HYDROGEN STORAGE

Hydrogen Storage

Summary of Annual Merit Review Hydrogen Storage Subprogram

Summary of Reviewer Comments on Hydrogen Storage Subprogram:

Reviewers indicated that the Hydrogen Storage subprogram area is focused, well managed, and effective;
and has a diverse R&D portfolio addressing the technical system targets. Significant advances have been
made for the various material systems, bringing materials closer to the vehicular system targets of the
DOE Hydrogen Program. Effective communications and coordination between DOE, Center of
Excellence (CoE) managers, and CoE partners, has allowed for cross-fertilization of ideas and focus of
technical efforts. Although the subprogram strategy, goals, and achievements were well defined, some
reviewers suggested that the remaining challenges were not adequately addressed and that greater
attention to critical issues, obstacles, and challenges still facing each of the specific materials technology
areas (i.e., chemical hydride, metal hydride, and sorbents) is needed to put progress to-date into proper
context. It was also suggested that a “lessons learned” and gap analysis be performed to better assess
progress made and the status of the portfolio. Some reviewers expressed concern regarding the 2010
Congressional budget request for the subprogram and the lack of clear future plans for Storage R&D.

In general, the reviewers thought that the revised vehicular performance targets, based on current fleet
data and future projections, are an improvement and that re-evaluation of the hydrogen storage system
targets was essential to both the real and perceived success of the Hydrogen Program. Some reviewers
still had questions regarding the relevancy of the targets to the existing technical and economic challenges
and recommended that further revisions be considered. The reviewers also urged DOE to identify storage
systems and performance targets for early market applications.

Finally, the reviewers stressed the importance of the Hydrogen Storage Engineering CoE in providing
feedback to the material research community regarding materials’ characteristics critical for hydrogen
storage and effective system design. This CoE can also provide valuable input on the important materials
parameters in addition to gravimetric and volumetric capacities (i.e., heat capacity, thermal
diffusivity/conductivity, packing geometries, agglomeration effects, etc.). Continued interactions
between the Materials CoE partners and the Engineering CoE were strongly encouraged, and it was
recommended that data generated to-date in the subprogram be properly recorded and archived to ensure
conservation of the data and results from the Materials Centers.

Hydrogen Storage Funding by Technology:

The Hydrogen Storage subprogram portfolio remained focused in FY 2009 on materials-based R&D for
onboard transportation applications. The primary goal has been development and demonstration of
commercially viable hydrogen storage technology to enable greater than 300-mile vehicle driving range,
while meeting safety, vehicular packaging, and cost and performance requirements. A new goal
introduced in FY 2009 is to develop storage options to facilitate deployment and market growth of fuel
cell power systems for early market applications. R&D efforts remained focused on applied, target-
oriented research of materials systems including high-capacity metal hydrides, chemical hydrogen storage
carriers, and high-surface area adsorbents with the potential to meet the vehicular technical targets. In
addition, the subprogram continued to support advances in physical storage (e.g. compressed hydrogen
gas) for nearer term applications. The initiation and funding of the Engineering CoE in FY 2009 reflects
a growing programmatic emphasis on engineering and systems integration issues. The following chart
illustrates the appropriated funding in FY 2009 for each major activity.
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Hydrogen Storage

Majority of Reviewer Comments and Recommendations:

The Storage portfolio was represented by 34 oral and 46 poster presentations in 2009. A total of 60
projects (32 presentations and 28 posters) were reviewed. In general, the reviewer scores for the storage
projects were good (1=poor, 2= fair, 3=good, 4=outstanding) with scores of 3.8, 3.0 and 2 for the highest,
average, and lowest scores, respectively. The projects were reviewed by two (for one project) to six
reviewers each with an average of 4.3 reviewers per project. Reviewers remarked favorably on the
coordination and management of the Storage Materials Centers of Excellence. It was suggested that the
Materials Centers focus on summarizing results, trends and lessons learned to-date, and on making
recommendations for future hydrogen storage materials R&D. Key recommendations and major
concerns for each project category are summarized below.

Chemical Hydrogen Storage: The chemical hydrogen storage R&D is conducted with a well-balanced
approach, considering both material aspects and engineering issues, with good coupling between theoretical
modeling and experimental activities, and is well focused on many DOE vehicle targets and technical barriers
including cost. The chemical hydrogen storage material R&D has made good progress toward addressing issues
related to ammonia borane (AB) by reducing foaming and release temperature, as well as increasing capacity
and the kinetics for the release of hydrogen during the stoichiometric reaction. Continued R&D is required to
further improve these AB release parameters as well as to address hydrogen purity, heterogeneous catalysis,
liquid fuel formulation, and cost effective first fill. Recommendations were made to continue the down-select
process with a focused effort on winning strategies, and to coordinate with the Engineering CoE to address
onboard system requirements. Significant progress was made in AB regeneration chemistry and the associated
cost analysis where separation steps were identified as the dominant cost factor and new approaches were
developed to address the issue. It was recommended to further advance and complete the AB regeneration
scheme and update the cost analysis. It was also recommended that the boron demand market projection be
updated based on worldwide adoption of fuel cell vehicles.

Advanced Metal Hydrides: The overall goal of metal hydride materials applied research is to develop
materials that can be charged with hydrogen on board the vehicle at conditions amenable to the vehicle
environment. Key barriers to this goal are the hydrogen charge and discharge kinetics at acceptable
temperatures and pressures and the thermodynamics of the reactions, which directly impact the net
available capacity of the material. Since most of these materials may be embodied in a system as a packed
powder, volumetric capacity of the material is also an issue. The Metal Hydride Center of Excellence
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(MHCOoE) was considered by the reviewers to be a well-managed and coordinated group of quality
researchers focused on relevant research to the Hydrogen Storage subprogram. The MHCoE was
commended for their flexibility and adaptability in refocusing on promising materials while moving away
from less promising materials. However, the reviewers felt even further materials down-selection could
be useful in some projects. In addition, reviewers recommended more communication and coordination
between the MHCoE and the independent research projects on advanced metal hydrides to minimize
duplication and maximize effectiveness of the program. The reviewers found the use of computation
modeling to aid in materials research direction well coordinated and effective. The computational
modeling efforts were also praised for incorporating gas phase species into their modeling. With the
limited time remaining for most of the projects, it was recommended that the projects focus on the
materials and activities that are expected to yield the most promising results and reduce efforts in higher
risk areas.

Sorbent Materials: The goal of sorbent applied materials R&D is to develop materials with high
hydrogen volumetric and gravimetric reversible net available capacities at closer to ambient temperature
and at moderate pressure. The general approach is to identify and design (often via theoretical modeling)
high surface area porous materials with increased hydrogen uptake capacities and higher binding energies
for molecular hydrogen that will enable storage above cryogenic temperatures (e.g. 77K). The DOE
portfolio for sorbent materials includes the Hydrogen Sorption Center of Excellence (HSCoE) and
independent R&D projects. A number of new sorbent materials (i.e., various polymers, MOFs, COFs)
have been synthesized and their hydrogen uptake capacity characterized. The reviewers noted that while
many of these materials do show promise, issues still remain with achieving “net available” volumetric
and gravimetric capacities that can meet DOE vehicular targets. “Net available” means that the
temperature, pressure, energetics, and transient delivery/uptake rates are taken into account to determine
the amount of fuel available to the power plant. Furthermore, retaining these properties at closer to
ambient temperature/moderate pressure has proven difficult, as hydrogen/adsorbent site binding energies
remain too low. Reviewers also pointed out the limited success for either or both the syntheses and
experimental performance verification of improved storage from several materials that had theoretically
predicted high capacities. The reviewers suggested more inputs from experimental results should be
incorporated into the theoretical efforts in order to improve the latter’s predictive potential. The reviewers
remarked that while members of the HSCoE have provided some significant new theoretical insights into
the mechanisms for hydrogen spillover behavior associated with selected metal dopants (i.e., Pt or Pd),
issues remain with reproducibility in experimental studies of this phenomenon with often contradictory
observations from different groups on hydrogen uptakes and the kinetics for adsorption and discharge.
The reviewers emphasized that integrated efforts should be made by the researchers to prepare and
process samples that can provide reproducible measurements of the reactions during hydrogen spillover to
establish viable mechanisms that may enhance reversible uptake and increase the kinetics. The reviewers
recommended that instead of using idealized (i.e., single crystal) densities to estimate material volumetric
capacities greater efforts be made to consider powders or compacts/monoliths of porous sorbents as
practically configured for vehicle storage. Down selection of sorbents from further evaluation should be
based upon criteria rooted in laboratory measurements rather than upon theoretical predictions that had
not been previously validated by experiments.

Advanced Tanks: The advanced tank R&D is conducted by a small but diverse group of researchers from
industry, universities, and at national laboratories. Gradual progress has been made in conventional high-
pressure tanks toward reducing cost, weight, and volume of the systems. However, this advancement has not
been communicated in the clearest manner possible. Although Lawrence Livermore National Laboratory has
made good technical progress in all the areas mentioned above, there are still concerns with respect to energy
use, specifically for liquefaction. It was recommended that more than one OEM partner be included in this
effort.
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Analysis, Testing and Support: Reviewers noted that Argonne National Laboratory and TIAX LLC have
made good progress this year. They are finalizing reports on systems that have been under evaluation since the
beginning of the program. As in past years, the reviewers commented on the value of this work to an
understanding of the relative merits of materials with respect to the requirements of the entire storage system.
This work also allows screening of materials before the physical integration stage. This year the Engineering
Center initiated complementary analysis work on integrating storage and fuel systems.

The National Testing Laboratory at Southwest Research Institute was considered to be essential for the National
Hydrogen Storage Project; however the reviewers felt that more effort is needed to develop methods to verify
extraordinary results, especially related to "spillover" effects and to understand the cause of irreproducible or
spurious measurement results.

Notes on Storage Report Structure:

Chemical Hydrogen Storage
ST —15to 21 and STP — 17 to 20 are partners in the Chemical Hydrogen CoE
STP — 21 is an independent project

Sorbent-based Materials and Other New Materials and Concepts
ST — 22 to 31 and STP — 25 to 29 are partners in the Hydrogen Sorption CoE
ST — 32 to 33 (Sorbents) and STP — 2 and 3 are independent projects

Advanced Metal Hydrides
ST —1to 11 and STP — 36 to 42 are partners of the Metal Hydride CoE
STP — 44 is an independent project

Advanced Tanks
ST —34, STP -1, and STP —4 (Advanced Tanks Projects)

Analysis, Testing and Support
ST —12to 13, STP — 30 and STP —45

Cross-Cutting
STP — 22 to 23, 43, 46
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Project # ST-01: Metal Hydride Center of Excellence

Lennie Klebanoff and Jay Keller; Sandia National Laboratories

[NOTE: This presentation was to evaluate the entire Metal Hydride Storage Center of Excellence as a whole.
A separate review form was used and can be found in Appendix C.]

Brief Summary of Project

Overall Project Score: 3.2 (5 Reviews Received)
The overall objective of the Metal Hydride ‘T

Center of Excellence (MHCOoE) is to

research, develop and validate reversible on-

board metal hydride storage materials and 34
systems that meet the 2010 DOE system

targets for hydrogen storage, with a credible

path forward for meeting the 2015 DOE o1
storage targets. The approaches to meet the

hydrogen capacity targets of 6 wt%,

45 g-H,/L volume density are to 1)

synthesize and characterize hydride 1+
materials with high hydrogen capacity and

favorable thermodynamics and 2) use state-
of-the-art theory to guide the materials ol ‘ ‘ ‘ ‘

discovery effort. The app roaches to meet the Relevance Approach Accomplish- Tech Future
charge/discharge rate target of a 3-min ments Transfer Research
system fill (5 kg) are to 1) develop materials
that are fully reversible, 2) develop catalysts that aid reversibility, 3) assess nanoengineering promotion of Kinetics,
and 4) investigate the role of contamination on reaction rates. The approach to meet the hydrogen purity target of
99.99% is to assess release of NHj, B,Hg and other volatile species from metal hydrides during desorption and
cycling. The approach to meet the cycle life target of 1,000 desorption/adsorption cycles is to investigate durability
of materials, cycling behavior, effects of contaminants, structural stability, and release of volatiles.

Question 1: Approach to performing the R&D including Center Management

This project earned a score of 3.2 for its approach to R&D and CoE management.

e The CoE is generally well managed. A lot of activities are directed to address the regeneration/reversibility
issue of the materials.

e  The overall impression of this CoE is good but not perfect.

e  There are good connections between theory and experiment.

e The down-selection process is very impressive, but there are still a large number of materials being studied —
perhaps too many?

e The CoE is well focused on the many DOE targets and barriers.

e The CoE does not seem to be focusing enough on materials cost. This is not referring to systems cost, which is
the proper domain of the new Engineering CoE; but to the absence of preliminary cost studies on the metal
hydride materials being studied in this CoE by the materials experts that are best suited for this work, at least in
a preliminary sense.

e  The CoE appears to be well managed and has adapted over the years of the center's operation as progress has
been made on various materials. Essentially, there have been continuous down-selections of different materials
during the project.

e New center members have been effectively included. Extensive utilization of new member, UTRC, is
particularly noteworthy.

e  This is mostly basic research.

e The industrial partnership(s) is insufficient.

e  Scalability of studied materials has not been established.
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Question 2: Technical accomplishments and progress toward DOE goals

This project was rated 3.0 on its accomplishments and progress.

There have been some interesting basic results especially on boron-based materials.

DOE targets have not been met yet; more work is needed to meet them.

This task may require refocusing on alternative hydride systems such as carbon hydrides.

The overall CoE activities showed good progress in overcoming the technical barriers.

Very good technical progress has been made on many fronts.

The down-selection process was nicely done.

Good progress has been made this last year.

Material properties for reversible materials to date continue to be problematic (e.g., enthalpy too high, kinetics
slow, release of contaminant phases, less than complete rehydriding and/or loss of capacity).

Good productivity based on papers and presentations.

Question 3: Proposed future research approach and relevance

This project was rated 3.6 based on future plans.

Future work plans build on past progress, but more should be done to meet the DOE targets.

With the remaining CoE life, the proposed future research is reasonably good; however, there is still no well-
defined pathway to achieve DOE targets.

The CoE has only a limited time remaining. In that sense, the list of remaining work is the best it can do. It
cannot all be completed in time.

Good planning.

Question 4: Coordination, collaboration and effectiveness of communication within the CoE

This project was rated 3.4 for collaboration and communication within the CoE.

Collaborations within the CoE are excellent. This has improved over the years and has continued to

improve this past year.

Good coupling between modeling and experimental efforts in certain areas.

Center partners have established reasonably good coordination within the CoE.

The CoE seems to collaborate well internally, but it is hard to fully see this from the Director’s presentation.
Are the CoE members adequately open to each other? Are there any IP problems or conflicts that limit
communication?

It is not clear how much of the progress is synergistic (i.e., from internal CoE communications and
collaborations rather that individual efforts). Is it clear to the CoE management that the overall progress of the
CoE is more than the sum of the individual parts?

Question 5: Collaboration/Technology Transfer Qutside the CoE

This project was rated 2.8 for collaboration and technology transfer outside the CoE.

National and international collaborations seem to be very extensive and valuable, including joint
publications.

Good interactions with outside collaborators in certain areas (e.g., modeling).

Limited interactions with other CoE.

The Metal Hydride CoE contribution to the newly formed Engineering CoE will be critical.
Industrial collaboration is limited.

It is not clear how the progress outside of the CoE is filtered through the center activities
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Strengths and weaknesses

Strengths

Interesting basic research — especially in the area of the solid-state chemistry of metal borohydrides.

e The CoE structure and materials down-select process are strengths.

e This is an excellent group of technically skilled individuals.

e This is a strong research team whose members complement one another in certain areas.
Weaknesses

The focus has changed several times during the last few years. Unfortunately, these changes did not conclude in
generating sufficiently new ideas.

New approaches and non-trivial ideas could really benefit the research at the CoE.

Poor collaboration with the industry is definitely a weakness.

It is not clear how progress outside of the CoE — addressing the same issues as the CoE — is linked to the CoE
plan.

The material down-select criteria should be discussed with the Engineering CoE in order to incorporate the
engineering input.

The group may be a bit large for the most effective communication and interaction.

Specific recommendations and additions or deletions to the work scope

Research on hydride materials as hydrogen sources should continue.

Reconsider research directions toward non-conventional ideas and new approaches, which may include
hydrogen storage in organic materials, combining photo-chemical generation of hydrogen with hydrogen
storage, etc.

Review the previous materials that did not make the down-select criteria based on the revised DOE target.
Other than more cost thinking, no suggested changes for the duration of the effort.
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Project # ST-02: Thermodynamically Tuned Nanophase Materials for Reversible Hydrogen Storage:
Structure and Kinetics of Nanoparticle and Model System Materials
Bruce Clemens, Stanford University

Brief Summary of Project
Overall Project Score: 2.4 (6 Reviews Received)

The objectives of this project are to 1) 4

develop a fundamental understanding of
metal hydride reaction kinetics, 2) develop

an understanding of metal hydride 3l

nanostructure thermodynamics, and 3)
develop an understanding of metal hydride

structures during phase change. Little is
known about the kinetic mechanism present

in many promising metal hydride material
systems including Mg, Mg,Si, LisSi,
NaAlH,, LiBH4+MgH,, etc. In order to 11

improve the kinetics for any of these metal

hydride systems, a sound understanding

must be developed. Many systems suffer

from inap P ropriate thermOdynamics Relevance | Approach | Accomplish- | Tech | Future
(equilibrium pressure) (e.g., Mg, Al), and ” menFt)s Transfer Research
continuum modeling suggests that reaction

thermodynamics should be modified by reducing particle size to the nanometer regime. Material structure can play
an important role in reaction kinetics, especially during solid-state phase transformations such as those in metal
hydride reactions. Understanding the interplay between material structure and reaction kinetics may provide insight
on how to successfully engineer new materials with improved kinetics and storage properties.

Question 1: Relevance to overall DOE objectives

This project earned a score of 2.6 for its relevance to DOE objectives.

e The project is completely in line with and in full support of the DOE objectives. It aims to develop a
fundamental understanding of reaction mechanisms in metal hydride transformations. It addresses the kinetic
limitations that hinder the performance and hydrogen storage potential of metal hydride systems. This is of

great value for the design of new materials with improved kinetics and storage properties with potential to meet

the targets for the Hydrogen Program.

e  One of the goals of this project is to develop an understanding of metal hydride reaction kinetics. This aligns
well with DOE's goals because kinetics are an important aspect of the hydrogen storage element.

e  Storage targets/barriers addressed include stored hydrogen gravimetric/volumetric capacity and reversibility.

e From a fundamental point of view, the work would help develop an understanding of the kinetic limitations of
existing hydrogen storage systems; however, from an applied point of view, it does not strongly relate to the
objectives because it utilizes highly ordered systems that might not relate to the bulk (real) materials.

This project seems to be more like a Basic Energy Sciences (BES) effort. Focus on conventional metal hydrides
has no direct connection to the complex hydrides being studied in the rest of the MH CoE. (Complex hydrides
are not interstitial hydrides, at least some fundmental elements of the kinetics are expected to differ significantly
between these materials.)

This work is more fundamental in nature compared to the work of the rest of the CoE that is focused on
developing high capacity hydride materials.

Specific important contributions to the CoE efforts have not been demonstrated.

This project does not appear to be well integrated into other CoE activities.

Question 2: Approach to performing the research and development

This project was rated 2.7 on its approach.
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e The approach is well thought out, concentrating on modeling geometrically simpler systems and coupling
theory with strong experimentation and verification. This work can contribute to a better understanding of the
interplay between structural changes in materials and reaction kinetics and their limitations during hydrogen
charging and discharging.

e In general, the approach seems to be well thought out; however, it is not clear why the PI is using thin films of
Mg coated with Pd to model hydrogen absorption by Mg. Mg, more typically, might have an oxide coating on
the surface, not Pd.

e  The project develops the understanding of metal hydride reaction kinetics and thermodynamics at the
nanostructure level and phase change/structure relationships.

e The project team employs microbalance, X-ray diffraction, and synchrotron X-ray methods.

e Experimental measurements and modeling are combined to resolve issues affecting hydrogen storage capacity,
hydrogen diffusion limitations, and reaction kinetics during charge and discharge.

e  Generally, work is on simple systems (i.c., single metal and binaries); work on more complex systems is
planned.

e For a basic understanding it’s definitely useful, especially for Mg-based materials; however, when it comes to
more complex systems (i.e., Mg alanates), a thin film approach might be difficult based on the current results.

e  Although the stated purpose of this project is to gain an understanding of hydride reactions and properties, the
work has focused on thin films that have not been shown to be necessarily representative of other hydride
structures.

e  Work was continued on simple systems (e.g., MgH,), which are very different materials compared to the
complex hydrides studied by the rest of the center.

Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 2.6 based on accomplishments.

e  The project team has shown a satisfactory degree of accomplishments and good progress. The team developed
model systems for seeing the hydrogenation reactions and successfully identified and modeled the hydride
formation kinetics. This included determining the size of the critical dimensions for the structures (threshold) in
order to improve kinetics and avoid the activation of a diffusion controlled hydride growth. Equally
encouraging are the results from the quartz crystal microbalance (QCM) experimental setup while the neutron
reflectivity data should be throwing more light into the thin film hydride growth model.

e  The PI was successful in developing a model to describe the hydriding kinetics. This model needs to be backed
up with further studies.

e Work on Mg,Si showed that H, uptake is not H, diffusion limited, but rather that it is limited by Mg and Si
diffusion.

e  The Mg-Al system seems to be H, diffusion limited; Mg/Al layers inter-diffuse resulting in complex super-
lattice diffraction.

e  The model was further developed to investigate hydride growth kinetics; application to experimental data
indicates that there is a critical dimension (<120 nm) to avoid diffusion control. Examined transition from
interface to diffusion limited growth.

e Observed loss of solid phase epitaxy on cycling for Mg/MgH, system.

e Postulated that for metal hydrides it is necessary to shift thermodynamics to add relative stability to metal

phase. Initial attempts to demonstrate the effect with nano-level films were made. So far, no changes in

thermodynamics.

For Mg-Ti, a 10-fold increase in P, was observed with Ti addition.

The neutron results with NIST are just now showing interesting results. What are they?

There is one paper in press.

For the MgH, system, this is a very good study and results.

The publication of results has not improved since last year — only one paper is mentioned as being in press after

4.5 years of effort.
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Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 2.6 for technology transfer and collaboration.

The PI fully explores links within the MHCoE and gains access to unique facilities and expertise.
Collaborations are reported with two CoE partners, but it is expected that they would have had a few more
collaborators because this project is part of the MHCoE.

Collaborators are listed as being HRL Laboratories, the University of Pittsburgh, and NIST.

There is nothing significant shown regarding work with HRL Laboratories and the University of Pittsburgh; the
NIST collaboration is a work in progress.

Collaboration seems to be limited to working with HRL Laboratories' systems.

Aside from the NIST work, connections to the rest of the CoE’s work are not apparent.

Some specific interactions on the Mg-Si system, but not much collaborations with others in the CoE.

Question 5: Approach to and relevance of proposed future research

This project was rated 2.4 for proposed future work.

The future research plan builds on current experience, and it is appropriately drawn for further progress toward
reaching the objectives.

It is good that the PI plans to develop a general model to describe the reverse reaction and phase growth with
cycling. It would be interesting to see if the thin films can endure continued cycling. It would also be useful if
the PI would compare the kinetics results of his thin film to kinetics studies done on bulk samples.

Plans include continuing to study particle size effects.

Plans include completing work on Mg/MgH,, Mg-Al, and Mg-Ti.

Plans are to continue work with NIST on neutron reflectivity study of Mg/MgH, thin films; model specifics of
reaction kinetics and MgH, film growth.

Plans to move to the complex hydrides systems, using the thin film approach could be difficult.

With half a year left in this project, there is little in the proposed future work suggesting that a more relevant
approach will be followed.

Not applicable.

Strengths and weaknesses

Strengths

Strong analytical/computational skills and development of potentially excellent experimental techniques and
instrumentation.
The PI seems to be well equipped to continue kinetic studies on thin films.

e  The project team has carefully performed research at the nanoscale.

e  The PI is knowledgeable.

e The project team has shown very good capabilities.

¢ Good capabilities have been employed to study material interactions in clean systems.
Weaknesses

Need to demonstrate how representative the thin films examined are of the material systems which are of
interest.

The PI could develop additional collaborations with others in and outside the MHCoE.

Progress seems slow and productivity could be better. The results so far are interesting but not compelling in
terms of eliminating barriers.

There is only one paper (in press); the publication record of this project still needs improvement. (This is the
reason for the "Fair" score on Technical Accomplishments.)

It is not obvious how collaboration with University of Pittsburgh played a role this past year.

Also, it is not obvious how the results from this project are fed into MHCOoE planning and decision making.
The unclear relation to the bulk systems is a weakness.
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e  So far, the approach has only focused on one partner system.
e  The complex hydrides thin film approach might prove to be difficult.
o  Efforts have not focused on materials of interest to the CoE or the program.

Specific recommendations and additions or deletions to the work scope

e  The project should demonstrate how the thin film results and conclusions drawn from this work can be
translated to the more advanced material systems examined within the Metal Hydride CoE.

e Nanoscale work needs to be validated on suitable nanostructured systems. The PI has also identified this as a
critical assumption issue.

e The PI needs to justify key assumptions, such as why it's necessary to have a Pd coating on thin films.

e The PI should bring the work in progress to logical and meaningful conclusion, then publish it.

e In the time that remains, the PI should steer away from systems that hold no promise of meeting hydrogen
storage system targets (e.g., Mg,Si).

e  The PI should emphasize how collaborations are enhancing the output of this project and how the project results
are having an impact on the hydrogen storage element's quest to meet its goals.

e The project team uses a good approach to fundamental understanding, however, it seems that this type of
research could fit better in the basic research program.

215
FY 2009 Merit Review and Peer Evaluation Report



HYDROGEN STORAGE

Project # ST-03: Discovery and Development of Metal Hydrides for Reversible On-board Hydrogen Storage

Mark Allendorf, Vitalie Stavila, and Eric Majzoub; Sandia National Laboratories

Brief Summary of Project
Overall Project Score: 3.0 (4 Reviews Received)

The primary objective of this project is to 4
discover new complex hydride materials.

The experimental objective is to establish a

synthesis route that combines high-energy .l
milling followed by hot-sintering under high
hydrogen pressures. The project works on

improving kinetics, cycling life, and

desorption properties by incorporating 27
hydride materials in nanoframeworks. The

theory objectives include employing the

prototype electrostatic ground state (PEGS) 1
technique for structure determination and

hydrogen estimates to provide MHCoE

partners with theoretical support regarding
Al-N bond energies for AlH;. 07

Relevance Approach Accomplish- Tech Future
ments Transfer Research

Question 1: Relevance to overall DOE
objectives

This project earned a score of 3.3 for its relevance to DOE objectives.

e The discovery and development of reversible metal hydrides for on-board usage is very critical to the Hydrogen

Program.

Discovery of high potential materials with support of modeling is needed to help meet the DOE targets.

This is a solid effort to solve a difficult problem (onboard reversible materials).

The project basically supports DOE needs and targets.

Although the key barriers are listed in slide 2, that list seems rather pro forma because there are almost

no actual demonstrated relationships between the quantitative results of the project and the DOE system.

e There is a little on media gravimetric capacity, but almost nothing on any system targets (e.g., volume, cost,
refueling times, quantitative purity of H,).

Question 2: Approach to performing the research and development

This project was rated 3.3 on its approach.

Good connections were made between modeling and experiments.

Experimental work guided by modeling is a good approach.

This solid approach combines excellent theoretical aspects with sound experimental efforts.

The project is a complicated mix of candidate materials, theoretical (modeling), synthesis, and materials

evaluation. It is not completely clear how this large spectrum of activities avoids overlap with other numerious

groups from around the world working on similar techniques and materials.

e  The various theoretical (modeling) activities seem especially complimentary and coordinated.

e The important experimental components of the project seem a bit haphazard and not as coordinated as the
theoretical components.

Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 2.8 based on accomplishments.

e Itis clear that many good theoretical and fundamental understandings have been made on the
borohydrides, alanates, amine systems, and etc.

216
FY 2009 Merit Review and Peer Evaluation Report



HYDROGEN STORAGE

A lot of work has been completed in one year.
It is necessary to incorporate all the phases possible to the modeling work to determine material suitability.
However, it seems that only one system has been examined so far.
Synthesis of the B,H;,-anion-based compounds and comparison with theory is very helpful as it gives insight
into the borohydrides decomposition intermediate to support a go/no-go decision.
It is not at all clear how much (if any) progress has been made toward solving the system barriers. The
large array of interesting results is simply not related to progress toward the DOE goals. One gets the
feeling that little real (practical) progress has been accomplished during this project.
The negative no-go on Ca(BHy,), is nicely documented, clear, logical, and appreciated.
There are some serious implications of theoretical and experimental results that are not fully discussed:
o Isthe Bj,Hj, intermediate going to be a potential barrier to most borohydride practical reversibilities?
o Will the general presence of impurities (e.g., B,Hg, NH;) mean the on-board purification will always be
necessary, or is there any hope of the <10 ppb impurity levels required by proton exchange member fuel
cells? In other words, there should be more in the way of practical implications of the results.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.3 for technology transfer and collaboration.

There has been good collaboration both within and outside of the CoE.

There has been visible collaboration between theory and experiments.

Collaborations are outstanding, and the many multiple-party publications clearly show that.
What are the mechanisms of communications among the many collaborators?

There are many collaborations within and outside of the CoE.

Question 5: Approach to and relevance of proposed future research

This project was rated 2.5 for proposed future work.

The future work is planned reasonably well for the upcoming year.

The new materials investigation path forward is rather vague. Is it screening-based, modeling-based, etc.?
Strong focus on hydrides NHj stabilization, however, formation of NHj is likely.

It’s unclear why Ca(BHy), received a no-go, while Mg(BHy,),, which has the same thermodynamic
decomposition issue, will be further researched wihin the CoE.

The past modus operandi will continue.

It is only partially clear why the future work activities selected are the most important to the overall
objectives aimed at breaching of practical system barriers.

The outline of proposed future work on slide 22 was somewhat vague.

Strengths and weaknesses

Strengths

The experimental work is guided by theory.

There are good connections between modeling and experiments.

The project team has employed PEGS, and modeling in general.

The project team has a good, comprehensive and coordinated understanding of the theory. Very good
theoreticians have been involved.

Attempts have been made to verify model calculations with experimentation.

It is very nice to see the incorporation of gas-phase species into the computational predictions.

Weaknesses

There seems to be no theory prediction of what is the best nanoframework in terms of pore size distribution for
incorporation of metal borohydride.

There is almost a complete lack of effort to correlate theoretical and experimental results with their potential (or
lack thereof) for meeting DOE system targets. Fundamentals should be better coordinated with practicals.
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Specific recommendations and additions or deletions to the work scope

e  With the remaining time left for this project, it is not clear why the team would like to further explore new
mixed-metal borohydride systems.

e  Modeling is needed to determine decomposition paths for the NHj; stabilized systems.

e  The project must invoke some practical systems thinking: mass, volume, cost, kinetics, reversibility,
quantitative purity, etc. Some simple calculations on systems projections will suffice.

e  There are too many materials being considered. More go/no-go decisions are necessary, particularly aimed at
the many DOE on-board targets.
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Project # ST-04: Chemical Vapor Synthesis and Discovery of H, Storage Materials: Li-Mg-N-H System
Z. Zak Fang and H.Y. Sohn; University of Utah

Brief Summary of Project

The overall objectives of this project are to 47
1) discover new solid hydrides that meet
reversibility and kinetics requirements, 2)
develop chemical vapor synthesis process
for production of nanosized solid metal
hydrides, and 3) demonstrate the
effectiveness and unique properties of
nanosized solid hydride materials. 27
Objectives for FY 2008-2009 were to 1)
determine the thermodynamic properties of
hydrogen storage using the ternary nitride
material, LIMgN; 2) understand
mechanisms of hydrogenation and
dehydrogenation of LiMgN; 3) quantify
NHj content during dehydrogenation of 0 ‘
hydrogenated LngN; and 4) demonstrate Relevance Approach Accomplish- Tech Future
effects of nanoscale particle size on

Overall Project Score: 3.2 (5 Reviews Received)

111

ments Transfer Research

properties of metal hydrides.

Question 1: Relevance to overall DOE objectives

This project earned a score of 3.0 for its relevance to DOE objectives.

The research performed supports DOE RD&D objections.

Very relevant work to DOE storage objectives.

The PI has found a very good system in LiMgN that has the potential to meet DOE's short term goals for
hydrogen storage.

The PI and his group have performed a detailed hydrogen storage performance study of LiMgN; measured the
thermodynamic properties, kinetics, and cycling properties; and explored the complex desorption process. They
also have performed impressive cycling experiments on MgH, + TiH, nanoparticle system.

Domain of materials was too narrow.

Question 2: Approach to performing the research and development

This project was rated 3.3 on its approach.

The approach used is adequate.

The approach of using "low-energy" ball milling to produce pure LiMgN, and thereby achieve reversibility, is a
very good one.

This is a good approach that uses multiple characterization methods.

The approach uses more than one material preparation technique: both low-energy and high-energy milling
techniqus, as well as chemical vapor synthesis.

The approach looks at cycling properties as well as the first few cycle performances.

The project team has considered a number of different material systems.

The project team has demonstrated a number of reversible systems.

Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 3.3 based on accomplishments.
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e The PI has developed a method for making the LiMgN system absorb and release hydrogen reversibly and this
is a significant accomplishment.

e An extensive amount of work has been completed on different material systems.

Important progress has been in the understanding of the LiMgN system by focusing on pure material

preparation.This is interesting fundamental research on a Li-Mg-N system.

The understanding of mechanochemical reactions is incomplete.

The results on the MgH,-TiH, system are interesting.

The PI measured enthalpy and kinetics of materials, which many PI's fail to complete.

The PI measured impurity release (i.e. NH;) in gas stream of LiMgN system.

Stability was determined in the nanoscale Mg-Ti system after 100 cycles.

This project has very good accomplishments and progress. However, it could be improved by 1) investigating

the long-term cycling performance of LiMgN and 2) looking into particle size effects on the MgH,+TiH,

system.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.5 for technology transfer and collaboration.

Collaboration with others is adequate.

This project is well coordinated with other partners in the MHCoE.

Good collaborations within the CoE.

The project team has excellent collaborations with other groups in the CoE.

Question 5: Approach to and relevance of proposed future research

This project was rated 3.3 for proposed future work.

e  The MgH,+TiH, system is quite promising.

e The kinetics and cycling studies that were mentioned are crucial in determining if this material will be of use in
practical applications. The cycling studies will help determine if the ammonia production leads to significant
degradation of this promising material.

e  The project team has a good plan for future work.

e  For the future plan, there are few places that are not so certain:

o The project team wants to use a nanoengineering method to change the structure of LiMgN to improve
the hydrogen sorption performance and NH; release, but what would be the appropriate method they will
use? High energy milling for MgH,+TiH, system is not appropriate for the LiMgN system.

o What will be the guideline for them to find additive to the LiMgN system to minimize NHj release?

Strengths and weaknesses

Strengths
e This is a good research that provides fundermental understanding of the material.

e  There is adequate collaboration with others.

e The LiMgN system is a very promising "reversible" system that has the potential to meet DOE's short-term
goals.

e This is a good project that is both broad in scope and in examining the details within given material systems.

e  There is solid experimental data — very relevant to DOE objectives.

Weaknesses

e  The project is well designed; however, materials do not reach DOE targets.

e In the kinetics measurements, a better effort needs to be made to define the reaction conditions. Kinetics are
strongly affected by pressure conditions, particle size, surface impurities, etc., and these need to be specified.

e To date, materials continue to have operating temperatures higher than the target.
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e Some detailed experiments need to be carried out for structural and hydrogen sorption characterizations. For
example, the detailed cycling performance of LiMgH and the structural characterization of MgH, and TiH,.

Specific recommendations and additions or deletions to the work scope

e  This project should continue.
e Cycling studies should be a part of any future studies on this system.
e None.
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Project # ST-05: Aluminum Hydride Regeneration
Jason Graetz, J. Wegrzyn, J. Reilly, J. Johnson, Y. Celebi, and W.M. Zhou; Brookhaven National Laboratory

Brief Summary of Project
Overall Project Score: 3.3 (5 Reviews Received)

The overall objective of the project is to 47

develop a material that supports the 2010

DOE technical performance targets using
aluminum hydride (AlH;) by fully 3
elucidating the nature of hydrogen
desorption from AlH; and developing an
efficient regeneration method. Objectives
are to 1) develop new routes to prepare pure 27
crystalline AlH; from Al (spent fuel) with
minimal energy cost and 2) assist the
engineering design for an off-board system 14
based on AlH;. The challenge is that AlHj; is

thermodynamically unstable below 7 kbar

(300 K). In an AlH; system, H, evolution is

controlled by temperature (rather than Relevance | Approach | Accomplish- | Tech | Future
pressure) so the ability to tune » men‘:s Transfer Research

decomposition kinetics are critical. Various

routes exist to adjust kinetics (e.g. size, coatings and catalysts). The key issue is regeneration (i.e., hydrogenation of

Al metal), and multiple regeneration pathways are being investigated.

Question 1: Relevance to overall DOE objectives

This project earned a score of 3.6 for its relevance to DOE objectives.

e  The regeneration of AlHj is very challenging and critical to the Hydrogen Program.
e The project is well aligned to the DOE objectives and is responsive to the goals of the Hydrogen Program
because it addresses a number of key barriers.

e The challenge of off-board regeneration has been addressed, however the challenge of the instability of alpha —

AlHj; for on-board storage did not receive as much attention.
e Particularly relevant to DOE objectives.
e  Project seriously considers most DOE on-board system targets: weight, volume, regeneration efficiency, cost,
refueling times, H, discharge rates, etc. This is an important approach for H, storage that should be further
explored.

Question 2: Approach to performing the research and development

This project was rated 3.2 on its approach.

e The high-level electronic calculations and theory-guided approach achieved successful results.

e The ideas for low-energy regeneration routes are very good and effective.

e The project team employs a systematic, well thought out, and quite reasonable approach, which is guided by
theory.

e There is very good synergy between calculations and adducts selection.

e Screening of the adducts was well done, but the separation of the pure alpha-AlH; remains a challenge. The
overall efficiency of the alpha-AlH; formation should show superiority against the classical AIH; chemistry
route.

e  The use of AlH; liquid slurries for refueling, on-board H, generation and spent Al removal is innovative and has

immediate practical engineering potential.
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The use of a slurry as an on-board storage medium presents engineering challenges; these challenges include:
solvent presence causes the contamination of the fuel cell MEA, lowering of storage capacity in terms of weight
percent, the need for continuous mixing in case of solid adducts, etc.

The approach of low-pressure/temperature synthesis of

AlH;-adduct, followed by separation of the adduct to yield pure AlHj; is very logical and innovative.
Experimental work is well guided by theory.

The approach leverages theory and experimentation.

Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 3.4 based on accomplishments.

The BNL team has made excellent progress in 2009.

Progress has been excellent, with the discovery of several new AlH; adducts and experimental verifications that
some have the potential of practical off-board AlH; regeneration schemes

The demonstration of DOE target discharge kinetics with a liquid AlHj; slurry is of revolutionary importance
and gives the potential for near-term practical vehicular systems.

Satisfactory progress with respect to the objectives and the eventual improvement of the alane adduct separation
and the most challenging step, its recovery. The project fully explores the possibilities for new, cost-effective
and energetically efficient methods to regenerate aluminum hydrides and profits from the expertise within the
CoE.

Significant accomplishment with the verification/demonstration of all steps for the two complete regeneration
pathways.

There has been good progress and several new findings.

The presentation of the results so far, is clear and easy to understand, even for a non-chemist.

Good connections exist between theoretical adduct thermodynamics and experimental results.

Nice work on the identification of additional adducts.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.0 for technology transfer and collaboration.

The networking record is very good and guarantees access to a wide range of top-class expertise and therefore
strengthens and greatly benefits the research.

Some good collaboration exists, but there needs to be more discussion and input from the Engineering CoE.
Collaboration is visible, especially with SNL.

Good collaborations with several partners, but some of the results of those collaborations are not fully
described.

The collaboration with ANL for systems analysis has been excellent, and will continue to be important for the
remainder of this project.

Other than collaboration with the SNL modeling effort, there should be more apparent contribution from other
partners.

Question 5: Approach to and relevance of proposed future research

This project was rated 2.8 for proposed future work.

The future plans set clear and reasonable steps forward, getting the most out of experiences gained so far in the
project.

Further work plans need to take into account the energy balance of the overall regeneration process.

Improving the efficiency of the alpha alane separation proposed is very good; the future work should include
determining the superiority of this methodology versus other new synthesis and available methodologies.

The focus on slurries is of concern due to the potential engineering challenges because even a liquid-state
adduct still needs solvents present.
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The future work plan cannot be improved upon.

The energy efficiency of the regeneration process should be assessed as early as possible so that efforts are not
devoted to processes that have no reasonable hope of meeting targets.

Consideration needs to be given to capacity penalties due to slurry formation.

Strengths and weaknesses

Strengths

Excellent regeneration pathway design and good progress.

e Networking and pooling of expertise and resources.

e Very systematic and good visible progress.

e  Excellent practical thinking and focus on virtually all DOE vehicle storage system targets.
e  Productive, innovative R&D and positive results.

Weaknesses

Additional input needed from the system engineering group.

The engineering aspects and associated energy balance and regeneration costs are still an issue.
Total energy analysis from Ti activation of Al to separation (for current adducts) is lacking.
None.

Specific recommendations and additions or deletions to the work scope

Need to add quick and simple energy balance calculation before the closing of the project and include the
calculation in the final report.

Work together with the established Engineering CoE to investigate the feasibility of the “slurry solution” and all
engineering aspects including regeneration energy balance.

Incorporate efficiency analysis based on current systems and compare with other methodology.

Slurry for on-board storage is not recommended as a focus.

No changes are recommended for the remainder of this project; however given the positive potential for this
project in reaching the ultimate DOE system targets (if confirmed by ANL systems analysis) a follow-on
contract should be anticipated. The objectives of this new project should be the construction of a full-size demo
vehicular system coupled with the selected off-board regeneration process.
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Project # ST-06: Electrochemical Reversible Formation of Alane
Brenda Garcia-Diaz, Christopher Fewox, and Ragaiy Zidan,; Savannah River National Laboratory

Brief Summary of Project
Overall Project Score: 3.1 (5 Reviews Received)

The overall objective of the project is to 41
develop a low-cost rechargeable hydrogen

storage material with cyclic stability and

favorable thermodynamics and kinetics
fulfilling the DOE on-board hydrogen
transportation goals. This material is
aluminum hydride (alane-AlH;) that has a
gravimetric capacity of 10 wt% and 27
volumetric capacity of 149 g/L hydrogen
and desorption temperature: ~60 to 175°C
(depending on particle size and the addition
of catalysts) which can meet the 2010 DOE
targets for desorption. Specific objectives of
the work include: 1) avoid the impractical
high pressure needed to form AlH;, 2) avoid 0 ‘ ‘ ‘ ‘

chemical reaction route of AlH; that leads to Relevance Approach AC?};‘:SS” T;ig?er RE:;”:ch
the formation of alkali halide salts such as
LiCl, and 3) utilize electrolytic potential to translate chemical potential into electrochemical potential and drive
chemical reactions to form AlH;.

Question 1: Relevance to overall DOE objectives

This project earned a score of 3.0 for its relevance to DOE objectives.

e The project is dedicated to the low-temperature/low-pressure, electrochemical reversible formation of alane - a
material with a high storage capacity and its regeneration is crucial to its viability as a hydrogen storage
medium. The project is therefore focused on the Hydrogen Program goals and addresses key targets of R&D
objectives.

e This project addresses one of the critical issues of efficient regeneration of the most promising solid state H,
storage materials.

e The alane system has very good potential to meet DOE's short-term objectives for hydrogen storage. It has good
hydrogen-holding capacity and kinetics.

e This project addresses hydrogen storage system weight, volume, cost, and efficiency, as well as storage material
regeneration processes.

e  This project is focused on the development of an efficient, low-pressure, low-cost route to regeneration of alane
(AlH;).

e This work supports the regeneration efforts of a promising storage material.

Question 2: Approach to performing the research and development

This project was rated 3.0 on its approach.

e Very well-thought-out, clear, systematic approach focused on overcoming the initial barriers to electrochemical
formation of alane and making significant steps forward.

e The project team demonstrated excellent innovation to overcome the barriers to recover alane with very high
energy efficiency using electrochemistry and capture of AIH; formed.

e  The electrochemical approach to producing alane is a very good one; it is far more realistic than trying to use
high-pressure formation. The fact that LiCI production can be avoided is significant. The fact still remains that
regeneration must presently be done off board, which is less than ideal.

e  Electrochemical recharging of alane (Al — AlHj;) in a non-aqueous electrolyte.

225
FY 2009 Merit Review and Peer Evaluation Report



HYDROGEN STORAGE

Recent emphasis has been on bench-scale electrochemical generation of AlH; from pure Al in H, atmosphere
and on harvesting of pure (adduct free) AlHs;.

The project includes modeling of electrochemical behavior and process efficiency.

The electrochemical approach is an important alternative to the study for regenerating spent alane. It eliminates
the need for very high-pressure charging.

The approach considers energy utilization as well as material yield.

Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 3.3 based on accomplishments.

The project team has made significant accomplishments through a robust approach. The project demonstrated,
for the first time ever, a reversible cycle using electrochemistry and direct hydrogenation, with high yield of,
isolated and characterized, gram quantities of alane produced under mild conditions.

The fact that gram quantities of alane have been produced electrochemically is significant. This could lead to
more cost-effective ways of producing this material commercially.

This is the first time alane has been isolated for the reaction system in gram quantities. It is suggested that the
project team try and release hydrogen directly from the adducts, bypassing the pure alane recovery and
eliminating the need for the slurry.

The project team demonstrated production of high-purity AlH; in gram quantities.

The project team has produced a model for the electrochemical generation of AlHj.

The team succeeded in isolating AIH; and confirming purity.

The results are encouraging in terms of an efficient closed cycle for "release/regeneration" using AlH;.

Alane is formed effectively using the electrochemical approach developed in the course of this project.
Significant progress has been made in harvesting alane from an electrochemical cell and gram quantities of
alane have been successfully formed. This is an important achievement.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.0 for technology transfer and collaboration.

Close collaborations exist between SRNL and many of its Center partners. This has proven to be very beneficial
for this project.

The project team has made excellent interaction with BNL and University of Hawaii groups.

The project team has collaborated with BNL, University of Hawaii, University of New Brunswick, and ANL.
The project team has collaborated closely with alane researchers in the center.

There is good coordination with ANL analysis.

The project belongs to the Metal Hydride CoE. There is some collaboration and partnership with BNL (on the
alane-TEDA formation issue) and also others contributors are mentioned; however, the extent of the
coordination of these activities during this reporting period was not entirely clear.

Question 5: Approach to and relevance of proposed future research

This project was rated 3.3 for proposed future work.

The future plans are sound and build on current experiences with attention to the determination and
optimization of the process efficiency.

The future plans are built on the results already obtained and no new initiatives are planned. The collaborations
that have worked so well will continue.

The PI should provide data that ANL will use to determine and optimize efficiency.

The researchers should work with BNL and SNL to identify better separation solvents.
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The researchers should work with the University of Hawaii to explore new solvent(s) that promise higher
efficiency.

The PI should determine if there are other complex hydrides that can be regenerated in similar manner.
The project team has a good plan for future work.

Strengths and weaknesses

Strengths

The project team has a solid understanding of electrochemistry.

The results are very encouraging (on a promising hydrogen storage material) for meeting the capacity targets of
the program.

The PI and his colleagues are well qualified to carry out this research. The close collaborations with CoE
partners are working well. The project is well focused and has led to a method of producing gram quantities of
alane.

The emphasis is on a storage material that has a chance of meeting the DOE targets.

This project seemingly had a very successful year.

The objective of producing AlH; of reasonable purity in a moderately efficient manner was met.
Collaborations clearly helped and should continue to help this project.

The future plans are well thought out and sensible.

Weaknesses

Scalability could be an issue and practicality and cost effectiveness of the process could be prohibitive for its
application.

This project is not likely to lead to an "on-board" method of regenerating alane, however there are no other
projects that are close to achieving this goal

Some electrochemical engineering is needed to optimize the cell design. Based on the pictures of the very
simple cell embodiment used, it is clear that there is much room for improved electrochemical regeneration
performance (e.g., improved current efficiency), product recovery, and dendrite abatement.

Specific recommendations and additions or deletions to the work scope

The project team with its partners and with the support of the Engineering CoE should evaluate the lifecycle
system costs and its potential for practical commercialization.

A more practical electrochemical cell design (e.g., involving the implementation of concentric, rotating
electrodes) might work nicely for this application.

The project team should intensify the interactions with the alane regeneration experts.
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Project # ST-07: Fundamental Studies of Advanced, High-Capacity Reversible Metal Hydrides
Craig M. Jensen,; University of Hawaii
Sean McGrady,; University of New Brunswick

Brief Summary of Project
Overall Project Score: 3.0 (5 Reviews Received)

The objectives of this project are to 1) 4
develop new materials with the potential to

meet the DOE 2010 kinetic and system |
gravimetric storage capacity targets, such as 3l
novel borohydrides that can be reversibly
dehydrogenated at low-temperatures and Al ,
and Mg nano-confined in carbon aerogels,

2) determine the mechanism of action of 2T
dopants for the kinetic enhancement of the
dehydrogenation and re-hydrogenation of |
complex hydrides, and 3) develop a method L
for the hydrogenation of Al to alane, AlH;

at moderate pressures in hydrogen I

containing supercritical fluids.

Ouestion 1: Relevance to overall DOE Relevance Approach Accomplish- Tech Future
0b'ectives ments Transfer Research
objecuves

This project earned a score of 3.2 for its relevance to DOE objectives.

e This project addresses hydrogen storage system gravimetric and volumetric targets and barriers to meeting those
targets.

e The PI seemed to be working on several aspects at the same time, all of which align with the Hydrogen
Program.

e Hydrogen discharge/recharge rates and storage system thermal management issues are addressed in a
substantive manner.

e Some aspects of the project contribute to an improved understanding of hydrogen chemisorption and
physisorption.

e  The project has partial relevance to DOE on-board storage goals. It does focus on weight, kinetics, and process
efficiency.

e  Work is relevant to DOE RD&D objectives.

e  Project does not focus adequately on volume, cost, and H; purity which relate to the fuel cell needs.

e This project is clearly relevant.

Question 2: Approach to performing the research and development

This project was rated 3.0 on its approach.

e The general approach is effective to address the barriers.
e The approach is to develop new classes of reversible complexes that have the potential to meet the DOE 2010
kinetic and system gravimetric storage capacity targets.
e The project team tries to pursue too many directions at the same time and thus stretches themselves too thin.
e Systems of current interest include:
o Al and Mg nano-confined carbon aerogels.
o Borohydrides that can be reversibly dehydrogenated at low-temperatures.
o Unconventional solvents for the hydrogenation of Al to AIH; and/or LiH/Al to LiAIH, at moderate
pressures.
e The approach is scientifically interesting, but somewhat unfocused because it deals with three rather distinct
efforts.
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The science is not always clearly extrapolated to technological (engineering) potential for a practical vehicular
system, refueling modes, and spent product regeneration. Some engineering implications are perhaps easy to
see, but the PI needs to more clearly state them.

In some cases, it is not obvious how the scaffolding work is distinct from similar efforts within the CoE.

Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 2.8 based on accomplishments.

For three projects with total funding of approximately $400K, the project team is making reasonable progress in
developing the basic understanding of high-capacity, reversible metal hydrides.
The project team has made progress with nanoconfined Mg in carbon aerogels:
o High (9-16 wt%) MgH, loadings of carbon aerogel without host degradation were obtained using an
organo-metallic method. Higher MgH, loadings were obtained with materials that have larger pore sizes.
o Nanoconfinement of MgH, was found to improve kinetics (by a factor of 5 over the previous best result)
but did not appear to effect the dehydrogenation of MgH..
Progress with anionic borohydrides.
o Full hydrogenation of MgB, to Mg(BH,), was achieved in the presence of a catalyst at pressures as low
as 120 atm.
o NMR spectroscopy confirmed that the product of the hydrogenation is Mg(BH,),.
Progress was shown with hydrogenation in non-conventional solvents.
o Fully charged, Ti-doped LiAlH, was obtained in major yields from the direct hydrogenation of Ti-doped
LiH/Al in liquefied dimethyl ether (DME) at room temperature in 100 bar of Me,O/H,.
o Well-To-Tank (WTT) efficiency analysis of a LiAlH4-based hydrogen system utilizing liquid DME as a
rehydrogenation medium showed that the system approaches the 60% target value.
The number of positive results is significant.
It is not clear that the nanoconfined MgH, (in aerogels) can meet the systems targets.
The best loadings are 17-23% MgH, and thermodynamics have not been significantly improved. In response to
the question, the PI stated that MgH, insertion in C-aerogel was preliminary model work and the solution work
will move on to materials with more hope of meeting DOE needs.
The catalyzed synthesis of Mg(BH,), from MgB, and transition metal (TM) borides seems promising, but the
present pressures and temperatures (900 atm and 500°C) seem daunting . The PI’s hope of achieving milder
conditions may be too optimistic. Like the BNL AlH; work, the use of solvents such as DME to synthesize
LiAlH, seems promising. It sounds as if this has to be an off-board regeneration process if it is going to meet
the 3 minute refueling goal.
It is disappointing not to see a few fundamental calculations carrying this materials synthesis and
property work toward the many DOE system targets. Some simple calculations would have been
appreciated. By doing a little “back-of-an-envelope” calculations, it seems that nothing reported herein has
much intermediate-term chance of overcoming the present DOE barriers.
The presentation was inconsistent regarding the reversibility of Mg(BHy),. Slide 20 states that reversibility is at
120 atm, but does not state the temperature, while slide 11 suggests reversibility at 950 bar and 400°C.
Bu,Mg is hardly the most efficient reagent. Cp,Mg or t-Bu,Mg may be considered as potential precursors for
MgHz
The formation of MgB,,H, during continuous operation of Mg(BHy,), is not addressed. The question if
Mg(BHy), behaves differently from Ca(BHy), is also not addressed.
The role of the Ti catalyst in Li-Al-Ti-H system was not addressed effectively and does not seem to be well
understood.
The direct synthesis of LiAlH, in polar solvents has already been reported in the past and DME is a known
process.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.6 for technology transfer and collaboration.

There is good collaboration with other partners.
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This project's collaborations are indeed extensive, however how each contributed was not obvious in the
presentation, but it is clear that collaboration did occur.

The list of collaborators includes California Institute of Technology, HRL Laboratories, National Institute of
Advanced Industrial Science and Technology, PNNL, University of Rome, University of Geneva, Institute for
Energy Technology (Norway), Jet Propulsion Laboratory, UOP, KEK (High Energy Accelerator Research
Organization), Tohuku University, University of Illinois, SNL, NIST, and the University of New Brunswick.
The University of Hawaii work involves many good collaborations. It is an excellent example of collaborations
within the Hydrogen Program.

There is a lot of good collaboration.

Question 5: Approach to and relevance of proposed future research

This project was rated 2.4 for proposed future work.

Interesting basic research is planned; however, it does not offer a way of meeting the DOE targets within a
reasonable period of time.
Given that the upcoming year will be the last year of the program, the plan should focus on a few specifically
defined objectives. The current plan has too many tasks to perform in one year.
Future work on nanoconfined Mg in carbon aerogels includes:
o Determine dehydrogenation and rehydrogenation kinetics of aerogels loaded with both MgH, and Ti
catalyst.
o Prepare nanoconfined MgH, from the hydrogenation of dimethyl magnesium intercalated aerogels as a
means of increasing loadings.
o Determine pressure-composition-temperature (PCT) isotherms to elucidate the effect of nano-
confinement on the dehydrogenation of MgH,.
Future work on anionic borohydrides includes:
o Explore variations in reaction conditions to improve yield from low-pressure hydrogenation of MgB, to
Mg(BHq),.
o Continue the studies of the catalyzed and un-catalyzed hydrogenation of MgB, to elucidate the
mechanism and possibly learn how to improve the kinetics.
Future work on hydrogenation in nonconventional solvents include:
o Maximize the extended cycling capacity of Ti-doped LiAlH, through variation of the dopant
concentration and recharging conditions in liquid dimethyl ether.
o Continue exploration of methods to improve the levels of hydrogenation of alane using alternative
supercritical fluids (SCFs) and a variety of initiators/catalysts.
o Explore SCF synthesis of Mg(AlH,),.
o Proceed with further evaluations of WTT efficiency of the DME/LiAIH, system in collaboration with
ANL.
Future work proposed on anionic borohydrides and hydrogenenation in nonconventional solvents is worthwhile.
There are not plans to focus on overcoming the many system property barriers.
The scope should be narrowed from the past year to address fewer key areas in greater detail.

Strengths and weaknesses

Strengths

There is good collaboration with various DOE and non-DOE research groups including international
collaborations.

There is good collaboration with other CoE partners.

The PI and his co-workers seem to have good instincts about how to improve things. In the past they have
tended to stay focused on systems with a reasonable chance of meeting DOE hydrogen storage targets.
The collaborations are extensive and seemingly effective.

Stepping away from the supercritical CO, effort was a good decision.

Good, innovative chemistry.

Excellent collaborations.
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Weaknesses
e The group tries to pursue too many directions at the same time, thus being unfocused and skipping essential
details.

There are too many research areas that are not related in the project.

Some of the approaches are not well explained.

The project may be going in too many directions with the available funding and possibly limited time.

While the results from the work on aerogels are interesting, it appears that the dilution factor makes the
hydrogen storage targets unachievable. The presenter referred to it as a "model approach," but it seems to have
little chance of meeting the targets.

e The connection to on-board system end points and associated DOE barriers is poor.

Specific recommendations and additions or deletions to the work scope

e  The PI should reduce the number of research topics/directions.

e  The project should focus on directions with the highest potential for meeting DOE targets.

e  More attention to the science behind the many informative research accomplishments and fewer sidebars about
factors outside the control of the PI would help the project to end on time and produce a better appreciation of
the significance of the results.

e  The PI should end all work on nanoconfined MgH, in carbon aerogels and move to better materials with more
potential.

e  Given the poor results to date, it is suggested that PI and University of New Brunswick partner terminate further
work on rehydriding Al in SCFs. The approaches in the BNL and SRNL projects seem much more promising
from technical and cost angles.

e The project team should begin cost projections and systems target calculations.

231
FY 2009 Merit Review and Peer Evaluation Report



HYDROGEN STORAGE

Project # ST-08: First-Principles Modeling of Hydrogen Storage in Metal Hydride Systems
J. Karl Johnson and David S. Sholl; University of Pittsburgh/Georgia Institute of Technology

Brief Summary of Project
Overall Project Score: 3.4 (5 Reviews Received)

The overall objectives of this project are to 41
1) compute the thermodynamics of metal

hydride systems, 2) compute interfacial I
properties of hydrides, and 3) address .l
fundamental processes in hydrogenation.

Specific objectives for FY 2009-2010 are to ,
1) complete reaction screening, including

multistep and metastable reactions and new 27
additions to the database; 2) finalize work

on thermodynamics of multiple, gas-phase

species; 3) include thermodynamics of

amorphous and crystalline closo-borane

structures such as MgB,H,, and related

materials in the screening of candidate

reactions; and 4) finish work on mixed 07

metal hydrides

Question 1: Relevance to overall DOE objectives

This project earned a score of 3.2 for its relevance to DOE objectives.

e  Material modeling has become an important tool in the development of storage materials, both in guiding
experimentalists toward promising materials and in understanding the behavior of complex material
interactions.

e  This project addresses issues/barriers associated with meeting DOE's hydrogen storage system gravimetric and
volumetric targets, as well as factors affecting charging/discharging rates (e.g., kinetics).

e Theory is a powerful tool for screening candidate materials, but needs to tie-in with experimental work.

e  This project addresses the lack of understanding of hydrogen physisorption and chemisorption.

e  Opverall this project is highly relevant.

Question 2: Approach to performing the research and development

This project was rated 3.4 on its approach.

e The PIs have been leaders in developing techniques for modeling complex material behavior using first
principles calculations. Entropy is not included in the energy calculation, without this it will not give the
information necessary to tell if a phase is stable or not.

e The project team uses first principles density functional theory (DFT) to compute structures and energies of
solid phases and gaseous species.

e The project team uses phonon density of states calculations for determinations of finite temperature
thermodynamics.

e Free energy minimization methods are employed for screening mixtures suitable for promising reactions.

e Surface energy calculations are used to assess the influence of nanoscale structures on the thermodynamics.

e  The project now includes the application of first principles molecular dynamics to generate and study
amorphous phases.

e The project team employs transition state theory to characterize surface reactions and diffusion mechanisms.

e It is suggested that the project team downplay the effort on amporphous phase calculations. The energy
differences between these systems and their crystalline counterparts will be small and there will likewise be a
small impact on reaction energetics.
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Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 3.4 based on accomplishments.

The project team has made good progress.

The project team has made sizeable additions of thermodynamic data to key databases used by the Hydrogen
Storage Program.

Computational methods were used to generate and characterize 200 amorphous structures (100 atom
assemblies).

The project team computed diffusion barriers for charged defects and showed evidence that diffusion can be
controlled by doping.

Free energy calculations now include multiple gas phase species.

New mixed metal borohydrides were characterized.

Now that the kinetics calculations have been performed for MgH, (a baseline system), it would be good to see
this effort extended to materials of current interest.

It is nice to see the thermodynamic models include the formation of gas phase species. This will be a big help in
improving the predictive accuracy of these methods.

A clear description of what structures have been added to the metals hydrides database is needed.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.6 for technology transfer and collaboration.

The project team has shown good collaborations.

The project team collaborates broadly throughout the Metal Hydride CoE program. Collaborating institutions
that benefit from working with the Pittsburgh group include California Institute of Technology, HRL
Laboratories, University of Hawaii, Jet Propulsion Laboratory, University of Missouri, NIST, SNL, Stanford
University, University of Illinois at Urbana-Champaign, and University of Utah.

There is coordination of theory work within the Metal Hydride CoE through the theory working group.

The PIs continue to have close collaboration with others and are responsive to input from experimentalists.

Question 5: Approach to and relevance of proposed future research

This project was rated 3.3 for proposed future work.

Proposed future work included:

Carry out analysis of multi-step reactions and submit paper for publication.

Finish calculations for updated database reactions and carry out screening.

Analyze the thermodynamics and structure of amorphous MB,,H;, systems for M=Ca and Mg.
Examine diffusion through void spaces in metal hydrides, as prompted by experimental observations.
Implement fast reaction screening with multiple gas phase species for as many cases as possible.

The listed approach for proposed future research was too vague to be meaningful.

O O O O O

Strengths and weaknesses

Strengths

This project is good for screening candidate materials.

The PI is knowledgeable and enthusiastic. This is a force in the theory community working on hydrogen
storage issues.

Good choices have been made regarding computational methods and research thrusts.

This project provides a lot of useful data to the Hydrogen Storage Program community.

The PI is clearly responsive to prior reviewer comments and recommendations.

There is strong coupling of experiment and theory.

This is a strong collaborative effort.
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Weaknesses

e Inclusion of entropy into energy calculation is lacking.

e Some aspects of the work on amorphous materials calculations need shoring up. A determination should be
made of what happens as one varies the number of atoms. These types of calculations definitely need some
form of experimental corroboration.

e  There have been a relatively small number of publications.

Specific recommendations and additions or deletions to the work scope

e The project team should continue the good work.

e  The project team should tighten up their work on amorphous phases. The results are interesting, but they need to
be validated.
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Project # ST-09: Thermodynamically Tuned Nanophase Materials for Reversible Hydrogen Storage
Ping Liu and John Vajo; HRL Laboratories, LLC

Brief Summary of Project
Overall Project Score: 3.0 (6 Reviews Received)

The overall objective of the Metal Hydride 47

CoE is to research, develop, and validate
reversible onboard metal hydride storage
materials and systems that meet the 2010 sl
DOE system targets for hydrogen storage,
with a credible path forward for meeting the
2015 DOE storage targets. The approaches
to meet the hydrogen capacity targets of 27
6 wt% and 45g H,/L volume density are to
1) synthesize and characterize hydride
materials with high hydrogen capacity and i1
favorable thermodynamics and 2) use state-
of-the-art theory to guide the materials
discovery effort. The approaches to meet the

04 : : : :

charge/discharge rate target of a 3 min
system fill (5 kg) are to 1) develop materials
that are fully reversible; 2) develop catalysts
that aid reversibility; 3) assess nanoengineering promotion of kinetics; and 4) investigate the role of contamination
on reaction rates. The approach to meet the hydrogen purity target of 99.99% is to assess release of NH;, B,Hg and
other volatile species from metal hydrides during desorption and cycling. The approach to meet the cycle life target
of 1,000 desorption/adsorption cycles is to investigate durability of materials, cycling behavior, effects of
contaminants, structural stability, and release of volatiles.

Relevance Approach Accomplish- Tech Future
ments Transfer Research

Question 1: Relevance to overall DOE objectives

This project earned a score of 3.3 for its relevance to DOE objectives.

e The development and demonstration of a safe and cost-effective light-metal hydride material system is critical
to the Hydrogen Program.

e Lower dehydrogenation temperatures of LiBH,/MgH, were achieved in scaffolds, but cycling properties still
need to be improved. The search for new borides containing light transition metals for H, storage purposes is a
valuable objective, but a major breakthrough in that field is uncertain.

e  The PIs investigated the LiBH4/MgH, destabilized system, and looked into how nanostructured carbon scaffolds
affect the thermal dynamic property of the system.

e  The scaffold approach has hydrogen capacity penalties inherent to it.

Question 2: Approach to performing the research and development

This project was rated 3.0 on its approach.

e  The general approach is novel and effective.

e Examining a new system in addition to the LiBH4-MgH, system is a good approach, given the lack of success in
LIBH4-MgH2

e  The use of scaffolds is turning out to be more difficult than expected, but it still warrants further study.

e The project team uses a good approach: it is fairly well integrated with other efforts and contributes to
overcoming some barriers.

e  The overall approaches are appropriate; however the project team needs to design experiments to understand
how the carbon scaffolds change before and after hydrogenation, after storage material is incorporated and even
after cycling. Structural, volume, and composition change could reveal fundamental processes that govern the
hydrogenation performance. This is important to the performance as well as the final loading.
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Question 3: Technical accomplishments and progress toward project and DOE goals

This project was rated 2.7 based on accomplishments.

Lower dehydrogenation temperatures of LiBH,/MgH, were achieved in a scaffold, but cycling properties need
to be improved.

Given the fact that the funding level was the same in 2008 and 2009, this year's progress is less impressive
compared to last year.

There is no explanation for the mechanism of reaction between LiBH4 and MgH, in carbon aerogel.

The investigated materials exhibit relatively poor cycling behavior.

The LiBH4;-Mg,NiH, system has desorption temperatures that are still too high.

The LiBH4-MgH, system in the carbon aerogel exhibits capacity problems with cycling.

Question 4: Technology transfer/collaborations with industry, universities and other laboratories

This project was rated 3.5 for technology transfer and collaboration.

Collaboration appears to be very good in terms of key interactions with LLNL on carbon aerogels and
University of Hawai’i on incorporation techniques for hydrides into aerogels.

Good collaboration within the CoE.

Professor Jensen of the University of Hawai’i seems to be making a solid contribution to this work.
Collaborations are appropriate.

Question 5: Approach to and relevance of proposed future research

This project was rated 3.2 for proposed future work.

This project is 80% complete, so the future work needs to be well focused.

The search for new borides containing light transition metals for hydrogen storage seems to be a valuable
objective, but the possibility of a major breakthrough is uncertain.

It would be helpful to understand why the scaffold helps the hydrogenation performance. There are many
parameters that play important roles such as scaffold structure, the filling of the storage materials, the structure
and mechanical changes during the hydrogenation process, the real diffusion length, etc. A possible physical-
chemical model on the hydrogenation and dehydrogenation process should be proposed.

Strengths and weaknesses

Strengths

Work is focused on new destabilized systems and nanoporous scaffolds and is therefore likely to yield new
valuable insight into thermodynamics and kinetics of hydrogen storage materials

A novel technical approach and the outcomes can be utilized by other partners.

Good collabora