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Combinatorial Materials Research

4

m.ﬁ?i'ﬂ?m up Deposition

thin film deposition using masks, Prﬂcessl n g

PLD. injecton delivery systems

Measurements synthesis

scanning detection aysbamsa

Synthesis Measurements/Property
= Array of miniature samples with » Methods to measuring the needed
different compositions, structures, property for small-scale samples

surfaces, doping etc = Parallel or high-throughput

= One-step reproducible process acquisition of a signal

= Scalable = Correspondence between small-

L scale and large-scale measurements
» Characterization

I\JJv-am oer o / 2008




Combinatorial Materials Research
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Evaluation of Hydrogen Storage Materials (HSM)

Table 1. DOE Technical Targets: On-Board Hydrogen Storage Systems™ ™*

Storage Parameter Units 2007* 2010 2015
Usable, specific-energy from H, kWh'kg 1.5 2 3 Tem perature and PreSSU re Of
(net u:eﬁll energy/max system (wt.% hydrogen) (4.5%) (6%0) (9%) . . I
mass)® (“Gravimetric Capacity™) b p / d p
Usable energy density from H» (net kKWhL 12 15 27 a SOr tlon esor tl On CyC e
useful energy/max system volume) (kg Hy/L) (0.036) (0.045) (0.081) . .
(“Volumetric Capacity ™)
Storage system cost® $/kWh net 6 4 2 KI n etl CS Of th e CyC I e

($/kg Hy) (200) (133) (67)
Fuel cost © $ per gallon gasoline 3 1.5% 1.5* . .
equivalent at pump b
Operating ambient temperature® °C -20/50 (sun) -30/50 (sun)| -40/60 (sun) Ty p I C al eV al u at I 0 n Of u I k
Cycle life (1/4 tank to full)® Cycles 500 1000 1500 .
Cycle life vanation' % of mean (min) @ N/A 90/90 99/90 H S M .
% confidence

Mimmum and Maximum delivery °C -20/85 -30/85 -40/85 V | . P C I S _
temperature of H, from tank ) ( )
Minimum fu]l-ﬂcjw rate (g/s)kW 0.02 0.02 0.02 O u m et rl C I eve rt
Minimum delivery pressure of H, Atm (abs) 8FC 4FC 3FC
from tank; FC=fuel cell, I=ICE 10 ICE 35ICE 35ICE . . .
Maximum delivery pressure of H Atm (abs) 100 100 100 ° ThermograV|m9tr|C analyS|S (TGA)
from tank’
Transient response 10%-90% and 5 1.75 0.75 0.5 R R
0% !  Electrochemical charging
Start time to full-flow at 20°C' 3 4 4 0.5
Start time to full-flow at minimum 5 8 8 2 10 S
ambient’ 5 =] T o
System Fill Time for 5-kg hydrogen 1min 10 3 25 = = —_ 7 . ’/_ - ®
Loss of useable hydrogen™ (z/h)/kg H; stored 1 0.1 0.05 3 . 6 fLt R Y/
Permeation and leakage” Sec/h Federal enclosed-area safety-standard g - g%' ‘_F T G: !a.b | e fé'r,_ °
Toxicity Meets or exceeds applicable standards % e s s, E P :
Safety Meets or exceeds applicable standards « L1 o ﬂ| ot r I a[ arra o
Purity’ (H, from storage system) 98% (dry basis) y t{:ﬁ__ - _ : - : -

Density of hydrogen in HSM

0 20 40 60 80 100 120 140 160
H, content (cm®g alloy)
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Combinatorial Approach for Hydrogen Storage Materials

ldeal direct measurements

Direct measurement of Thermodynamic Local measurements
c(H)=f(PT1) parameters of hydrogen content
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» Spectroscopic Prompt
Gamma Activation Analysis
(PGAA) - neutron beam-
based “EDS” for hydrogen.
Available at NCNR;
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Combinatorial Approach for Hydrogen Storage Materials

In-direct measurements

Different

Measured signal 5 Calibration Thermodynamic resegrch groups.

Intensity IS=f(PT,t) _C(H)=F(s) parameters * Optical

: | = it i * IR

==y U R - Resistivity
e e « Nanocalorimetry

* Stress
 XRD

NIST program:
* IR emissivity

e FTIR
e Raman
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NIST Approach to Combinatorial
Hydrogen Storage Materials Studies

= Developing different in-direct measurement of good spatial resolution, such as
IR emissivity, FTIR or Raman, to monitor in-situ hydrogenation of combinatorial
samples (thin films).

= Developing instrument for simultaneous volumetric and in-direct measurements
of small samples (e.g., thin films) for calibration purposes.

» Use Prompt Gamma Activation Analysis (PGAA) to calibrate (and understand)
our in-direct measurements.

= \With advances in intensity and optics of the NIST reactor neutron beam lines, to do
direct in-situ combinatorial measurements using gradient films.

PG PGLOO PGS0 pl‘obe ‘ Signﬂ__
Neutron X A —

\F HEATER f\“"" .rL ] “ | LIt
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NIST Approach: In-direct measurements

IR emissivity measurements

Measuring optically the increase of electrical resistivity due to the presence of
hydrogen (Hagen-Rubens relation) - good for metal-insulator transitions

Effect of composition and microstructure (e.g., Mg-TM films) - combi
« Effect of catalytic coating (thickness, compaosition) - combi

e Correlation of IR intensity with PGAA measurements - SC films

Raman and FTIR spectroscopy

Measuring evolution of vibration spectra, structural characteristics - good for
complex hydrides

 In-situ hydrogenation of powders (complex hydrides) and films - SC

o  Set-ups for parallel Raman/FTIR spectra acquisition and volumetric Sievert
measurements; calibration of a signal and intensities - SC

« Scanning Raman/FTIR on combinatorial arrays/films - combi
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Prompt Gamma Activation Analysis (PGAA)

Principles of PGAA

1. Sample is irradiated in a beam of neutrons.
Nuclei of most elements undergo neutron
capture, emit prompt gamma-rays upon de-
excitation of nuclei

2. Measurement of gamma-rays by high
resolution germanium detector yields
gualitative and quantitative analysis.

3. Use of “cold” neutrons enhances sensitivity.
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Advantages of PGAA

1. Multielement, nondestructive analysis.

2. Bulk analyses (neutrons and gamma rays
penetrate sample).

3. Independent of element’s chemical form.
Especially useful for low Z elements (e.g. H, B, C,
N, S, Cl)

4. Hydrogen peak at 2223 keV has few
interferences

5. Focused or collimated neutron beam may be
used for compositional mapping of samples.

PGAA Spectrum of Bulk MgH,

PHYSICS

30-mS8ANS-2
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Making the PGAA Combi

Three Analytical Challenges

Analysis of thin film specimens Spatial Mapping

o Library Arrays (0.3-5 um) thick film * Neutron Optics

« PGAA of Mg and Y film » Gain in Quantitation
« Compositional spread film Mg-Ti * Gain in Resolution

In-situ hydrogenation

|

- Temperature, Pressure ~ k: | I
« H, gas background N

» Absolute Positioning

» Time of acquisition

« Safety issues, hydrogen
embrittlement

Combi Library

¥ Positioning
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IR emissivity imaging of in-situ hydrogenation of films

'l

.

pointsh,

A hydrogenation chamber (0-10 bar) with a For each frame a normalized intensity of
heating stage (RT-500 °C). selected points (corresponding to composition
IR emission images are continuously collected X) is calculated: | w=lm/lom- (lom 1S from an
every 30 sec through a sapphire window. SiO, exposed substrate).

The IR camera: 256x256 array of InSb diodes
permits “snap-shot” imaging (10 microsecond).
The camera: peak sensitivity at 5 um,

The normalized intensities |, are plotted as a
function of frame number (time, pressure or

integrated range of 1.0 to 5.5 um. temperature)
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IR Imaging of hydrogenation of Mg,Ni_,, thin film
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IR imaging of hydrogenation of Mg, Ti,, thin film

PH e ! _&IL Mg, Ti 200 nm/5 nm Pd
1x10°—, L 1x100 JxTiax)

Ts(°C) 50 | 200 Uptake
' ' IR ' 150 °C, 1-5 atm

Release

200 °'C

Literature:

Films: RT, 1 atm; 100 s

Kinetics improved with Ti

Normalized intensity (a. u.)
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Combinatorial Mg-(Transition Metals) films

. . H H
« High capacity of MgH, — 3 MoH, R
.. : H H H
» Slow kinetics, high —2 G o
temperatures for bulk — Mg
—>
* Improvement for nanoscale e 9
. — H H
microstructure (SIS
. . hydride-forming phas e high H diffusivity phase
Microstructural design:
Sc Ti V Cr Mn Fe Co Ni
1 comp. no comp. no comp. no comp. no comp. no comp. 1 comp. 2 comp.

Two-component systems

where one component is a } F% Lf \ | k J

hydride-forming phase, and ] w20| wst] 32| w12| 423 “ 3

_ _ zZr Nb Mo Tc Ru Rh Pd
an Other - a phase Wlth h Ig h no comp. no comp. no GDT?' no info. 2 comp. 3 comp. 6 comp.

diffusivity of hydrogen " i | Jfﬁ \ “ﬂ ‘

without forming a hydride R Y | 3 |
p h aS e nljcf:omp. -:oainfo. r:\';omp. F:? info. cnmgfxist 2~3Ii:omp. F5>tcomp.
Use immiscibility of Mg-TM } ‘ J \ \ ’ Lﬂm—‘ h[ﬂ
systems 11 41 +53 +28 +5 -22 -55
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Combinatorial Mg-(Transition Metals) films

IR intensity

vacuum hydrogenation (1-5 atm) vacuum
1.0F TM: Cr, Mn, Mo, ND,
Ru, Ti, Zr, Hf
o-9r Discreet compositions,
from1to 8 at% T™M
0.8
Films capped with Pd
o7 Hydrogenation
conditions:
0.6 f
- Mg-7at% Mn film, 150 °C, hydrogen
L 300 Cannealed pressure from 1 to 5
0 I I I I I l atm
Effect of microstructure (annealing) on hydrogenation response
Effect of TM on hydrogenation response
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IR emissivity, PGAA and FTIR of Mg films

IR emissivity (a.u.)

Comparing IR emissivity and PGAA Evolution of FTIR spectra
0.96 Hydrogenation: 6.1 wt%H 516 100.00
IR °C, 0. .
el 250 °C, 0.49 MPa 90.00 3 5 hours
A — 4 days
092 | 80.00 —
- 70.00
0.88 H 0 o
3.8 wt%H £, 60.00
0.84 :- 2.9 wt%H ' 50.00 T T :
0 1000 2000 3000 4000
¢2.4 wt%H | l 46
i : " e (hours) ; N wavenumber (cm’

Change in the MgH,, A,, band intensity is
| Spmnas ~34%. This is comparable to the change
in hydrogen content seen with PGAA
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IR emissivity of hydrogenated Y film

Hydrogenation at 150 "C, 5 atm H,, Pd-coated Y film YH, - cubic CaF,-type,

metalic

I | —

o = YH.+YH, 7, YH; - hexagonal,

—\{Q— / / insulator (transparent)
£

~—FTom PGAAaNnd X-1ay
%] . 0 o
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v
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o

= 15
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From Kremers et al., PRB, 57 (1990)
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Summary

« MSEL/NIST hydrogen storage program - developing
combinatorial methods for evaluating hydrogen storage
materials using both direct and in-direct measurements

* In-situ IR emissivity imaging is used as a screening tool
for hydrogenation reactions, e.g. for Mg-TM films

e In-situ Raman and FTIR spectroscopy, along with
calibrations, can provide both screening, evaluation and
structural information of hydrogenation

« PGAA shows promises as a tool for direct combinatorial
measurements, as well as a calibration technique for our
combinatorial in-direct measurements.
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Combinatorial Mg-(Transition Metals) films
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Relationship between IR emissivity and hydrogenation

= Kirchhoff's law of thermal radiation (e - emissivity, R - reflectivity)

l-e=R
= Hagen-Rubens relation (classical electron theory, holds for IR 1’s)
R(w) ~1-+2wp/m

= Hydrogenation lead to changes of electronic structure, usually from
metallic to insulating state, and increased electron scattering, thus
the increase in resistivity and IR intensity is expected

Other factors that may contribute to IR intensity:

= Changes of film surface roughness r (usually not for r<<l)
= Changes in temperature (enthalpy)

= Other phase transformations (e.g., surface reaction, Pd diffusion)
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