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Hydrogen storage represents a thermodynamic “Goldilocks Challenge” ‘BIMARC

Design of hydrogen storage materials faces numerous tradeoffs
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The application space for hydrogen energy carriers has expanded dramatically
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nature chemistry

Perspective https://doi.org/10.1038/541557-022-01056-2 4

Challenges to developing materials for the
transportand storage of hydrogen

Examples of use cases for hydrogen carriers, illustrating a range of
power, energy, hydrogen usage and storage requirements
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Use case® Relativesize  Power (MW)® Energy (MWh)° H,usage(kgd™)? Useduration (d)° H, rate (kg h™)f Allendorf, Stavila, et al.

Mobile applications Nature Chemistry 2022

Light-duty vehicle Small 0.08 0.078 076 365 0.56 DOI 10.1038/541557-022-01056-2
Long-haul truck Medium 0.24 0.8 60 365 5.4

Refuel medium-duty fleet Large 0.83 NA 1,000 365 1.7

High-speed ferry Very large 4.9 17 2,000 365 210

Regional fuel depot Extreme 217 NA 50,000 365 2,083

Stationary applications

Telecom backup Small 0.003 0.2 3.5 3 0.14

Seasonal microgrid storage Medium 0.027 85 39 130 1.6

International shipping Large 0.48 N/A 575 365 24

Hospital backup Large 0.59 99 709 7 29

Data centre backup Very large 20 1,440 30,000 8 1,250

Grid-scale long-duration storage  Extreme 100 1,000 120,000 0.42 5,000

Steel mill DRI Extreme 250 NA 300,000 365 12,500 3




How do the energy densities of SOTA battery technology compare with metal ﬂJMABC

hydrides?

(a) U.S. DOE Targets
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Allendorf, Stavila et al. Nature Chemistry, DOI 10.1038/s41557-022-01056-2

Targets of the battery community are 1 kWh/L and 1 kWh/kg, which are lower than many main-group metal hydrides

* J. Phys. Chem. Lett. 2010, 1, 14, 2193-2203 https://pubs.acs.org/doi/10.1021/jz1005384
** https://physicsworld.com/a/lithium-ion-batteries-break-energy-density-record/ 4



https://pubs.acs.org/doi/10.1021/jz1005384
https://physicsworld.com/a/lithium-ion-batteries-break-energy-density-record/

The hydrogen economy: it’s not just production. Transport and y ~
L] L] o
storage are critical ‘

Efficient transport of hydrogen from
point of production to fueling station is
not possible using compressed gas:

* 1kgH,=1gallon of gasoline (¥4 L)

e Steel tubes: 280 kg per tanker

* Composite tanks: 550 kg of hydrogen
at 250 bar

« Typical gas station stores 75,000 —
230,000 L (20,000 - 60,000 gallons)



Processes accompanying hydrogen storage reactions in metal

hydrides
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Hydrogen Materials Advanced Research Consortium (HyMARC): accelerating

materials discovery 2 scaleup = demonstration of materials-based storage

HyMARC Phase 1:
* FY16 -FY18

* 3 DOE Labs

* Budget $3M/yr
HyMARC Phase 2:
* FY19-FY22

* 5 DOE Labs

* Budget $6 M/yr
HyMARC Phase 3:
* FY23-26

* 5DOE Labs

*  FY23 budget $9M
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Seedling Projects
* Applied material development

* Novel material concepts
* High-risk, high-reward
* Concept feasibility demonstration
* Advanced development of viable concepts

HyMARC responsibilities

* Comprehensive: metal hydrides, sorbents,
hydrogen carriers (e.g. LOHCs, NH;)

* Materials discovery & optimization

* Multiscale modeling

* Systems modeling

* Advanced characterization tools

* Validation of material performance

* Database development

* Guidance to FOA projects

https://www.hymarc.org/




Systems analysis + material synthesis & characterization = “Co-Design” EIMABC

Storage system modeling tool workflow

____Inputs____ Reverse engineer LG LT

Enthalpy of rxn ——————————— System mass CapaCity Li;N@Carbon, 40wt% loading TBD
q . ravimetric Density = Model
Entropy of rxn Tankinator | System vol capacity Start T|m;0£% FullFloW (a0 Min. Delivery Temp. Edimates
Thermal conductivity Sized storage system FilTme g 2 Max Delivery Temp.
Material density (tank dimensions, Start T‘m‘;éﬁg)” Il Flow (- Min. Delivery Pressure
burners, coolant tubes

Reversible capacity

Max. Operating Temp.

etc,) Transient Response ‘
4

‘ '
Wells-to-Power Plant Max. Delivery Pressure

Efficency ’
m Loss of Useable H2 I \‘ Min. Full Flow Rate

Max/min operating P

Fuel Purity Min. Operating Temp.

=R P
engineer

Tankinator inputs

P(time) el .
. ycle Life (1/4 - full) Onboard Efficiency
Tankinator outputs ___| Vehicle T(time) Volumetric Density
Heat capacity Framework Does car complete
Kinetics of reaction drive cycle?

Example: what’s needed to make a nanoscale metal hydride practical?
Reduce the temperature for H, desorption to <250 °C
-> Enables aluminum fuel tank instead of stainless steel

—> Reduces number of cooling tubes and H, consumption by burner



HyMARC is dramatically accelerating material discovery and optimization

_ ! _ , BUMARC
using data science and machine learning methods TR

(1) HEA overview:

» >4 elements, ~ equimolar

» Defined lattice type

» Solid solution character necessitates a
\_ compositional ML model

J

(2) Enumerating refractory HEA space

4 E ={Al, Ti, V, Cr, Zr, Nb, Mo, Pd, Hf, Ta} A
(3) + (5)+ () » 672 composin
_)
4 c 6 compositions
Far too many for experiments...
- yrorexp Y,

(2) Fit model parameters using known training data, then
assess accuracy based on the known test set
Experimental

values
Predicted by ML model
Y TiZrNbHf
TiZrNbHfTa
S 7
e Y¢ TiVZrNb
o
o Y% TiVNbTa
< —101 ‘ Y% TiVCrNbTa
= Destabilized )
hydrides * TiVCrNb
experimentally * Y% TiVCrNbMo
—15 -\ confirmed! o
I I I | |:|

14 16 18 20

Witman, Ek, Ling, Chames, Agarwal, Wong, Allendorf, Sahlberg, Stavila. Chem. Mater. 30 (11), 2021 9



Translating laboratory discoveries to higher TRL: High-pressure hydride
scale-up reactor

Objective: bring on-line the GM Hydride Station, a multi-bed hydride
PCT reactor designed and fabricated for the GM hydride tank project,
to enable measurements and testing to increase the TRL of HyMARC-
developed storage materials.

Capabilities:
= 2 separate hydride beds
= H, source volumes up to 8 L at 2500 psi (167 bar)

= Pressures up to 230 bar feasible with compressor
= 1000 W heating units

= Calibrated desorption volumes up to 40 L




Systems analysis conducted in concert with material development defines @JMARC
pathway to successful materials T

5 bar, 1.6 g/s, 85°C Radiator 170°C
Anode  Jemmr 1895 85 S o

Regulator Required model inputs:

Cathode j¢&—— .
Coolant ___@_ H, Intrinsic material properties:
Radiator * Composition (hydride loading)

Fuel Cell I Xﬂ

* Reaction thermodynamics

* H, desorption kinetics

* Thermal conductivity

System design parameters:

Catalytic heater * Tank material
Pump . /_\ Alanate bed « Bed density (hydride packing density)
* Max. operating T, P
Heating oil

Pump Oil tank

K. P. Brooks et al. Int. J. Hydrogen Ener. 45 (2020) 24917-24927

11
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Moving beyond bulk: Nanoscale Hydrides uWJARC

30 T T T N T T T T T T
(a) Bulk Hydride (b) Bonding (c) Nano Hydride
Surface 0 A oo 20
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e Diffusion BN ks 4 : el pericie s

Kim, K. C. Nanotech. 2009, 20, 204001

* Improved thermodynamics and accelerated kinetics

* Increased surface energy = greater thermodynamic driving force

* Host-guest charge transfer 2 weakened M-H bonds

 Stabilizes hydride nanoclusters against agglomeration

» Pathway for heat management

¢ 3 S

A. Schneeman et al. Chem. Rev. 2018, 118, 10775-10839



Temperature-programmed H, desorption of nano-NaAlH, in a MOF host

* Highly improved kinetics vs bulk
Tonset = ~30 °C

* Capacity almost 2X bulk at 200 °C

* Ti does not affect H, desorption kinetics

- Difference almost entirely due to
nanoscale and template effects

—> This is very different from bulk NaAlH,
* Initial desorption = 4.5 wt%

- Suggests nearly complete dissociation to
NaH + Al + H,

/I I
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o NaAIH4(TiCI4)@MOF-74

o NaAlH4@MOF-74
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V. Stavila et al. ACS Nano 2012, 6, 9807

Ti (mol %) H, capacity (% M/M) E,(d) (k) mol ) ref
0 (bulk) 5.12 118.1 26
2% (bulk) 4.25 79.5 26
0 (10 nm pores) 58 3
0 (4 nm) 46 4
0 (1 nm) 533 7
3(<1.2nm) 4.2 574 this work

13




HyMARC partnerships with DOE/Office of Science user facilities link

foundational science with application- driven materials discovery

Example: Advanced Light Source at LBNL

Dedicated time on 3 beamlines (XAS and STXM); HYMARC is the
only EERE-funded project to be granted this status

22 publications in high-impact journals, including JACS, Nat.
Mater., Adv. Mater., Nat. Commun.

Installed new high-pressure/high-temperature cell for
operando observation of storage material chemistry

ALS measurements generated new structure-property

relationships:

 Discovery of reversible metastable metal hydrides

* Inverse core-shell mechanism of H, release by the lithium
amide storage system (LiNH,+2LiH)

* Single-site catalysts for reversible dihydrogenation of Liquid
Organic Hydrogen Carriers

Renewal proposal extending AP for 3 years approved June 2023

Hydrogen Materials Advanced
Research Consortium

HyMARC-designed high-pressure gas flow cell for probing
storage materials using X-ray absorption spectroscopy
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Paradigm shift: STXM composition maps show H, release from the surface is @MARC
rate-limiting B et vanced s

Hydrogenation and dehydrogenation steps for complex metal hydrides are conducted at different
temperatures and pressures, which can lead to different rate-limiting steps.

Scanning Transmission X-ray Microscopy (STXM)

H, desorption at 450 °C (ALS BL5.3.2.2)
Absorption:
* Proceeds as predicted previously

Dehydrogenation:
* Inverted core-shell 2 opposite microstructure from
phase-field/Wulff prediction

Possible explanations:

* Surface energies alter thermo, favoring H-rich surfaces

* Surface dehydrogenation kinetics are slow

* Nucleation kinetics favor Li3N in interior due to lower
interface energies

(b) H,

J. L White et al. ACS Appl. Mater. Interfaces 11, 4930 (2019) 15
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Nanoscale metal hydrides have faster H, uptake and release BIMARC (@)

Key results
> Bulk material: unusable due to slow kinetics

Simulation of desorption over 2.5x10% sec (~ 7 hours) > Nanoscale material produces 55 bar H, at 250 °C

> Porous C host accelerates H, release throughout
usoe drive cycle with Li;N@(3nm-PC)

the tank due to faster heat transport

Design Parameters Bulk-LisN
LisN

Reversible cap. (theory) wt% 8.2 5.4
AL LYLY - Thermal cond., W m? K 1.0 9.6
'™ Density of hydride bed, kg m3 710 760
Total system mass, kg 312 252
Total hydride mass, kg 112 116
Tank outer diameter, m 0.46 0.45
Tank length, m 2.21 2.19
System volume, m3 0.256 0.227

|% 2025 Gravimetric Target 33 40 ]
% 2025 Volumetric Target 55 62

16




Disruptive strategies are needed to overcome scientific and technical barriers B2 ‘
BUMARC

to accelerated materials discovery: Metastable Metal Hydrides

Calculated van’t Hoff plots for several stable and
metastable hydrides

Bulk AlH; properties: o T(K) 1000 500 333 250
e Earth-abundant composition i i TR Rkl RSl Sl R Ty
« ~10.4 wt% grav. capacity 107 oo el
* Vol. capacity 2X L-H, (148 g H,/L) o8 _ Mg(AIH,),
* Fast desorption
o 2 - 51 -
Rehydrogenatlpn thf)ught tf’ be E 10 a-AlH;
thermodynamically impossible = 10! "
AlH; chemistry: g" 10°| LisAlHg
* AlH; =2 Al(s) + 1.5H, 10%} -
* AG = -48.5 kl/mol A DR »°
* Experimental re-hydrogenation of aluminum: = NasAlHg oo%
. ol e o
4.9 GPa (49000 bar), 330 C 10 KLIAIH, .@v\/
107" : '
0 1 2 3 4

1000/T (K™")
Graetz & Reilly
Scripta Mater. 56 (2007), 835 17



Nanoconfinement of alane (AlH;) in Covalent Triazine Frameworks (CTF)

N, adsorption isotherms (77 K)

1200-

] CTF-biph
1000

800

600

Nitrogen absorbed, cm3 g1 STP

AlH;@CTF-bipy

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, p/pat

Bulk rehydrogenation:
* 330 °C/49000 bar (4.9 GPa) (Saitoh et al. 2008)
* Ab initio: AG < 0 above 7000 bar at 27 °C
(Graetz et al. 2006)
-> Nanoscaling reduces equilibrium rehydrogenation
pressure by 10X — 70X

V. Stavila et al. Angew. Chem. Int. Ed. doi.org/10.1002/anie.202107507

Hydrogen Materials Advanced
Research Consortium

Rehydrogenation at 60 °C, 700 bar H,

Sieverts data for H, desorption

AlH;@CTF-bipy  AlH;@CTF-biph

‘BIMAR

Cycle 1 1.52 wt% 1.00 wt%
Cycle 2 0.65 wt% 0 wt%
Cycle 3 0.58 wt% --
Cycle 4 0.57 wt% --

e P r—— e

1.8 2= Temperature
X ]
2 1.6 : —

-bi S

_g 1'4__ AlH;@CTF-bipy, 1* des. | ~
0 1.2 4 ‘g
s 4] -150 3
3 1.0 | 3]
° . AlH,@CTF-biph, 15t des. =}
£ 08 -100 ©
20 1 o
S 0.6 - o
° 1 AlH,@CTF-bipy, 2" des.
£ 047 . - 50

02 AlH;@CTF-biph, 2 des. [

0.0 —rr=r=r=r= T T T T o0

0 20 40 60 80 100 120 140
Time, min
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* Hydrogen storage is an essential component of a renewable energy
economy

« HyMARC is addressing the critical problems blocking the translation of
materials discovery to pilot-scale deployment

 HyMARC is discovery science = system modeling = TEA = scale up

* Co-design of materials is critical to developing successful materials for
complex, but highly constrained, applications

19
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