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Structural Defects in Nanotechnology ??

Ideal Crystal Structure

Real crystal structure “Deviation from ideality”




Generally, real crystal structure have defects ?!!

(@ st T B v (Gibbs free energy)

E: Crystal internal
energy

T. Temperature
S: Entropy

P: Pressure

V: Volume

Natural system likes to stay with less
energy (i.e. within a certain rang
increasing S decreases Q)




Structural defects classes ?

Point Defects
(e.g. Vacancy, Frenkel, Schottky, Interstitial)
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Structural defects classes ?
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Structural defects classes ?

Two Dimensions Defects
(e.g. Grain boundaries, Twinning)
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< Applications based on structural >
defects??

“lonic transport and diffusion based applications
strongly sensitive to structural defects”

1. Solid electrodes/electrolytes (Batteries)
2. Crystal growth stability
3. Hydrogen diffusion (hydrogen storage applications)
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< Production of nanocrystalline structurally>
defected crystals ??

Powder Production by Ball milling Technique (top-down route)

fun!!
; 0=Q
Milling Parameters

1. Milling machine
2. Speed of rotation
3. V|a| and ba”S ma.te”als Elastic deformations "".,.'
4. Vial's shape 4
5. Milling time _ _ Plastic deformations .
6. Ball to powder weight ratio z §
7. Powder mechanical and Shear deformations
thermal properties
8. Lubricant Fracture, amorphization

: | HIH B chemical reactions
9. Pause time Vs. grinding
time
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Main structural parameters characteristics from ball milling

Why Milling Optimization??
*Both have a convergence limit*

Crystallite Dislocations
size density

Further milling might
not be advised!!

*Ground Powder Homogeneity*
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Characterization Techniques

TEM
(Quantitative analysis of dislocation)

* Resolution

* No. of Images

 high dislocation
density p Is limited




XRD-LPA Approach for structural
analysis

Detector (.IP)

— et

Sample  Beam stopper

collimator

\ 4

A =2 dsin®

AR

Monochromator
mirror
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Diffraction angle 26
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Intensity of diffracted beam

INFORMATION FROM DIFFRACTION PATTERN

I max

12,000
10,000
FWHM
8.000

6,000

4,000
2,000

20 100 120 140
lefractmn angle 26

Position
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XRD-LPA Approach for structural analysis
« Effective at high p
* Inhomogeneity insensitive (Long rang order technique)

FWHM
Shape
Integrated Intensity

Diffracted intensity (counts)

Scattered angle 20 (degree)

Common methods of XRD-LPA
Rietveld/ Whole Powder Pattern Fitting (WPPF)

1H



* Quick

- Effective In many studies

WPPF Strategy

T S

Experimental ( . . Profile parameters
P ) Arbitrary function  [===) ba
pattern fitting
L
g‘loooof . Wldth’
g Non LLST fit shape, I.1.,
- _ .
& 4000 5 etc.
;é 2000; EOZ ;:3 i
£ L WA A a_ A_a < b
= Si:':lttered angeilco:; 20 (degrzoe) e MlcrOStrUCtu ral
parameters
BUT Reliability !! Z

Loosing contact with experimental data
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g Possible Solution A
Whole Powder Pattern Modeling WPPM
\_ itk
A
|
L background
20 S L g

I(5)=T"(G)®PG)RPE) QT TP ® ...
I(s) = k(s) | C(L) exp(2mLs)dL
C (L)=A"1) . A%L). A1)

19



C (L)=A"1) . A%L). APL)

WPPM Microstructure

parameters

Diffraction
pattern

Physical models
Non linear least square fit

Direct contact of experimental pattern via physical structural
model without any structural constrains

20



XRD-LPA-WPPM for ball milled Fluorite CaF,

\/

'Experimenta

Milling
 Steel Vials and balls
« Milling time (4, 8, 16, 32, 64)
hours

e Speed 400 rpm
Main WPPM Structural

Fixed contributions

 Instrumental

Refined

« Size by lognormal distribution (mu,
sigma)

 Dislocations model (Edge/Screw) and
ratio

21




Several ground fractions at short milling times

dislocations

AccV Spot Magn Det WD b
100kV 6.0 4000x GSE 9.9 0.7 Torr 433687

Milling

v

unmilled

. 2 <
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Possible solution to get the full structural picture

« Combining XRD with a short range order technique (e.g.
NMR) as a local

Spin-lattice relaxation

£ @ ®) ©
o A“E A'\E n“shﬁ'f{fgm Size, dislocations,
VOVPLIIPY ”l“ ¢« (T)  grain boundaries, ....

200 100 0 -100 -200 PPM t

M, (z)=C|1-exp(-7/T,) ]



Simultaneous XRD/WPPM-NMR/T1 analysis (PM2K
program)

Pristine CaF,: T, = 54 s)

___.'.—-==l_. - L] -
Monoexponential function
t,=10.78 s

Biaxponential function

Integral [a.u]
T
Intagral [a.u]

t,=2052%
t,= 3.15=s
0,2
64 h b.m. 8 h b.m
0,00 . | . | : — (hElLELEE O W7 7 1 T
o 0 10 i8] 120 151 200 2B L E]
Recovery time [s] Recovary ima [s]

i / il
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qz(f) :C[1—exp(—r/TlA)]+(1—C)[1—exp(—r/TD

Simultaneous XRD/WPPM-NMR/T1 analysis (PM2K program)

Samples: (4, 8, 16 h YTwo-phase Model

C « less defected (larger crystallite) fraction (A, long T,)
(1-C) « highly defected (smaller crystallite) fraction (B, shortT),)

UUUUU

0 A




Simultaneous XRD/WPPM-NMR/T1 analysis (PM2K

program)
- Vi
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e '|'1 A
—~ 232-. ——T18B
T1 evolution - o]
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Milling time (h)



Frequancy

Size evolution

1 = 4h
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Fraction evolution %

100

Homogeneity evolution |

80 —% i
=0 %% Fraction B |
40 —/ ]
o
20 i
0- I e

Milling time (h)

,,] Dislocation density
evolution
o 304
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"o 20-
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Main remarks|

Pristine powder

—

—_ Milling >

Less defected
Longer T1 .

Lower p .
Larger <D> @ .

< Further milling >

Homogenous defected powder

 Very small T1 (less than unity)
« Saturated <D>

Highly defected
Shorter T1

Higher p
Smaller <D>

29
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« Combined XRD-LPA-WPPM/NMR-T1 approach

Next question
» Lattice Strain/Crystallite size with T1 correlation??

30



Correlation of lattice strain/domain size with NMR T1
of CaF,

CanostructureD
materials

Top Down(e.q. Bottom-up(e.qg.
ball milling) chemically)

CaF2 in WC vial and

H H

e >0lvent (ethano
@Ihng tlm§4(ﬁ)'8’ 16, 32> Conc. (0, 30, 60,D
100%)

CaCl2 + 2NH4F - CaF2+2NHA4CI

Main requirements:
Extensively defected/un-defected crystals with comparable
size

141




Grinding environment contribution

1 ' I 5 I U I : I ' I

2.0+
‘ 1.8 - .

. 164

More noise
A

0~¢ .'“. ' . Il [

) O \
\..n-.__M-..».—f\_,_/h‘»‘/' '\--/ o e .\_-" \N‘}k\‘\_d"-—r-—c«--.ll-m

——

1.4 -

Iron percentage (%)
>

. v u N 5 e .0 T T T T T T T v T v 7

200 100 0 100 200 =Y Milling time (h)

T1 is less in case of Fe grinding environment due to the
magnetic contamination

T1@32h --->0.79 sec @WC, 0.038 sec @Fe
T1@64h ---> 0.31 sec @WC, 0.036 sec @Fe



Ground series

Samples ‘
Pristine, 16h, 32h, 64h ..{

M, (r)=K+C[1-exp(-7/T)] £t

L

)
o —_
®» o
A
L ]
[ ]

o
>
1 L

64h

Integral (arb. units

001 01 1 10

Recovery time - 1 (s)



4h, 8h samples with combined XRD/NMR

____-D_——p——‘&— ) T =
<00 10{ o
..i..ﬂlllll] 7 | &/
-s- 3 0.8 f
L]
a 8000 E;zm 'E' |
2 2 LT -—-06-f
3‘ G000 £ WJ '-k_;- U U L \ E ] #
& | 04— m 04
C A0 - . 2 ]
-] | 20 40 60 B0 100 120 140 [ - 02
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o LI ]!l‘l,r\, . T

T T T T T

2% 40 &0 88 100 120 140 0 20 40 60 8 100

20 (degrees) t - Recovery time (s)
M_(7)=K+ C‘Ll—exp(— /T, 4 )J +(1-C )Ll —exp(-17/T,, )J
1.0 Monoexponential (equation 1) o
1 T1=56(2)
@ 0.8
o 064
i J
T 0.4
E 1 Biexponential (equation 2)
£ 0_2-_ Ta =14.91
1 Tg =274
0.0 . T . T
0.1 1 10 100

Recovery time - 1 (s)

120
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100 —

Main ground series results

804 |

%)

— 604

Composition

L
Yfraction A

0 —

A

fraction B -

0 10

fyiisesdeatd

20 30 40 50 60

Milling time (h)

<D>pristine = 200 nm

T

S R
Milling time (h)

50 -

304

T4 A (s)

204

T1g (s)

404

40-
351
301

251

< 154

Milling time (h)

Milling time (h)



Chemically synthesized series

o Samples 0%, 30% and 60 %

0% X=0%
1 1 one phase model 3.50E+008 mono—exponential fit
0.094 I bi phase model- larger domains ]
0.08. (| —— bi phase model- smaller domains 3.00E+008 |
084 |} {4
0.074 11 2 50E+008 1
E)h D'GB__ | I. ] :ii: Equation ¥ = Al*exp(-xt1) + y0
g 0054~ 2.00E+008- ¢
3 {0 ) ! Adj. R-Square 0.9965
g 0044, 1 = i Vvl Standard E
— 1 | T 1.50E+008 4 ! alue Standard Error
w 0034, B y0 3.1133E8 1.7018E6
10 - ¥ B A1 -2 4T493E8 2_34B0GEG
D_DE—_ |I ' 1-DDE+UDB‘~’i}, ] t 497997 0.14699
001 N\ [
0.00 I T T :-"_| = — |- ey y T T 1 5-00E+0071
0 20 40 G0 a0 100 120 140 160 L O R L
o 0 50 100 150 200 250 300 350
Domain size (nm) Recovery time (s)

« Mono exponential T1 trend
» Bi XRD models gives less WSS(more agree with TEM
Images)



Although two size fraction
« T1 does not split
 T1 less than pristine (around

7 sec) but does not change
T1 (Pristine) = 54 sec

Ethanol content T,
%] s

0 5.1(1)

30 8.1(3)

60 4.9(3)

30%
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T1=8.1 T1=49

X=30% X =60%
0.04- —a— larger size phase 0.25 —a— larger sizg phase
' .N —s— smaller size phase | q —s— smaller size phase
i L] -
! 020 5%
003{ ¢ IS
= == L]
e © 15
M m .
= 0.02- ] 1
o o L]
E E .
L L In
0.01 »
.
™
.
0.004
0 20 40 80 80O 100 120 140 160 180 200 0 10 20 30 40 50 60 70

Domain size (nm) Domain size (nm)

Two size distributions (lognormal) for CaF2@30% and
CaF2@60% samples



Sample 90%

1 —e— Chem. 90%
0.12+ ﬁ —u— ground 64h

Ethanol content T,
%) s]

0 5.1(1)

Domain size (nm)

_- T1(64h) = 0.31 [N e

sec -
0.49(2) 2 %%
; 0.6-
g
s 041

Thus lattice strain (defects) g .
seems to have the main = 023

contribution on reducing T1 004

o1 1 10 100
Recovery time - 1 (s) 39



Sample 100%

Ethanol content T,
%] [ﬂ]

vy

Additional
resonance
peak

Pure ethanol

0. 49(2) <D> =

6nm

T1 is comparable with highly
ground samples
Frenkel defects is clearly seen from
the additional resonance peak
T1is more sensitive to lattice
defect

Recovery time (s)

/\‘ \./\A Water/ethanol
_— T
200 100 -100 -200 PPM
X=100%
1 mono-exponential fit
1.40E+008
] —Cr N o ° o
1.20E+008 - ©
- Equation y = Al*exp(-x/t1) + y0
1.00E+008 S :
Adj. R-Squar 0.99166
= 1 S Value Standard Erro
8.00E+007 B yO 1.281B9E8 9240127178
] B Al “9.76172E 1.4671E6
6. 00E+007 4 B t1 0.46003 0.01441
4 00E+007 —f
B
2.00E+007 - T T T T T T T T T T T T T T T T 1
0] 2 4 6 8 10 12 14 16 40
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Positive Combination of XRD-NMR to follow structural homogeneity
Lattice strain leads to a decrease in T1 less than unity and crystallite size
influence only when it is less than 10 nm coupled worth a strain lattice
Further investigation is required to understand the real mechanism of
T1/lattice strain correlation




Applications: High temperature application

Water infout Vacuum pumping tube

Imaging plate
magnetic
holder

Slit 2 Slit 1

\""\ (;) ' '
v: Sample' l‘ l‘ E =

by, Beam
Beam stopper stopper

lonization champers
Thermocouple Oven voltage
connection

Main advantages:
Fast pattern collections coupled with large no. of patterns

42



Image plate holder

thermocouple capillary &&



Oven main elements and construction

Copper

sheet with 5
mm

aperture

Vacuum
chamber
(hot room)

Beam stopper
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Instrumental contribution of the furnace at MCX beamline

FWHM* =W + V tan(0) + U tan” (6)

Furnace

FYWHM

 Furnace Vs MCX
diffractometer resolution
 What is required from the
XRD experiment??

FWHM °

—Si@ 15 kev
30000 Room temperature
25000 1
20000 -
>
| =
[0
= 10000+
144 150 156
5000 4 ' 28
0= ML_L_L_.M_A _JIL__JI_,fl_J'l_.rl__JL_...n...,.\ T
2'0 3l0 4l0 5.0 6lO 7.0
260
- diffractometer
0.10
0.084 @ 13 kev
0.06
7 e
0.04__ PRI .-_:..: — @ |
002+ e
N I ‘ | | I T T 1
0 20 40 60 - -




Oven temperature calibration from lattice parameter

Intensity

0000 4—7prv—7—"—"7-r—+—"7—+—T1""T""T"" J

Need very carful care of Pixel-2theta conversion

50000 &

40000 |

|| | | —— observed
|

calculated

30000 |
) 200 f |

20000 ¢

Intensity (counts)

100004 ¢

T T
100 102

2theta

(degrees)

Good conversion bad conversion

Sample - detector distance

Then from lattice parameter/temperature dependence will known

equation for Si standard - Temperature can be obtained
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(A%)

Lattice parameter

Well matches between PID set temperature and

sample temperature

Model | Experimental | T ' . —
5.4500 > Sample
- ] L] L] L] L] L] L] L] ] 900- M d | -
5.4475 - I 5 - Viode
5.4450 » & - 2 7501 :
o [ 2 o -It
5.4425 - . - O 004 o
o z h 3 II_L
5.4400 4 . - = .
o z o — o ;
5.4375 - _ - Q 430 .
5 4350 - : ' G ;
. - = - ﬂ) - w
, . 2 300 ok
5.4325 4 . i o o, E
- 2 150+ P
5.4300 4 - = .
L i {'0 X2
54275 L] L L L L L] L] U) O - ] L] ] L] ] L]
0 100 200 300 400 500 600 700 800 0 150 300 450 600 750 900
PID Set Temperature (°C) PID Set Temperature (°C)




Characterizations of temperature uniformity within the cylindrical ovens

E —iy T ,
%; .
W)

Fixed Flexible

thermocouple Thermocouple

3 positions tested

linear behaviour of the
measurements of the 2
thermocouples.

We repeatedly measured the
difference to be less than 7% of
the lower mesasured
temperature

Nlesible lhermosouple

fiaxmtla Ihammocoupka

1000 o
Ix Temperaiira :l_.
Jdmieasured by a fiexible TC "_'
| in threa cven regions A
E'I':I-:.m.".|hr.v.-.|||:|r| ofthe T - s
{ mizasurad by tha =
=l fined thermocouple o
-
oven-Z
400 o
‘f'
=  nedr the fxed TC
200 ot « far from the fixed TC
i N *  sample regon
i
! ]
J T - L] T L] 1 T = 1
] 200 400 [ ] 800 o
fined hErmoeaLpls
1040 "n
Temperaiuns >
migasLred by a flexible TG -t
gon | in thrae aven regions < o
a5 a function of he T b
‘| measured by the ot
B0 < N Theler OO Rl :-"
r
- oven-S
400 .
F
A
W} ‘.F
i ‘ = near the fixed TG
& = far from the fixed TS
i " =  sample region
L] L] l L] I 1
a 200 400 00 BOD 1030

lized Ehermacolps
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In-Situ XRD Study of Lattice Defects Influence on Grain
Growth Kinetics of Nanocrystalline Fluorite

S

1t Ostwald Ripening (OR), Oriented Attachment (OA) growth

small grains rotate until they @GREMUS™ common crystallographic axis
between each two neighbors in order to decrease the (surface) grain
boundary free energy

(111)

(220)

(311)

100

90 4
80 -
704
60 4
50 4
40 -
304
20 -
10+

» CaF2@64h
o CaF2@90%

100 200 300 400 500 600 700 800 900
Temperature (°C)



Aim
Free surface crystals (chemically synthesized) Vs. aggregated
crystals with-energy stored in the grain boundaries (ball milled)

T T T T T T T T T T T T T Y 3.0
120
| CaF2@64 %
100.- !!IE h 125
. EEN! ;
sod*" i3 i — o . 129«
. . - .
S ; 3 4154
[ | "_D
é o xE - . DQ - -
\ 40 - ] d;G m e
| -QO Q
& m
20 - @ 4 0.5
| CDCDG:-CDO CQCD m@@mm@o ‘-..
0 = 0.0

0 100 200 300 400 500 600 700 800.
Temperature (°C)

Stability, recovery and crystallization



Crystallization 121 E = 100 k J/mol K
Energy 414
&3_416-
3.0+ g e
Stage | £
2.5- @u. .ﬁ -12.0-
L |
3%;?!5%5%;& 12.2 . . , , , ,
204 fa © i i 094 096 098 100 102 104 1.06
R | LA Stage Il 1000 (K1)
£ 15- é.iz:g@ Stage |l
© ' ) i‘zﬁ a b e
= 1.04 A%
o _ .%ﬁ
v
0.5- lh:i.. 2
0.0 : - I- | T';@-I

I
O 100 200 300 400 3200 600 7700 800
Temperature (°C)

Tp RT



Remarks Il

Q

« Stored energy In the grain boundaries responsible for
fast growth around 500 C.
* Free surface crystals (chemically synthesized) more
thermally stable
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In-Situ XRD Study of Hydrogen Storage Materials

Fast climate
change Electrical Power & Energy
Storage Comparison
2.7 billion tons in 1990 Gasaine_]
32.5 billion tons in 2006 __|Hydrogen
Batteries
Future energy system | __lFlywheels
1 . SOIar JDOE Target for Ultracapacitors s Projected
2. Wind Projected Carbon @ g;‘:’e
Capacit
3.  Geothermal s o
10,000 100,000
4.  Hydrogen Specific Power (Wikg)
D

Energy system requirements
Available, Clean, Flexible, Cost efficient,...

Capacitors



Pressure [bar]

Hydrogen fuel cell
(promising candidate)

Hydrogen Storage problem

| H Metal

Critical point
H, :

H, liquid :
solid Tripelpoint B . H ;
‘ ! temperature
; as
1 v g
1f 10 02 100 10*  10°

Temperature [K]

H, >2H +2e

l'Cathode

0O,

% 0,+2H" +2e > H,0

Overall: H, + 20, » H,0

Liquid metal

o4



Hydrogen storage materials

density: Sgem’ 2gem” Igem’ 0.7gem”
160 ol KBH,
BaReH, s S Hy o5 :3213.{,‘
Main requirements: _ 1401  <mcim OHT T
- ' : ' NaBH, : :
* H2 Capacity (> 6 or 9 %) S| A ek W e
* Low thermodynamic F, pemitlyy  MENiH, ‘ LM e, R e .
T 10000k t5per @ & ¢ o ., CH,
st_ab|l|ty (_Td i 150 C) _g gon. ) L o A
* High H kinetics for 5 80 porg P bo.212K _—
sorption (around 5 min. = ol - e f";"_
EhAhG o 5 < SISO
refilling time) g el ST
» High stability against s A , g, 30
moisture (>500 cycles) 20- wees ™ T 20 pressurized H,™
(steel) s (composit material)
 Low cost ol# p [MPa] p [MPa]
0 5 10 15 20 25
H, gas Metal hydride Electrolyte e Hz dens"y [ o]

8 PO
N A
Metal OO
et SOOOO0OOO00OC
adsorbe R e e J)
hyrodgen 4 KM AN A AN I AN v
.:.'oqo’o’o’v’t'o’o‘o,o’- : ,8 ‘q
% S50 P
Solid solution AN NI NN 0%
u-phase on EEALIEIN DO q,“?
DR R R R S e
LA RN
% OO 2 P b ]
€ O OO Oy
: aEes 2
Hydride phase POO-OL .
B-phase . o O P e O e et 08
- ERRRRRREL® ¢ " o
VUG

Structural and catalysis
keys

55




Two capillaries system for gas controlled in-situ XRD
experiments

GasIn

Goniometer head

Inner capillary with
broken top Quartz wool

Outer capillary

Gas out

e Some reactions occur only under special environment ...
* Or Oxygen sensitive samples (inert gases needed)
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Improvements by:
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Using catalysis
Increases
structural defects
by milling
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Conclusions

E

Simultaneously combining local/long rang order techniques
is appreciated

Lattice absorb energy faster (T1) in the presence structural
defects (diffusion improves)

Defects are much effective on T1 than size unless very
small size >7 nm

Well characterized furnace at MCX beamline for In-situ
XRD experiments

Grain growth is enhanced by dislocations

Hydrogen desorption of MgHZ2 by structural defects and
catalysis (SnO2)

In-Situ XRD 1s powerful tool to investigate structural
evolution for Hydrogen storage materials
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