Iron/iron oxide (Fe@Fe,O,, core@shell) nanoparticles (NPs) make
attractive candidates for new catalysts:

Iron is abundant, relatively inexpensive and can be magnetically recovered.

Fe@Fe, O, NPs can be used as catalytic supports, or hollowed out and used
to seed the reduction of other metals to form bimetallic NPs.

Fe,O, shell

Fe NPs Fe@Fe,O,
NPs

XAS is well suited to study both (1) the synthesis of new NPs and (2)

their catalytic performance. Recent work has demonstrated this can be
performed in situ.

Yao, Y., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 118 (2014) 22317-22324.
Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 119 (2015) 21209-21218.
Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 121 (2017) 19735-19742.
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XAS Applications: Developing New Catalysts

Iron/iron oxide (Fe@Fe,O,, core@shell) nanoparticles (NPs) make
attractive candidates for new catalysts:

Iron is abundant, relatively inexpensive and can be magnetically recovered.

Fe@Fe, O, NPs can be used as catalytic supports, or hollowed out and used
to seed the reduction of other metals to form bimetallic NPs.

Fe NPs Fe@Fe,O, Fe@Fe,O,
NPs Support catalyst

XAS is well suited to study both (1) the synthesis of new NPs and (2)

their catalytic performance. Recent work has demonstrated this can be
performed in situ.

Yao, Y., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 118 (2014) 22317-22324.
Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 119 (2015) 21209-21218.
Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 121 (2017) 19735-19742.
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XAS Applications: Developing New Catalysts

Iron/iron oxide (Fe@Fe,O,, core@shell) nanoparticles (NPs) make
attractive candidates for new catalysts:

Iron is abundant, relatively inexpensive and can be magnetically recovered.

Fe@Fe, O, NPs can be used as catalytic supports, or hollowed out and used
to seed the reduction of other metals to form bimetallic NPs.

Fe NPs Fe@Fe,O, Fe@Fe,O,
NPs Core-void-shell NPs

XAS is well suited to study both (1) the synthesis of new NPs and (2)

their catalytic performance. Recent work has demonstrated this can be
performed in situ.

Yao, Y., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 118 (2014) 22317-22324.
Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 119 (2015) 21209-21218.
Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J. J. Phys. Chem. C 121 (2017) 19735-19742.
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Synthesizing Fe@Fe, O, Nanoparticles

Controlled oxidation synthesis of Fe@Fe,O,
NPs can be obtained by tailoring the
solvent ratio.
The kinetics of the Fe NP oxidation reaction
can be monitored in situ with XANES.
1_4_1 4:1 :gg}gn Fe K-edge
MeOH:water — 120min
——— 180min
— 220min
Fe NP N
oxidation
Fe NPs FeQ@Fe0,
NPs

i - : v T . 1
7100 7120 7140 7160 7180

—

Fe(0) (mmol

0.05
4 1.1 MeOH/water
o 4.1 MeOH/water
0'04_1 = 91 MeOH/water

0.03 4

0.02 ~

0.01+

0.00

Core Size (nm)

Q 60 120 180 240 300 360 420 480
Time (min)
20
A 1:1 MeOH/water
18 4 ® 4:1 MeOH/water
16 s 31 MeOH/water

T T T T T T Al T T T T T T T T
0 60 120 180 240 300 360 420 480

Time (min)

Yao, Y., Hu, Y. & Scott, R.W.J.

E(eV)

J. Phys. Chem. C 118 (2014) 22317-22324.
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Fe@Fe,O, Supported Pd & Cu Nanoparticles

 The performance of Fe@FeXOy NPs for
reduction of metals like palladium £
(shown) and copper from salts in E

é

solution can also be studied.

-
e
PR

0.5 -

0.0

 Pd(NO;), and CuSQO, salts can be fully . | | |
reduced to Pd® and Cu® in ~ 20 minutes. < A

(B) 11

o
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Fe@Fe,O, Fe@Fe,O, Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J.
NPs Supported Pd J. Phys. Chem. C 119 (2015) 21209-21218.
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Fe@Fe,O, Supported Pd & Cu Nanoparticles

» The performance of Fe@Fe,O, NPs for i =
reduction of metals like palladium o] == A
(shown) and copper from salts in £ us ]
solution can also be studied. Z 0]
« EXAFS can be used to look at the local as- @
structure of the Pd, including the first b
shell coordination number (CN) and RN

nearest neighbor distances.

Table 1. Values for the EXAFS Fit of Fe@Fe O,/Pd NPs
with Different Molar Ratios of Fe@Fe, O, NPs to Pd*

Fe:Pd AE,

ratio shell CN“ R (A) o (A) (eV)
50:1 Pd—Pd 10.3 (9) 2.755 (4)  0.010 (1) 33 (6)
20:1 Pd—Pd 10.0 (9) 2.74 (1) 0.008 (1) 35 (5)
= O 5:1 Pd—Pd 93(0.8) 2752 (1) 0009 (1) 5.1 (5)
“First shell coordination number.
Fe@Fe,O, Fe@Fe,O, Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J.

NPs Supported Pd J. Phys. Chem. C 119 (2015) 21209-21218.
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Synthesizing Hollow Fe@Fe,O, Nanoparticles

=
=
J

Synthesis of Fe@Fe,O, core-void-
shell NPs via the Kirkendall effect
can be monitored in situ at 180°C
using a high temperature liquid cell.
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Fe@Fe,O, Fe@Fe,O, Yao, Y., Patzig, C., Hu, Y. & Scott, R.W.J.
NPs Core-void-shell NPs J. Phys. Chem. C 121 (2017) 19735-19742.
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X-ray Spectromicroscopy

« A synchrotron beam can
be focused down to a very
small spot size (anywhere
from 2 mm down to ~30
nm).

 This can be used for
elemental mapping.

e |t can also be used for
chemical mapping.

* The technique illustrated
upper right is called
scanning tunneling X-ray
microscopy (STXM).

Zhou, J. et al. J. Phys. Chem. Lett.
1 (2010) 1709-1713.
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STXM Applications: Charge State in a Battery

STXM can be used
to image localized
iron oxidation states
regions in olivine/
graphene composite
cathodes.

Absorption

e STXM generates an
image “stack” where
each pixel contains
a spectrum.

700 710 720 730
Photon Energy (eV)

e This can be used to
separate
components using
spectral features. / :

Wang, H. et al.
Angew. Chem. Int. Ed. 50 (2011) 7364-7368. Zhou, J. et al. Chem. Commun. 49 (2013) 1765-1767.
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STXM Applications: Interface Studies in Composites

Isolated Interface Region

Electron microscope image of carbon fiber cross-section Synchrotron X-ray microscope image Interface region highlighted
A thin section of a unidirectional
woven carbon-fiber composite was
prepared (synthetic fiber and epoxy- El
based resin). 2
2 —— Fiber
=2 —— Epoxy
. . Interface
e The cross section of the interface
was imaged using STXM. C K-edge

T T T T T T T T T T T T T T T 1
280 285 290 295 300 305 310 315 320

Photon Energy (eV)
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STXM Applications: Interface Studies in Composites

 For Sample A, the linear

combination of the fiber Linear Combination Fits (LCF)

and resin spectra

reproduces the spectrum Sample A Sample B

of the interface region R e T e
very accurately, indicating I SN 1. /\
that there are no | I j
detectable chemical SRANY,

changes at the
interface.

« For Sample B, the best fit _ )
Of the Combined Spectrum M._ —— Fit spectrum (combined fiber +resin)

—_— Interface spectrum N

does not perfectly [/} fiber spectrum |
L pectrum

reproduce the spectrum of  «—= | 11 | |
the interface region, " T e o T e e "
indicating that there are 55% Fiber 58% Fiber
chemical interactions 45% Resin 42% Resin
involving carbon at the
interface.
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* The synchrotron is a powerful, multi-purpose tool for
materials analysis.

e Synchrotron techniques offers major advantages for:
Multi-component and heterogeneous materials.
Small sample volumes.
In-situ and in-operando studies.
Dilute elements and compounds of interest.
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