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Chemical Hydrogen Storage at Los Alamos

John C. Gordon, jgordon@lanl.govl, Benjamin L. Davis, bldavis@lanl.gov’, David A
Dixon, dadixon@bama.ua.edu3, Myrna H. Matus, mhemandezmatus@bama.ua,edu4, and
Frances H. Stephens, fhs@lanl.govl. (1) Chemistry Division, Los Alamos National
Laboratory, Los Alamos National Laboratory, MS J582, Los Alamos, NM 87545, (2) Los
Alamos National Laboratory, Chemistry Division, MS J582, Los Alamos, NM 87545, (3)
Department of Chemistry, University of Alabama, Box 870336, Shelby Hall, Tuscaloosa,
AL 35487-0336, (4) Department of Chemistry, The University of Alabama, Shelby Hall,
Box 870336, Tuscaloosa, AL 35487-0336

ABSTRACT

Los Alamos National Laboratory (LANL) researchers along with Pacific Northwest
National Laboratory (PNNL) led the creation of a national center for researching
chemical pathways to hydrogen storage. Working with industry, academia, and other
government agencies, the Hydrogen Storage Center is the nation's leading facility for
solving problems surrounding the transition to a hydrogen-fueled economy. The Center is
one of three U.S. Department of Energy alternative energy storage research facilities.
Along with the Carbon Storage Center at the National Renewable Energy Laboratory in
Golden, Colorado, and the Metal Hydride Storage Center at Sandia National Laboratories
in Livermore, California, these represent one of the nation's current best hopes for ending
the reliance on foreign and unstable sources of energy. We will present some recent
technical results from LANL in support of the development of a hydrogen based
economy.



ACS Award Symposium in Honor of Professor Alan H. Cowley
Salt Lake City, UT March 24t 2009

Born; Manchester, England
Education - University of Manchester

B.Sc. —1955.......
(March 5th, 1955 — Elvis Presley appears on TV for the first time)

M.Sc.; 1956.....
(March 12" - Dow Jones closes above 500 for first time (500.24))

P, 1958......
(March 27th, 1958 - Nikita Khrushchev becomes Soviet premier)

(cf. November 30, 1963 - John Gordon, born in Kilmarnock,
Scotland......... )
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DOE’s Chemical Hydrogen Storage Center of Excellence

One of 3 DOE Centers — others focused on Sorbents and Metal Hydrides
($$%’s: DOE, Office of Energy Efficiency and Renewable Energy)

CHS CoE - A coordinated approach to identify, research, develop and validate advanced on-board
chemical hydrogen storage systems to overcome technical barriers and meet 2010 DOE system
goals with the potential to meet 2015 goals....

» Develop materials, catalysts and new concepts to control
thermochemistry and reaction pathways

* Assess concepts and systems using engineering analysis and studies

» Develop life cycle inventory and demonstrate a 1 kg storage system
- Los Alamos Yatieaal Laboratory
epertment. of Energy PENNSTATE
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Hydrogen as Energy Carrier for Transportation

«  Combination of hydrogen and air in a fuel cell produces water and
electricity, with no NO,, SO, , CO, or particulates

* Apart from current expense and precious metal burden of
fuel cells, problems facing hydrogen economy include:

How to produce it?

How to store it?

High Pressure Tanks Metal Hydrides
Low volumetric storage | Low gravimetric
capacity and safety capacity and
issues heterogeneous
Sorbents Chemical Hydrides
Limited H, binding Energy input needed
Q) energy requires low T | for fuel regeneration

J LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



Chemical Hydrides versus other Materials

DOE Total System Targets for Hydrogen Storage Systems

Gravimetric Density (wt%) Volumetric Density (Kg-H,/L)
4.5 (2007), 6.0 (2010), 9.0 (2015) 0.036 (2007), 0.045 (2010), 0.081 (2015)
16 ¥ : :
L Open symbols ; Material capacity 4
1 denote new must exceed metal hydrides
14 -+ matls for FY2008 e il
. ] " 1 Mg (BHa)2(NH;); Il
w— 12 1 .
= DOE system targets 1 Mg(BHa),
Rl | ' o
E | : Ca(BH,)
> 10 1 ' -
2 - 1 : MQ(BH-S)Z(h_mﬂZ [ |
§ : T |sorbents ' : . LiBH,/MgH; LiBHM:
| 1 B MaH
& IRMOF-177 S |
o { | (FRetan, LMo BLi-AlH/LINH,
T 64 " le m mmm e LisAHg/Mg{NH)
b & PCN-12
[4b]
> C aerogel : [
% carbide-derived C ® NaAlH. LINHsMgH, .M9(3H4)2(A|H4]
o) LiMn(BH4): 1 ¥
O  L:BIC pridged cat./IRMOF-8 R0 i W
, | i [J NazZr(BHa)s
PANI
1 bridged cat/AX21 ® M-doped CA ®
0 — o — : o
-200 -100 0 R 2 100 200 300 400
‘Hz sorption temperature (°C) % 1 Temperature for observed H, release (°C) Y

e DOE: G. Thomas (2007}, G. Sandrock (2008}

D) LOS Alamos DOE Chemical Hydrogen Storage Center of Excellence



Ammonia-Borane (AB) = NH;BH,,
Contains both Protic N-H and Hydridic B-H Hydrogen Atoms

) HO. &+ & H
(up to 19.6 wt % H,, 0.16 kg/L H,) *#‘ ~B N uIH
) ¥ H . H
O ot

Thermal release of H, is too slow at T <100°C - What catalyzes the process?

« Acid Catalysis (Lewis Acid or Bronsted Acid)

+
= HV[ _NH3 -_— HzB_NH3 - — H2 T s
H
+ Metal Catalysis
'QB 4
*— M
> >B—NH — — — H, +...
A 0 Wy 3 H,B—NHs 2

2 LOS AlamOS DOE Chemical Hydrogen Storage Center of Excellence



Metal Catalyzed Dehydrogenation — Rate/Extent/Selectivity

——— U/"l% —
HB—=—N
/ b
1N BH
Jaska, C. A.; Temple, K.; Lough, A. J.; Manners, |. H\Ea—l\/l/
JACS 2003, 125, 9424. \
B—=NH HB=NH
5 HN.  B—N Bt
[Rh(cod)Cl], RN/B\\ N7\
RH,NBH4 —_— Il | + P.B. = polyborazylene —N B—NH
e 7 BH WA
- R N VB—
R =Fhj Me; B borazine N/ %
B HB=MAS SRl

[((POCOP)IrH.]

- w cyclic pentamer (insoluble)

(NH2-BH2)s

HsNBH3

Denney, M. C.; Pons, V.; Hebden, T. J.; Heinekey, D. M.; Goldberg, K. |. JACS 2006, 728, 12(9_4;6%

POCOP =

O— P!BU2

—lequiv,

Keaton, R. J.; Blacquiere, J. M.; Baker, R. T. JACS 2007, 129, 1844.
Ni(NHC),

H3NBH, P.B.

How to improve catalyst performance?
( both rate and extent of dehydrogenation)

, Los Ala
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What About Regeneration of Spent Fuel(s)?

Ideally would like chemistry to be general
enough to regenerate a variety of spent fuel types

Borazine (trace in ionic liquids) N borazine
B nsoluble
Insoluble NHXproducts el g E
i
(FN-BH) HN,  NH
Metal Based _ H
Dehydro- ohgomenzatlon Catalysis 1 equiv. H, lost
2 equiv. H, lost
Thermol soluble polyborazylene
(solution or sohd state) y < B/LL’ i
I‘H\\It ,}\\L B NQ B/
pdyaminoboranes (1 ?\I L ,,I\\]H
%mmboranes 2 eq ) ‘ ~p "B B
azine (except namnatena]s) L B"NH
\
HE NQ BH
N N\
) /N\ B Sg
,ﬁ H
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Off-Board Regeneration Required

8 AnTmonia Bﬁoiane (I—TE,N—BHE,) —>€pent fuelk(B3N3H4) + 7H7_T

AH =~ -7 kcal/mol |

| (Miranda and Ceder 2007)

Hydrogen release -> too exothermic = T ]
to merely re-pressurize with H,

~

Off-board chemistry required to
regenerate ammonia borane (AB)

N.B. Within the Center we are working on systems that are potentially
directly regenerable (on-board??):

e.g. Ca(NH,BHS,), (AK. Burrell et. al. Angew. Chem. Int. Ed. 2007, 46, 8995).

)
)
2 LOS Ala MosS DOE Chemical Hydrogen Storage Center of Excellence



Approach

BX, BHX, BH,L

SFP[??LT [Digestionj { Reduction J [Redistribution] [Ammoniation] H3NBH3

Dave Thorn, Ben Davis, LANL

Features of Chemistry:
Avoid formation of B-O bonds.....
Steps have to be reasonably matched thermodynamically

Steps have to be high yielding

Recycle of reagents - e.g. reductant

-

v LOS AlamOS DOE Chemical Hydrogen Storage Center of Excellence



Digestion of Spent Fuel

Preliminary Results with O- and N-chelatés

o4 |
@) O
OH C[ Mgt N+
/ O/ \O
H
_N

80 C, 3 days

/lj Dan Schwarz, David Thorn, LANL
2 LOS AlamOS DOE Chemical_Hydrogen Storage Center of Excellence



What about B-S bonds?

Weaker than B-O bonds (allows for subsequent chemistry)

Acidity of a thiol could still aid reaction...

Estimates of Reaction Energies for Digestion AH(298 K)a
N PhS
8 SH H
i i E e B 42.2/25.1
HN,  NH PhS” i
H 3 THE UNIVERSITY OF
i M ; ALABAMA
HB/ ~BH N /
AR CC— OO, | 20a0s

[a] Condensed phase/Gas phase values in kcal/mol

A
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Validation with Benzenedithiol

Cr
H
Ep 3 S\ H

or > [NH,I[B(C,H,S,),] + @[ B’ +H,
borazine THF, 12]’1, A -

S 'NH,
60 °C
\ (1)

0 10.5 ppm
Digested > }' & -5.6 ppm ("Jgy = 128 Hz)

Polyborazyleny\
S, S -, _ e
N

‘7 50 45 40 35 30 25 2005 10 5 D -5 -10 -15 -20 25 -3=iS
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A Reductant is then Required

Estimates of Reaction Energies for Reduction M—I(298K)[a]

S 'NH,

S H
©i :B/ + 2Bu;SnH —> H;N—BH; + ©i -3.7/2.8
“ 5—SnBu,

S—SnBu,

S\ /H S\
C[ B + Bu,SnH, —> H;N—BH; + ©: _SnBu, -9.7/0.8
" °NH, ¥
Step 1:
Bu,Sn-H S o S——SnBu;,
[NH,I[B(C4H,S,),] > @[ \B\/ v @ ifi 119
THF, 12h s" N, sH <+ Verified by 1"95n NMR
1 ()
+ Bu,;Sn-H . Fortuitously BusSn-H (commercially available) converts
/ S ammonium salt to (1)
In 2 steps from PPB we have a single Boron
R e containing compound.
‘45 3 25 15 5 0 -0 20 30 40

118 (ppm)

/
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(In This Version) — Another Reduction Step is Required...

Subsequent Bu,SnH, addition converts (1) to AB..... Tin by-product (11Sn NMR)
S | |
\ y
: l SHBU2 | -
‘ S/ i
PAEFEH T iy I K S et GO e ‘, o

Bu,Sn(S,CH))

S (&) .
(:[ ! Independently synthesized
S 'NH,
@)
L e S e g WWWM
: - - 100 50 0 50 <100 -150 200
0 25 20 15 10 5 -0 -15 20 25 -30 1195n (ppm)

5 0 -
11B (ppm)

S. H Bu,5nH, 5\
@[ B > H.B-NH, + @[ _SnBu,
s “NH, THF,70C S

")
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Fall/Winter 2008/2009 Scheme

2.x equiv. H,
catalyst

H,NBH,

R 0 H M Et,NH-BH,

HN B-N Bt
B=NH HB=NH

:HARS S e
S—SnBu, HB=N
L ¥ x

[ Il '\
AR o O
h Ll Vi \\
| S "HNE,

EtZNHT-NH3

S\ H
"[NH,][B(CH,S,),I" + @[ B’
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Completing the Recycle of Tin

Spent Tin

: ——— Sn——SR
Reducing Agent . He
-HSR
Sn—Cl
5 - [E,NHICL / formic acid,
Bu,Sn-H <«————— Sn——formate i

-CO,

CO, recompression energy costs may be avoided with integration
with steam methane reforming

Evaluating direct regeneration by heterogeneous hydrogenation

" T4

R
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Ultimate Goal

2.x equiv. H,
catalyst

H,NBH,

NH, () T Et,N

B-N, B-NH

Et,NH-BH, HN\l :B—N‘ \:B—-
B=NH HB=NH
S—SnBu, HB—N:
+N' BH
S—SHBU3 (HBzN\

L & x

Less unit operations!

e.g. Less C.H,(SH), in digestion =less Sn-H required = minimize recycle!

Evaluation of other reductants, etc.



Conclusions

Lots of work to be done......
Need to investigate liquid fuels (ongoing)

Multidisciplinary Center approach will get
us there quicker than as a set of individuals



Come on lads; he'll
no’ notice it's

missing until

tomorrow....

Step away from
the car,
laddie. . .
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DOE’s Chemical Hydrogen Storage Center of Excellence

One of 3 DOE Centers — others focused on Sorbents and Metal Hydrides
($$%’s: DOE, Office of Energy Efficiency and Renewable Energy)

CHS CoE - A coordinated approach to identify, research, develop and validate advanced on-board
chemical hydrogen storage systems to overcome technical barriers and meet 2010 DOE system
goals with the potential to meet 2015 goals....

» Develop materials, catalysts and new concepts to control
thermochemistry and reaction pathways

» Assess concepts and systems using engineering analysis and studies

» Develop life cycle inventory and demonstrate a 1 kg storage system
Facinic Northwest
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Hydrogen as Energy Carrier for Transportation

«  Combination of hydrogen and air in a fuel cell produces water and
electricity, with no NO,, SO, , CO, or particulates

«  Apart from current expense and precious metal burden of
fuel cells, problems facing hydrogen economy include:

How to produce it?

How to store it?

High Pressure Tanks Metal Hydrides
Low volumetric storage | Low gravimetric
capacity and safety capacity and
issues heterogeneous
Sorbents Chemical Hydrides
Limited H, binding Energy input needed
N energy requires low T | for fuel regeneration

J LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



Chemical Hydrides versus other Materials

DOE Total System Targets for Hydrogen Storage Systems

Gravimetric Density (wt%)
4.5 (2007), 6.0 (2010), 9.0 (2015)

Volumetric Density (Kg-H,/L)
0.036 (2007), 0.045 (2010), 0.081 (2015)

16 - z
Open symbols : Material capacity y .
denote new . MUSL SRS | metal hydrides
14+ mat'ls for FY2008 ; maald o
2 A ' Mg (BH.)(NHs), l
— 12 I '-..] 1
-E,, DOE system targets| | I Mg (BHa),
© . 1
% 10 : " Ca(BH.),
£ s s : Mg (BHy)(NH;), r
o sorbents 3 : LIBHy/MgH; LigH/cA
o 8+ 1 i) MaH-. |
= IRMOF-177 i . g
ST Y] MD C-foam : Li%gN BLi;AIH/LINH,
1
g 6+ -l momom oo Li;AlHg/Mg(NH,) Ml
S @ PCN-12 -
> C aerogel b b
3 4 9 carbide-derived C ® NaAlH. e g (EBH:)2AH)
S ~ LIMN(BH.)s W Nab
© L2 . bridged cat/IRMOF-8 N s £ P
N [ Na,Zr(BHa)s
PANI
T bridged cat./AX21 ® M-doped CA ©
0 % = - t =
=200 -100 0 100 200 300 400
‘Hz sorption temperature (°C) g " Temperature for observed H, release (°C)
/J_7 DOE: G. Thomas (2007}, G. Sandrock {2008}

DOE Chemical Hydrogen Storage Center of Excellence

> Los Alamos



Ammonia-Borane (AB) = NH;BH,,
Contains both Protic N-H and Hydridic B-H Hydrogen Atoms

J\-) 7) Hli’t 0* 8-/H
(up to 19.6 wt % H,, 0.16 kg/L H.,) 7)‘)) H/B—N{;'H
J 5 S+

Thermal release of H, is too slow at T <100°C - What catalyzes the process?

- Acid Catalysis (Lewis Acid or Bronsted Acid)

<+
A H¢‘ —NH3 i H,B—NH; —_ — H2 ...
H
+ Metal Catalysis
QMD\/I%B M,H
> >B—NH s — — H, +...
N a 9 HT_AI ? H,B—NH; -

)
- LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



Metal Catalyzed Dehydrogenation — Rate/Extent/Selectivity

[ I}’l’\n —
HB—=N
/ \
T—N BH
Jaska, C. A.; Temple, K.; Lough, A. J.; Manners, . H\\B—l\/l/
JACS 2003, 125, 9424. \
B=NH HB=NH
H / \ / \
[Rh(cod)Cll; L N HNg M8 oF
RH,NBH3 —— - I | + P.B. = polyborazylene|= B—N B—NH
B 2 BH WA
/y N\
_ R HN B—
R =Ph, Me, H borazine S %
N HB=NH g

[(POCOP)IrH2]
—E

HzNBH3

Denney, M. C.; Pons, V.; Hebden, T. J.; Heinekey, D. M.; Goldberg, K. I. JACS 2006, 7128, 12(9:4%

(NH2-BH2)s

POCOP =
cyclic pentamer (insoluble)

O-P!Bu,

1l eguiv, Hp

H3NBH;

Keaton, R. J.; Blacquiere, J. M.; Baker, R. T. JACS 2007, 129, 1844.

Ni(NHC),

P8

How to improve catalyst performance?
( both rate and extent of dehydrogenation)

> Los Alamos
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What About Regeneration of Spent Fuel(s)?

Ideally would like chemistry to be general
enough to regenerate a variety of spent fuel types

Borazire (trace inianic liquids) borazine
Insoluble BNH, products Insoluble .
cyclic pentamer N
HB” SBH
( HZN—BH2)5 Y r iy
. .y Metal Based _ ]
Dehydro-oligomerization Catalysis 1 equiv. H, lost
AB > 2 equiv. H, lost
Thermolysi S soluble polyborazylene
(solution or solid state) HBE‘ B/Lz“
HNeo Ne g N B
palyaminoborares (1 eg. H, loss) B Yo N
}kx)élryirrﬁmboran&s (2eq. HZZ loss) AL B
azine (except nanomaterials) - Bz,l\\]H
\
I_]B/ NQ BH
YN
A /N‘ B 5
/S P
Los Alamos

DOE Chemical Hydrogen Storage Center of Excellence > 2 equiv H, lost



Off-Board Regeneration Required

7 3 Ammonia Borane (H,N-BH,) —> Spent leEzl_(B31\—T3H4) + 7}{7_{
AH =~ -7 kcal/mol
7 (Mimnc{a_a_nd Ceder 2007)

Hydrogen release ->too exothermic
to merely re-pressurize with H,

~

Off-board chemistry required to
regenerate ammonia borane (AB)

N.B. Within the Center we are working on systems that are potentially
directly regenerable (on-board??):

e.g. Ca(NH,BH,), (A.K. Burrell et. al. Angew. Chem. Int. Ed. 2007, 46, 8995).
a

2 LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



Approach

BX, BHX, BH,L

Sgg;f [DigestionJ [ Reduction ] [Redistribution] [Ammoniation] H3NBH3

Dave Thorn, Ben Davis, LANL

Features of Chemistry:

Avoid formation of B-O bonds.....

Steps have to be reasonably matched thermodynamically
Steps have to be high yielding

Recycle of reagents - e.g. reductant

2,

2 LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



Digestion of Spent Fuel

Preliminary Results with O- and N-chelates
OH -
[ I O 0
OH ©i o NH,+
r / O/ \O
H
N

- Q?H

I
HN<_~NH
B

H
N
g ALY
NH, y
N
19 )
NH,

80 C, 3 days

/)7 Dan Schwarz, David Thorn, LANL
9 LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



What about B-S bonds?

Weaker than B-O bonds (allows for subsequent chemistry)

Acidity of a thiol could still aid reaction...

Estimates of Reaction Energies for Digestion AH(298 K)a
N PhS
P SH H
oD e SR 4 42.2/25.1
N, -NH PhS” N
H s THE UNIVERSITY OF
u ALABAMA
Hp- SBH &H WL
BN, _NH @i =t ©: A Eaaiells
\IEEI// SH S ‘NH3

[a] Condensed phase/Gas phase values in kcal/mol

)
J LOS A|amOS DOE Chemical Hydrogen Storage Center of Excellence



Validation with Benzenedithiol

L
PB SH S. H
or > [NH,IB(CH,S),] -+ @[ % fH,
borazme THF, 12h, A s

S 'NH,
60 °C
\ (1)

5 10.5 ppm |
Digested PP | 5 -5.6 ppm ("Jg y = 128 Hz)

Polyborazyly Y
N -
S

50 45 40 35 30 25 20 15 10 5 O -5 -10 -15 -20 -25 -30 -35
2 LOS AlamOS 11B (ppm)

/)



A Reductant is then Required

Estimates of Reaction Energies for Reduction AH(298K)!a]

S 'NH,

S, H
(I 2w —= mneon, + (1] 3.7/2.8
ke S—SnBu,

5—5nBu,

s M =}
C[ /B\/ + Bu,SnH, —> H;N—BH; + ©i /SnBu2 -9.7/0.8
3 S

S 'NH,
Step 1:
Bu;Sn-H . S .H S——SnBu,
[NH,I[B(C,H,S,),] @ s+ X =
T THF, 12h g’ "NH, sy <+ Verified by 119Sn NMR
1) 2)
+ Bu,Sn-H | Fortuitously Bu,;Sn-H (commercially available) converts
/ N " ammonium salt to (1)
In 2 steps from PB we have a single Boron
P containing compound.
).
45' » 35 25 5 .0 -10 -20 -30 40
11B (ppm)

Z
> Los Alamos

DOE Chemical Hydrogen Storage Center of Excellence



(In This Version) — Another Reduction Step is Required...

Subsequent Bu,SnH, addition converts (1) to AB..... Tin by-product (1°Sn NMR)
i
S BuSnil, |
N e
©i Pt |
S | |
Bu,Sn(S,CH)
S. H (%)) 4
@ B Independently synthesized
S 'NH,
(1)

100 50 0 50  -100  -150  -200

30 25 20 15 SIIB?ppm)-S 40 415 20 25 <30 119Sn (ppm)
S, H Bu,5nH, S\
©i B >  H;B-NH; + @[ /SnBu2
S 'NH, THE, 70 C @
/)
-

- LOS AlamOS DOE Chemical Hydrogen Storage Center of Excellence



Fall/Winter 2008/2009 Scheme

2.x equiv. H,
catalyst
H;NBH,
HB=NH |
NH, () |- Et,N HN ,’3_2
B—N

BN B- N "B+
B=NH HB=NH

Et,NH-BH,
5 OHM

HB-N
4N 'BH
HB=N

L x

9 LOS AlamOS DOE Chemical Hydrogen Storage Center of Excellence



Completing the Recycle of Tin

Spent Tin
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CO, recompression energy costs may be avoided with integration
with steam methane reforming

Evaluating direct regeneration by heterogeneous hydrogenation
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Ultimate Goal
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Less unit operations!
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e.g. Less C.H,(SH), in digestion =less Sn-H required = minimize recycle!

Evaluation of other reductants, etc.



Conclusions

Lots of work to be done......
Need to investigate liquid fuels (ongoing)

Multidisciplinary Center approach will get
us there quicker than as a set of individuals



Come on lads; he’ll
no’ notice it's
missing until

tomorrow....

Step away from
the car,
laddie. .




