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Post Doc: IPNS, ANL, IL

Hydrogen Storage Materials, Catalysis,
Correlated electron materials.

Ph.D: Physics SUNY Stony Brook (NSLS, BNL), NY
Structure property of Alkali doped fullerenes,
Ab initio structure solution from powder
diffraction.
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Who Am [?

* Instrument Scientist(2006-present):
SNS, ORNL, TN

— Neutron Instrumentation and SE
development

— Electrochemistry
— In-situ Neutron Diffraction

— Correlated electron materials.
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Where are the atoms?

We need wavelength () ~ Object size (for most structural material of interest, that is A)

= Adzsin(@) 2«
. l|l| —_ =
SEmiy A d
.-"".'} - Amorphous P ;
Crystal orous Precipitates Grain
o . ‘,Strg_ctureb_

Materials
Neutron
WAVELENGTHS are @@

similar to atomic scale I —T—TTTTTT — T
dimensions 0.1 1 10
Neutron Wavelength (A)

X-ray Neutron
A:0.1A-10A thermal A:1-44
MA] = 12.398/E, [keV] E_[meV] =81.89/ A 2[A]
Source: Source:

* Lab diffractometers * Reactors (fission)
* Synchrotron Sources * Spallation Source
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http://www.ekholmit.fi/FImg/crystal.htm
http://www.ekholmit.fi/FImg/bennies.htm

Why Neutrons ?

K'l Neutron Scattering Cross Section
E! :-lbh‘O"m’) o, ,L—‘
dDetects light atoms even in the presence of ;: FET— [
heavy atoms (organic crystallography) — H is ’m bl ind
a0 w BEEEEE
Distinguishes atoms adjacent in Periodic
table and even isotopes of the same " -
element (changing scattering picture e i L]
without changing chemistry ~N e s (oA
K [Ga [8e [T [V [Gr [Mn|Fe [Co NI [Cu[2n [Ga [Go |As 8o B Kr
Rb (8 | (2 Wb [Mo [Te |Aw [Rb A |49 [Gd Jin, [0 |80 |Te i [Xe
. . GSEEARAZEAEEERRREE:
Electrically neutral; penetrates centimeters R ) Teelerees
of bulk material (allows non-destructive | |
bulk analysis). Ease of in-situ experiments, el EEeBeBBebBes)
e.g. variable temperature, pressure, SentCONED DG [P [Aem{Com{ [CF [Re [ [Madio Jir |
magnetic field, chemical reaction etc. o X-ray Diffraction Neutron Diffraction

(dMagnetic moment (magnetic structure)
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Before You Start

https://www.ncnr.nist.gov/resources/

https://www.ncnr.nist.gov/resources/

n-lengths/

sc TiooW  Cr Mn Fe Co M Cu Zn Ga Ge A3 Se
Zr Mb Mo Tc Ru Bh Pd Ag Cd

Hf Ta W |Re Os Ir Pt A&u Hg

Ce Pr Md Pm Sm Eu Gd Th Dy Ho Er Tm *b

Th Fa U MNp Pu &m Cm Bk Cf Es Fm Md Mo

activation/

| Neutron scattering lengths and cross sections

|Isotope||cunc|| Coh b ” Inch HCuh xr.”lnc xs”Scatt xs”Ahs xs|

Li | |F190 |- 0454 092 |[137 [705 |
6Li |75 |[2.00-0.261:[-1.89+0.26:(0.51 [[0.46 [0.97  [940.(4)|
7Li  [o25]222 [249 o619 [0.78 |14 [0.0454 |

~ Material

|Li2Ir03

b

I’

7~ Neutron Activation

For rabbit system | Calculate

Thermal flux Cd ratio Thermal/fast ratio
|1e8 L | [0 |
Mass Time on beam Time off beam

1 | [10 | [1y |

b

I’

~ Absorption and Scattering

Density Thickness

,

Calculate

E | [

Source neutrons

Source X-rays

[1 Ang | |[CuKa

b

Li2Ir03 at 3.50 g/cm?

Source neutrons: 1.000 A = 81.80 meV = 3956 m/s
Source X-rays: 1.542 A= 8.042 keV

1/e penetration depth | Scattering length density | Scattering cross section X-ray SLD
(cm) (10-6/4%) (1/em) (10-6/4%)
abs 0.383 real 2.009 coh 0.102 real | 24 021
abs+incoh 0381 imag -0.013 abs 2611 imag | -1.617
abs+incoh+coh | 0.350 incoh 0.777 incoh 0.015

Neutron transmission 1s 7.23% for 1 cm of sample (after absorption and incoherent scattering).
Transmitted flux is 7.233e+6 n/em?/s for a 1e8 n/cm?/s beam.
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Light Elements that are hard
to see with other techniques
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Hydrogen is special

2,000

1,500

1,000

500

Neutron scattering lengths and cross sections
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d-Spacing (A)
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Isotope|| conc || Cohb || Inc b ||[Coh xs|Inc xs||Scatt xs|| Abs xs

H -3.77390 1.7568||80 26 ||B2.02  ||0.3326

1H D098D ||-37M406)(25.274||1.7583||B0.27 ||B2.05||0.3326

=H 0.015 6671 (404 ||5.5%92 [|2.05 |[7.64 0.00051%

<H (1232 a)||4.792 |-1.04 |28% ||0.14 ||3.03 N

Adamantane
- — PG3_40538-C10H16 ' ' ' ' ' ' ' ' ' ' .
i —— PG3_40539-C10D16 ﬁ i
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Crystal Structure of Hemimorphite (Zn,S104.H,0)

74 liveplot (=1 [

File Options Magnification Help

RT-MOH cycle 136 Hist 1

o
e
Structure of Hemimorphtite
(Zn,Si,04*H20), showing two large
open channels. Green (Zn), blue (Si),
white (H). Unit cell dimension shown (a - | | | | |
=8.181 A, b =10.841 A). “ o 3 )
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Difference Map from Powder Data

10K Fobs

r 110K DELF
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Ba,CuWO,: An Ordered Tetragonal Perovskite

o° _/;Q

Q
\ /4

Simple cubic AMX;
perovskite: a = 3.8045.

Double Perovskites A,MM'O,: Out of 3 possible orderina only 2 observed

Model #1: Ordered alternation of
MO, and MO octahedra in one
direction, leading to formation of
layered perovskite.

Model #2: Ordered alternation in
the three directions of space,
resulting in rock-salt ordered
superstructure.



4 liveplot

| File Options

BA2CUWOS-NQJT cycle 61 Hist 1

A, AA

304
290
Em—
2
J ‘—‘A'L “L——A-'-A—‘
I I I
Dsp:

So in fact CuO, octahedra
are elongated along the c
axis. The e, orbital is
split into

(d2,2 and d°.2)

T T T
25 3

Recall Cu?* electronic
configuration (t,,)°(e,)? :
Jahn Teller Distortion?

74 liveplot ==
| File Options Help |
BA2CUWOS cycle 31 Hist 1
—— bckgr
— Calc
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Ezn
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Dspace
Iwanaga et. al. J. Solid State. Chem. 147, 291(1999) HOAK RIDGE | 15570 | Sebweu "
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../2004/Ba2CuWO6/GPPD/ROCKSALT-JT.EXP

Elements that have similar Z.
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LiNIy:Mn,:O,: Order Disorder

Shin D.W., Bridges C.A., Hug A., Paranthaman M.P., Manthiram A., "Role of cation ordering and surface-segregation in high-voltage spinel
LiMn, :Niys,M,0, (M = Cr, Fe, and Ga) cathodes for lithium-ion batteries", Chemistry of Materials, 24, 19, 3720-3731 (2012)

Kim J.H., Hug A., Chi M., Pieczonka N.P., Lee E., Bridges C.A., Tessema M.M., Manthiram A., Persson K.A., Powell B.R., "Integrated Nano-Domains of
Disordered and Ordered Spinel Phases in LiNiysMn, :O, for Li-lon Batteries", Chemistry of Materials, 26, 15, 4377-4386 (2014).

Liu J., Hug A., Moorhead-Rosenberg Z., Manthiram A., Page K., “Nanoscale Ni/Mn Ordering in the High Voltage Spinel Cathode LiNi,sMn;:0,”,
Chemistry of Materials, 28, 6817-6821 (2016).

GM R&D, Optimal CAE Inc., LBNL, University of Texas @ Austin, ORNL

Motivation: ~4.7V with capacity ~135mA h/g

‘ MnO; Octahedra

50 —— Disordered Fo'3m
- Oredered F4 52

How does synthesis and doping effect the
order disorder? What is the nature of this
and how does it effect performance?

Veltage (V)

4.0 1

3.5 4

0 25 50 75 100 125 150
) ] B TION
Specific Capacity (mAh g} )N
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Spinel Cathode (LiNi, :Mn, :O,)

In disordered F d -3 m Ni and Mn are disordered in the . | e Li@a)
octahedral interstitials (16d site). The order between Ni . <.> 'Jli('*%d
and Mn (1:3 ratio) lowers the symmetry. Ordered Phase : O O 022(46))
Space Group: P4;32, : { B d 0(80)

 The crystal structure can accommodate both ordered or disordered Ni and Mn distribution based
on thermal history in synthesis process.

 Formation of rock salt secondary phase causes reduced energy density.

LiM1.5Ni0.42M0.0804 Anneal vs Slow cool LiM1.5Ni0.42M0.0804 Anneal vs Slow cool
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Controlling the level of cation ordering by doping
LiNiy: M,Mn, 0, (M=Fe, Cr and Ga)

20 ~16A domain
1 |—— Yobs
(a) | |— Yealc (b)z (Short Range Order)
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Annealing temperature and doping can
be used to tune the level of cation
ordering which effect the electrochemical
performance of the cathode.
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Ni/Mn order/disorder in the ord

LINIgsMn; 50,

140
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Heat Treatments;
SC: Slow cooled 1.5°C/min from 900°C (8h)
FC: Fast cooled 5°C/min from 900°C (8h)
A48: Annealed for 48h at 700°C
A240: Annealed for 240h at 700°C

PAC0800205,h=45mm , LLMNO-FC
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PAC0800202,h=57mm , LLMNO-A48
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Ni/Mn order/disorder in the ordered and disordered LiNiyj:Mn, O,

' 1. Mn3*is not critical to enable high rate
200 ko FC Fd-3m . o
| Ry,=25.8% capability, as the conductivity enhancement
. 4 x¥=8.11 from Mn3* carriers in the fully lithiated spinel
" ‘\MAWMM . g is far less significant than the increased
""\,\A\F\o/\/\/\j\—/\f" | - SC Fd-3m conductivity from the generation of Ni3*
Y ' | Rwp=26.0% carriers.

2008 X2=8.23
: ‘\/LVMMM | pag pa.32 2. Aslightly ordered spinel, such as A48, which
' W\WW pr=1§_4% does not contain any initial Mn3* carriers, is
80 “\ 1 x=2.19 still capable of high rate capability because

it may be able to form a kinetic solid

)

G(r) (A

A240 P4;32 solution at the two-phase boundary more
Rup = 13.5% easily than a very ordered spinel, such as
x=228 A240

3. Level of local ordering does not drive

r(A) performance but rather Ni/Mn domain
» Ni/Mn are locally well ordered in both ordered and disordered size/boundaries may instead be more
LiNigsMn, O, important.

> Ni/Mn are partially ordered up to 16 A (two unit cells) in the disordered
phase

» Ni/Mn are long range disordered in the disordered phase .
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Very often life Is not so
simple and one has to use
both X-rays and Neutrons to
get to the right picture
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Li, LasZr, - Ta,O,,: Solid Electrolyte

« Thompson T., Wolfenstine J., Allen J.L., Johannes M., Hug A., David I.N., Sakamoto J., "Tetragonal vs. cubic phase stability in Al - free Ta
doped Li,LasZr,04, (LLZO)", Journal of Materials Chemistry A, 2, 13431-13436, (2014).

« Thompson T, Sharafi A., Hug A., Allen J. L., Wolfenstine J., Sakamoto J., "A Tale of Two Sites: On Defining the Carrier Concentration in
Garnet-Based lonic Conductors for Advanced Li Batteries", Advanced Energy Materials, (2015).

* Mukhopadhyay S., Thompson T., Sakamoto J., Hug A., Wolfenstine J., Allen J. L., Bernstein N., Stewart D. A., Johannes M. D., "Structure and
stoichiometry in supervalent doped Li,;LazZr,0,,", Chemistry of Materials, (2015).

University of Michigan, Army Research Laboratory, Naval Research Laboratory, ORNL
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Potential vs. Li/Li* (V) Cycle Number

Li, Juchuan, et.al. Adv. Energy Mat. 5 [4] 1401408

Motivation: Higher voltage cathode use to increase power/energy density is thwarted
Poor Safety, Capacity Fade, Limited Cycle life

Possible Solution: Solid Electrolyte
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Doping in Li or Zr site for performance

T = oY \ | °
RAD b __.___\r

Tetragonal

u*

Ol® —

Limetal LLZO Liquid S+C

Solid-state L/LLZO/Sulfur
L

s bepr——-

Li1 = tetrahedral (1)
Li2 = octahedral (2)
Liz = octahedral (4)

o =10%S/cm o =103S/cm

Li1 = tetrahedral (3)
Li2 = octahedral (12)

High Li* lonic Conductivity - 0.4 mS/cm at 298K is hard to reproduce.
Stable against lithium
Synthesized/processed in air
Low grain boundary resistance
Challenges:
« densification
» stabilizing cubic phase: Need to add Li vacancy

O O O O O
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Ta doping in Zr site: What happens to the structure?
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High Resolution Diffraction : Be careful what you ask for ©

400 15000
300
- N 10000
é 200 é
% ; . . é 5000 —
g 100 11 B g
g | s
0 LTI
Of5 ' 110 ' 1.15 ' 2!0 ‘ 275 ' 3?0
d spacing(A)
Nominal Measured Neutron Synchrotron
Ta Ta Li a c a
0.25 0.2500 6.9863 12.9181 13.0503 13.0090
0.5 0.5112 5.4645 12.9305 13.0131
0.75 0.7701 5.4900 12.9086 12.9912
15 1.5762 4.4082 12.8343 12.8677

d spacing(A)

Sychrotron Wt %

c cubic | cubic Il pyrochlore
13.0577
12.9529 0.4623 0.5245 0.0132
12.9310 0.5293 0.4526 0.0180
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Intensity x 100000

Intensity x 10000

Garnets In Nature
(Numerous work by Antao et. Al.)
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Natural Garnets X vs N
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In situ studies

> Li-ion Battery
» Solid Oxide Fuel Cell material
» Sample Synthesis
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Some Facts on LIB

Global Lithium-lon Battery Market Size and Forecast,
2015 - 2024 (US$ Billion)

_q028 56
aGRI0E% ote-? I | |

2016

2019 2020 2021 2022 2023 2024

Source: Variant Market Research

https://www.variantmarketresearch.com/report-

categories/semiconductor-electronics/lithium-ion-battery-

market
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Search word: Lithium Battery

1970-1980 1630

1981-1990 437 6157 42
1991-2000 3616 190,985 181
2001-2005 5806 287,895 208
2006-2010 9863 514,097 269

2011-2018 58589 ?7?
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What is LIB
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Thick cathode and Neutron Friendly Cell (LIMn,0,)
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Metastable Li,,sMn,0O, (0 = & = 1) spinel formation

Li-0 bond length in a-b plane (A)

Li-O bond length along c-axis(A)

Normalized weight fraction (%)
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Actively working on improving data quality
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Understanding Structure and Function in Solid Oxide Fuel Cell
(SOFC)

EXHAUST

1l H,/D,

Hazardous

e‘m\ JT : Gobinet fomd | Conior EXHAUST
Lucyfe Furnace
o <«— Hydrocarbon % . _—
02—) — H_/ZA’ Hazar.dous
e/Ar Cabinet
——>C0,,H,0 co,
[[] - Cathode - Porous, 2-phase composite
[] - Electrolyte - Dense, single phase
[[] - Anode - Porous, Multi-phase composite GAS
DETECTION
SENSORS
Challenge
A basic understanding of the structure-function
relationship that describes the influence of
crystal structure and composition on oxygen ion : : .
transport is needed to fully optimize the An integrated sample environment that includes a
performance of these materials. high temperature furnace, a gas flow insert, a pO,
sensor and Residual Gas Analyzer (RGA) make
This valuable structural information must be experiments possible under operational condition.
obtained under operational condition.
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» Samples of (Nd

REBaCo,O.,; : cathode materials for SOFC

and Pr)BaCo,O.,; were
measured @ four different pO, and four
different temperature at each pO,

Equilibrium state was achieved by measuring
the lattice parameter. Once the Ilattice
parameter stopped changing, longer data was
collected.

Temperature of the sample was calibrated using
a standard powder under identical condition.
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Neutrons show Oxygen migration pathway In
NdBaCo0,0:45

R.A. Cox-Galhotra, A. Huq, J.P. Hodges, J.H. Kim, C. Yu, X.
Wang, A. J. Jacobson, S. Mclintosh, “Visualizing oxygen anion
transport pathways in NdBaCo,0s,4 by in situ neutron
diffraction”, J. of Mater. Chem. A 1, 3091 (2013)
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> High Q data allows refinement of anisotropic thermal parameters and oxygen vacancy. Combined
with near neighbor distances, it allows us to directly visualize the oxygen diffusion pathway.

» The structure is Tetragonal and not Orthorhombic as previously suggested in these pO, values.

» 03 site exhibits the largest vacancy and anisotropic motion. Motion of 02 is also very anisotropic
which can hop to the near neighbor in the vacancy rich NdO plane. Fully O u%gd 01 ﬁe hasvery | =
small displacement and hence limited motion. & AK RIDGE sd/0ee
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Open Crucible Flux Crystal Growth

Temp: 500-1150 °C
Dwell: 12-48 hours

cooling rate

3°C/hour to fast
800°C
<4
nucleation H 1
)

600 °C/hour

RT dissolution
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GO0

Synthesis of La,M0,0,, using
flux growth at POWGEN

La4M02011 O
Space Group: P 4,/n
a=13.0036 A
c=5.6573 A

Integmty
2

NaCl/CsCl
Two distorted MoOg La,0; + Zn + MoO;

shared with each other
to form isolated Mo,O,,

clusters. , . 1000 °C /h
Quartz
5°C/min tube 5 °C/min

Two distorted MoOg4 octahedra are

edge shared with each other to La,0;+Mo0O; = 0.39
form isolated Mo,O,, clusters. RT

SPALLATION
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Temperature (C)

Heating the sample and Dwelling at 1000 °C : Peaks grow
continuously collecting In —not the expected product
Data (Event mode) With time, peaks disappear

Dwelling
s Heating from 40C to 1000C N 605.('3) S — |

800 400

400 500 105_
O:I\\\ll\\lIIII|I\II|\\II|\\\I\\\I-
200 100 1 2 , 3 4
d-Spacing (A)
° dSoadibg (Rastrond ° » Diffraction peaks can be observed in the
P _ ? dwelling at 1000 °C, which are not the final
2D-plot of the heating of La,M0,0,, products. These peaks disappear on
cooling.

At roughly 450 °C staring materials melted. No
diffraction peaks were observed afterwards.

Lab experiments were subsequently
carried out to isolate the phase(s) formed
during the dwelling period. ON
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La,Mo0,0, (Mo*) — Black powder

.. Note: None of the
' Phases are the expected |
 phase, La,Mo0,0,

«Tb , M e

La, :Na,:MoO, (Mo®*) — Gray bars
¥ OAK RIDGE

National Laboratory

La:Mo0;0,, (M0>%*) — Black cubes
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Cooling to form La,M0,0,,

Cooling from 1000C to 40C after 10h dwell at 1000C

+ Diff
0| |‘ il m 500 + Obs +
[ |}w r Cale —— [
N | 500 Bekgr —— |
‘ 1 LaMo,O | e |
F 4 CsCl
400 400 NaCl —
= 2300, $
v . 1
= 300 a 14
2 (5} +T
2 = 200
1] = T
- |
8
£ 200 100
2

100

> 6 ’ d-Spacings(A)

1 2

3 4
d-Spacing (Angstrom)

Neutron diffraction data of the end

Roughly around 450 °C, diffraction product, La,M0,0y,, along with
peaks start to appear. These match MEEliesel il R G £l Gf'nd,)Of
the final product, La,M0,0,;, and the experiment = some Impurity:
flux, NaCl/CsCl.
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Neutron Studies at POWGEN with More

Starting Materials

1,0, + 2zn + Moo, NaCVCsCl o Mo,0,,
2mmol 1 mmol 2 mmol
1000°Cc___ N
Quartz .,%2““
5 °C/min tube 5 °C/min B
La,0;+M00O; = 19
RT RT
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Heating to 1000C Dwelling at 1000 °C Peaks grow

Hisating free AT to 1006¢ In — This time the target phase
| 700 | . . Dwelling | | | |
00 | B 1 Cale' —
800 i 200+ Obs + r
_ : I T LMo, =
5 1500 : 1 ZnO
é 600 AT _::;\ | + T %
% 400 300 gloo- 11 1 P ; LT
g E Wk fa L3 1
200 "JE,‘E * s i * i’ E“’
200 . _ st 1 0 W |
d-S i A t . ’ O:I ' ' , I ' ' ' I '
-Spacing (Angstrom) 1 2 d-SpacingB(A) 4 5
Very different from the last set of * Diffraction peaksocan be observed in the
data. At roughly around 400 °C, S‘r"(’ﬂuzgsat DOUNDHE, Ulie) el
starting materials starts to '
disappear, but new phase(s) form « Lab quenching experiments also
afterwards. confirmed this result.
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Cooling from 1000C to RT

Temperature (C)

Cooling from 1000C to RT after dwell at 1000C

1,000

500
800 L

~400
600 300
200

400
100

200

1 2 3 4 5 6
d-Spacing (Angstrom)

La,Mo0,0,, and ZnO observed at
1000 °C continued remain in the
cooling period.

Bcekgr =
Calc =
] Obs -+ I
4004 + I Diff = L
1 + T I Lz:14M02011 —
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Neutron diffraction data of the end
product, La,M0,0,, and ZnO, along
with NaCl/CsCl flux. RT data at end
of experiment —same impurity? peak
observed in the last experiment.
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Phase

Appearance and Disappearance of Crystalline
Phases During Flux of La,Mo0,0,,

Appearance and Disappearance of Crystalline Phases During Flux Growth of LagMo,017

LaaMo2011
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Magnetism using Powder
Diffraction
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Magnetic structures

MAGNETISM =» originates from orbital and spin motions of unpaired
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Magnetoelastic effect in the Triangular Lattice System CuMnO, ‘

F. Damay et al., PRB 80, 094410 (2009)
V. O. Garlea et al., PRB 83, 172407 (2011)
Monoclinic: C2/m

Jahn-Teller distortion of Mn3*O
(3d%)

Ferro-orbital ordering d4,.2__2

Ovi Garlea, OCMHARNE 1DGE

National Laboratory
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Cu(Mn,,Cu,)O, : Tuning of Magnetism by chemical substitution

CuMnO,

Cu(Mng o3Cug 7)O,

Integrated Intensity (arb. units)
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300—-
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T =65.1(1) K
B =0.14(1)
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Thank You
Questions?
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