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New lab

By KRISTINA SAUERWE)K
DO Staff Writer
* “Tb assist Syracuse Univirg
sors al:ld g‘rarlunta student.u in tl

Researchers want to find an afﬁmanl:
way to contain hydrogen, according to
James Schwarz, the laboratory’s direc-
tor. Schwarz is a professor of chemical
engineering and materials science at
SuU.

1sed/]

priergy than other existing
warz said.

gen produces water
sduct, Schwarz said.
the laboratory are
ds of using hydrogen
o propel vehicles, he

ydrogen is finding a

su. safe and efficient way to contain the fuel,
“An alternative energy source needs Schwarz said.

to be available,” Schwarz said. “If hydro-  “The question is, how do you store

gen were used, we wouldn’t need to hydrogen when it is lighter than air?"

dapendumuchontheoxlmu he asked.

much as we do now."” Onepouiblewnytnmnhin
Hydrogen is an ideal source of energy in a vehicle is to liquefy the fuel, he said.

because the gas is the most abundant  But to use liquid hydrogen, Schwarz

ydrogen research

element in the universe and the fuel said, ﬂtevahmiutankwmﬂdhavnoba.

drastically different from conventional
tanks. A fuel tank would also have to
serve as a thermos to preserve the celd
temperatures required to keep the hy-
drogen in liquid form. ;
Very attracfive method

In 1982, Schwarz began research on
storing large amounts of hydrogen in a
small area. The method of storing hydro-
gen uses a porous substance with a great
amount of surface area.

“The method is like a sponge,” Sch-
warz said. “It's very attractive.”

The Department of Energy’s research
facility, The Brookhaven National Labo-
ratory, is funding the research at SU to
find practical and safe a.pplientiom for
storing hydrogen.

National Hydrogen Anocuﬂoq mem-
bers have also won: support from leaders -
in the U.8. Congress, Schwarz said. For
the first time, President Bush ha.l also
included funding for h ! energy
research in the budget for the 1991 fiscal
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By Carol A. Parlin

The New York State Energy Reseaﬂ:h

and Development Authority (NYSERDA) -
will provide $300,000 in petroleum over- -
charge funds to Syracuse University for’

the development of improved hydrogen
storage systems for use in motor vehicles.

The monies will support a three-year
research project conducted by 5U's Lab-
oratory for Advanced Storage Systems of
Hydrogen (LASSH).

"This project will enable us to m:ipmve
the performance of hydrogen storage meth-
ods using carbon substrates, sdid, Ja.mes
Schwarz, professor of chemical engineer-
ing and director of LASSH. "The fechnol-
ogy developed could be used in the opera-
tion of future'hydrogen-powered fuel ¢ell
vehicles." #

Current ‘methods for storing hydrogen
require large high:-pressure tanks that can
store only alirnitedamount of fuel. Through
reséarch sponsored by the Department of
Energy, Schwarz has demonstrated that
surface-modified activated carbon can serve
as a safe, cost- fficient method of hydrogen

" storage. I 1988 Schwarz received a U.S,

patent for a process called Modification/
Metal Assisted Carbon Cold Storage of
Hydrogen (MACS).

MACS is a low-temperature, high-ad-
sorption system for hydrogen storage that
uses specially treated activated ‘carbon,

«The adsorption and storage.( s of

activated carbons are expanded by increas-
ing the carbon's acidity, and by chemically
inserting metals on the carbon's surface.
" Activated carbons have a large internal
surface area that's light and porous like a
sponge,” Schwarz said. "These surface
modification procedures increase the ac-
tive surface area of the carbons for adsorb-
ing and storing hydrogen.”

NYSERDA Provides $300,000. -
For Hydrogen Energy Research

base consisting of hydrogen storage capac-
ity on activated carbons derived from dif-
ferent materials. The data will provide the
basis for selecting carbons for surface
modification procedures, which will be

One month later

October 22, 1990

patent for a process call
Metal Assisted Carbon
Hydrugen ﬂMACS]

sorption system fur hydmgen stnragc thnt
uses specially treated activated carbon.

team will collect a data

continued on page 4

Current ‘methods for storing hydrogen
require large high:pressure tanks that can
store only a lihitedamount of fuel. Through
reséarch sponsored by the Department of
Energy,Schwarz has demonstrated that
surface-modified activated carbon can serve

s_tur'agc. In 1988 Schwarz receivcd a .5.

Modification/
Storage of
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The thrust of this project at ORNL is the
development of a broader science foundation for
identification of the atomistic mechanisms of

metal-assisted hydrogen storage in
nanostructured carbons.

e o )

Do carbon materials modified with metals
have potential for hydrogen storage at
near-ambient temperatures?

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




ORNL Approach

Theory / Modeling
& Simulation

Microstructure
Characterization

Validationm > Materials

Synthesis

Hydrogen Sorption
Measurements
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Hydrogen Storage on Carbons Materials

Modeling and Simulations

OAK RIDGE NATIONAL LABORATORY
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Molecular properties of H,

e Non-polar molecule
— Shortest bond distance with only 2 electrons
— Very low spatial extent of electron clouds

e Very weak van der Waals potential
— Dispersive interaction is very weak
— Binding energy in H,...H, dimer is ~0.003 eV
— Critical temperature is T, = 33 K

= Molecular adsorption is very
" “‘ weak at room temperature

e Dissociation energy of H, into 2 H atoms is large (4.7 eV)

—\ II‘ Dlssomaflve_adsorptlon requires
large activation energy

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Where / How can H, be stored on carbons ?

e Molecular H,:

— Very week interaction with flat graphite surface (@K

— Intercalation between rigid graphite sheets is energetically unfavorable and
kinetically impeded. =V

e Interlayer distance in graphite (3.35 A) cannot accommodate H, molecules (4.06 A)

— Stronger interaction is expected between parallel graphite walls (i.e. slit- a

shaped pores) of appropriate width. e
e Atomic H:

— On graphite-like materials can find reactive sites for chemical bonding

(chemisorption) =

e Zig-zag edges more reactive than armchair edges
e Difficult to desorb if binding to carbon occurs (chemisorption)

— Is stable if intercalated between relaxed graphite layers.

e Possible strategy:

— First dissociate H,. Then (somehow) induce H atoms to stick to carbon sheets b
e Will H atoms recombine to form H, ?

— Expand graphite lattice (somehow) or create nanopores with appropriate width _s
e What is the appropriate width for maximum adsorption energy ?

Dino et al., Solid State Commun. 2004;
Dino et al., Journal Nanosci Nanotech. 2004

OAK RIDGE NATIONAL LABORATORY Dino et al., J. Soc. Phys. Japan, 2003; J. Appl. Phys. 2003
U. S. DEPARTMENT OF ENERGY Miura et al., J. Appl. Phys. 2003 UT-BATTELLE




Simulation of H, uptake at selected T and P

e Model material:
— Graphene sheets (with carbon atoms in sp? hybridization) are a common structural
component of most carbon materials

— Although nanoporous (activated) carbon is not graphitizable, short-range order of
graphene sheets is often present

— We used graphite as a model system for theoretical calculations

e Questions:
— How much uptake could be achieved in an ideal graphite-like model system ?
— How is H, uptake related to carbon structure ?
— What is the effect of (near-ambient) temperatures and moderate pressure ?

o Strategy:
— First-principles calculations of C-H, interaction potential
— Grand Canonical Monte Carlo (GCMC) simulation at selected temperature and
pressure
e GCMC properly takes into account all interactions, and mimics experimental
setup.

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Hydrogen storage between graphene layers is energetically
possible only at large interlayer expansions

First-principles calculations

0.05 e First-principles calculations predict
e AB stacking that the mterla_yer spacing has. to be
—8- AA stacking pre-expanded in order to obtain
Equilbrium interlayer stable absorption states (negative
spacing of graphite = 3.3 A H, absorption energy).

o
o
S
T

e The “best” interlayer distance is in

ption energy (eWHz)
o
o
(&)

-0.10 +
Q the range of 5 — 6 A.
E
® -0.15 |
IN
» We used density functional theory (DFT) and ultrasoft
H0).2(0) [Larnn fn i i n i nnrn nnsin i nnn flnnns pseudopotential (USPP) methods in the local density
30 40 50 60 /0 80 90 100 approximation (LDA).
Percentage of interlayer expansion * We used Vienna Simulation Package (VASP) to solve

local density functional equations.

* We considered two energy contributions: the energy
of H, molecules interacting with the solid and the
lattice strain.

OAK RIDGE NATIONAL LABORATORY
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First-principles calculations compared reasonably with semi-
empirical potentials, enabling Monte Carlo simulations

Interaction potentials considered Absorption energy (calculated)
0.8

1 I 1 1 1 I 1 1 1 I 1 1 1
A—A Eq.1(S. Wang et al.) ]

Eq. 2 (Patchkovskii et al.) —
X ®  ab initio calculations ]
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H, absorption energy (eV/H,)

1]/ —— C-H, (S. Wang et al.) 0
L ;\%\ C-H, (Patchkovskii et al.) (a) ]
-6.0 | I | I | L | 02 PRI [ TR SR T AN TR TR SO NN T W
‘ 3 4 5 6 0 02 04 06 08
r (Angstroms) H/C atom ratio
When H, forms a bound state, the absorption energy from first-principles %"
calculations lies between the results of the two potentials.
* How large is the H, uptake at given temperature and pressure ? s
Y. Wang et al. Phys. Rev. (2000)
Silvera and Goldman, J. Phys (1978)
OAK RIDGE NATIONAL LABORATORY R RS T e s

U. S. DEPARTMENT OF ENERGY Patchkovskii et al. Proc. Nat. Acad. Sci. (2005)



GCMC simulation results for hydrogen between parallel
graphene layers

3
O—QI P=1 l\JIPa, C—ﬁz by S. lWang etl al. | | |
O£ P=5MPa T=298 K
i P=1 MPa, C-H, by Patchkoyskii ez al. |
Q P=5 MPa
s 2k —
[
=)
90]
7] | —
<
=
(g\l
T 1+ ]
&)
48| A
& The results suggest that maximum H,
i } uptake (at ambient temperature) occurs

0 | | ?JWC| Q for an interlayer spacing (or pore width in
5 8

4 5 6 - activated carbons) of 6.2 — 6.4 A.
interlayer spacing (Angstroms)

e Uptake at T=298K & P=5 MPa is at most 2.3 wt%.
e Maximum uptake occurs at 90% expansion interlayer distance
e Interlayer spacing corresponds to actual pore widths in activated carbons

Aga et al., Phys. Rev. B (2007) submitted @
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Materials Synthesis

Development of Metal-Containing
Activated Carbon Fibers

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




We start from pitch — a by-product of oil refining

Gas,
Distillates 4— Heavy Lights Heavy Oils
Gas Oil 4+ FCC Decant 1
Fraction : Oil
Crude Oil Fluid i
P e e i e | e
Cracking
Vacuum <4
Residua Isotropic
2000 T Dimer _‘Cﬁ& CpHyg
Pitches have highly condensed, 2 o, CH= 1.10
polycyclic aromatic nature E 1500 - Monomer
-
Ej 1000 - GH
: Pt A 11 L = e
Oligomer distribution in pitch from S &0g - Trimer MW= 435
MALDI-TOF mass spectrometry 2 Tetramer
U T T T T
200 450 700 950 1200
mol wt

Cervo and Thies, Chem. Eng. Technol. (2007) 30: 742-48 @
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Melt-spinning

A 4

Oxidation / Stabilization

|

Carbonization

A 4

Activation :.

Activated carbon fibers
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Development of basic understanding necessary for
controlled synthesis of metal-doped carbons

e Control over synthesis ensures high quality results

e Employ dense gas extraction (DGE) to control molecular
composition of carbon precursors

e Using these “pitches-by-design” determine the precise
relationship between pitch chemistry, process conditions,
final pore structure, and H, sorption characteristics of
metal-doped activated carbon fibers

(in progress)

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




“Pitches by design” with controlled molecular composition
by dense gas extraction

One-step extraction

Objectives: e — Marathon M-50
» Control of oligomer distribution in fiber 2 0003 e
precursor materials 8
*What is the effect on porosity development E B
after carbonization and activation ? ot § il
4
Narrow oligomer distribution was o 4 | | |
obtained in two-step extraction 220 i R M L S

Two-step extraction

0.005
— Marathon M-50
Pitch 1 MD.T M,D,T ] MD 2 0.004 - e
e a0 I 12 = — DGE 96-98
o — DGE 99-102
‘! \‘. DGE ‘[ A DGE = 0.003 A
+AT 2 I
1100 7%500 ¢ .g
psig psig = 0.002 +
Solvent Solvent g
N Ve _A‘_Il- 2
0.001 -
M M
D,T+ D,T
0.000 - T T T
250 500 750 1000 1250
mol wt

OAK RIDGE NATIONAL LABORATORY /\<\
U.S. DEPARTMENT OF ENERGY Cervo et al. J.Amer.Cer.Soc. (submitted) 2007 @ S
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Melt-spinning

A 4

Oxidation / Stabilization

@ ' S

Carbonization
Activation :.

Activated carbon fibers
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Understanding transformations during carbonization
by use of in-situ XRD techniques

Fibers without Pd

e

“carbon” E
(002)-like 25°C

e Short range ordering of polycondensed aromatic structures of pitch is maintained
throughout the carbonization process

e PdO is stable up to ~ 250 °C, where a dispersed Pd-carbide phase is formed
e Pd metal is formed above 750 °C

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Effect of Pd salt precursor on development of carbon
structure during carbonization (in-situ XRD)

Interlayer distance from (002)-like peak

d
43 002

Presence of Pd in pitch induces some
degree of short range order, which is
gradually lost during carbonization

——K-230

Pd-ACF 5 k2s0pd Mean Pd crystallite size
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B o 0 o 0 0 o o 0 o o oo L
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Carbonization induces
sintering of Pd particles
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N
o
T

o
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Temperature (°C)
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STEM characterization of Pd-containing ACF

High resolution aberration-corrected STEM

HD-8136 %300k SE 100nm

Secondary-electron image

HD-8137 x1000k ZC

OAK RIDGE NATIONAL LABORATORY Z-contrast images P N 1
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Understanding particle growth during carbonization and

activation (in situ TGA under N, or CO,)
I f

~ 90 N
g I
2 i — —K-230,inAr
- 80 —K-230,inCO2
£ f — — K-230-Pd, in Ar \
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2 I
70 |
L - .
... ... ... ..l ... . :
0 200 400 600 1000 °C, Ar
Temperature (°C) .
01 [ ‘
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. oog [~ —K230-Pd.inAr
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% L
S i |
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= : PdO > S
g , Pd
" 004 N < — b\
2 ' r = A
3 [ Carbonization
002 | e N\ J >
o /. ‘
0 200 400 600 800
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In order to limit Pd sintering: “Direct Activation”

« Combining carbonization and CO, activation in one single, low temperature,
process (“Direct Activation”, DA) resulted in better surface properties.

» The effect on Pd sintering is being evaluated.

DA samples (43 — 46 % B/O)

500
Nitrogen adsorption at 7Z ‘K. el uh
- | e ' W 1 2
§ 200 ws prass 8 % V pores N2 0.86 cc/g
5 V | pores DR 0.70 ccl/g
[72]
® 200 - + K-230-Pd 46 DA V narrow pp 0.32 cc/g
§ = K-230-Pd 43 DA
S 100 4 K-230-Pd 40 Two-step samples (40 % B/O)
0 ‘ ‘ ‘ ‘ ‘ S o 1200 m?/g
» > R(e)I:tive pr::sure (POI:o) - - v PRIESg2 Do CC/g
\ 0.29 cc/g
u pores DR
Rerrou i 0.13 cc/g

OAK RIDGE NATIONAL LABORATORY
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Development of nanoporosity by CO, activation

1.8 3500
& Viotal (ACF) A
¢ Viotal (Pd-ACF) o 9
1.5 4 O  Vm-pores N2 (ACF) '/ -+ 3000 a F
a ® Vm-pores N2 (Pd-ACF) / ~ N2 adSOI'ptIOH at 77K
o A Vm-pores CO2 (ACF) . 1< 1100
€ 1.2 A Vm-pores CO2 (Pd-ACF) '/ P 1 2500 = 1000 b o
3 m  Vnarrow m-pores (ACF) ¢ / Y 8 e
o O Vnarrow m-pores (Pd-ACF) . = 900 f ~o—k-230-20 ~+—k230-pd-20
S 0.9 - —& —zgggz@) + 2000 § 5 jzz KRR KONRR L L
[5) e e
o 06 A | 1500 3 g o/ ST
g . A ) g 500 ?Gku" % burn-o
o E 2 400 AA
0.3 - + 1000 @ 300 7 40% burn-off
D u 200
20% burn-off
0.0 ‘ ‘ ‘ ‘ 500 100 ‘
0 0.2 0.4 0.6 0.8 1
0 20 40 60 80 100 Relative Pressure (P/P,)
Burn-off degree (Wt%)
Pore size distribution
12 [
BO Pd-free ACF Pd-containing ACF i 73% burm-off
o 1r “......‘;:::‘.A.AAAAAAAAAAAAA
degree | Sger | Vigamg | Viecon | Vuwcon | Seer | Viowng | Viecon | Vuwicor 8 | fwﬂ Eidsiseesent 400050 g pumeo
% m?/g cclg cclg cclg m3/g cclg cclg cclg g 08 T ﬁm
= — .
20 730 0.36 0.24 0.12 720 0.37 0.24 0.12 > sy R999 388888
=
40 1260 0.64 0.29 0.13 1192 0.63 0.3 0.14 s 2oebun i
g 23020 o K23040
60 2020 1.00 0.32 0.14 2133 1.08 0.35 0.16 3 & K-230-60 o K-230-80
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80 3280 1.55 0.62 0.19 2295 1.19 0.54 0.21 | LKE0PR0 | K20PATS
40 60 80 100 120
45-DA 1996 0.86 0.7 0.32 1990 0.91 0.53 0.29 )
Pore width (A)
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Tuning narrow nanopores during CO, activation

Two steps process

(carbonization and activation) One-step process (DA)
0.2 02 [ 0.2 T
20 9% BO 0 K-230-20 40 % BO o K-230-40 43 IR © Do DA4La bo
015 m K-230-Pd-20 _ 015 - ¢ K-230-Pd-40 _o02+f © = DGE 82 Pd DA 40.9% bo
g g =0.1 1
B g B
= 3 =
0.0
2 4 6 8 10 12 14 2 4 6 8 10 12 14 > 4 & 8 10 12 14
Pore width (A) Pore width (A)

Pore width (A)

0.2 0.2
[ r —
60 % BO £ K-230-60 80 % BO K-230-80
[ I o o K-230-Pd-80 )
0.15 | 4 K-230-Pd-60 0.15 o, 3
= [ =) r o <
= g :
g o1 S o1l g
= = I 2
= s 2
> = s
©0.05 ©0.05 5
& Pd-containing (DA)
= Pd-free (DA)
0 0 Pd-containing
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2w Pd-free
i i 80
Pore width (&) Pore width (A) BO degree (%)

OAK RIDGE NATIONAL LABORATORY e
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Hydrogen Sorption Measurements

Effect of Pd on Hydrogen Uptake
on Activated Carbon Fibers

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Effect of activation level and temperature on H,
adsorption - Pd-free ACF

Effect of activation level (T=25 °C) Uptake at 25 °C and 2 MPa
0.3 ‘ 0.3
—{—K-230-0
. —6—K-230-20 0 Y0 O () - <7A
S| i s1sz0| B - 4
| —e—K-230-

EO.Z —e— K-230-40 (DA) 40 % BO E 0.2 - }_%
E ,A/A/A/A 20 % BO g »{1
3 (V]
3 / 0% BO <14 A
£ 01 ﬁﬁj‘/ﬁ*ﬁ |5
© @
£ g 0.1 -

First sorption ~

0 | T /
0 0.5 1 15 2 25
Pressure (MPa) 0] ;
0 0.2 0.4 0.6 0.8
Effect of temperature (40% BO) M icropore volume (cclg)
0.3

< 2°C
: K-230-40 (DA) « The amounts of H, adsorbed increase with the
8 02 activation level.
2 « The H, uptake is proportional with the nanopore
© . .
= 0.1 volume. The best correlation was found with the
g volume of narrow nanopores (< 7 A) based on
< NLDFT-CO, results.

25 e Lower amounts adsorbed at higher temperature.

1 1.5
Pressure (MPa)
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Pd-modified carbons (Pd-ACF) show enhanced H, uptake

b

0.25
—&— Pd-modified
F carbon
0.2 ——— —4&— Pd-free carbon
= L
>
— L
2 015 |
= L
= .
5 .
o r LT
e 01 5
© F .
~ .
£ A 40 % BO
[ e
0.05 o 2
V 1200 m4/g
O f L L L L L L L L L L L L L L L L

Pressure (MPa)

I
e 1
1
1

Adsotbed / Spiltover

Activation

Spillover in
heterogeneous
catalysis

Conner and Falconer, Chem. Rev. (1995)

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

Hz amount (wt %)

The enhancement of H, adsorption is more than
what would be expected if the only mechanisms
were direct physisorption on carbon and
formation of Pd hydride (PdH, ).

H ...ess / Pd is @ measure of efficiency of spillover

0.2
—&— Pd-modified
e P carb .
-Tree carbon
0.15 r““‘g‘k‘i‘ }Pd} H
0.1 i
0.05 | 20 % BO
800 m?g
o1 |
0 0.5 1 1.5 2

Pressure (MPa)
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Effect of temperature on H, adsorption on Pd-ACF

2.5

=
3

0.4

Q (mmol/g)

2 e
/ 2°C
/ 25°C
40 °C
60 °C

0.2

05 E:O ° \ Zﬁ%

0.5 1.0 15 2.0

Pressure (MPa)

The endothermic process is observed in
the range of pressures and temperatures
where Pd is fully converted to the H-rich
B-PdH, , phase.

* This is an indirect proof of the
catalytic role of Pd in the spillover
mechanism.
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2.5

High pressure range:

» Adsorbed amounts are higher at lower

temperatures

Hz amount (wt %,

temperatures.

Low pressure range:
» Hydrogen uptake is higher at higher

« Exothermic process (physisorption)

* Endothermic process: What is its nature?

40%
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Enthalpy changes accompanying H, uptake

Enthalpy changes were calculated as a
function of H, uptake between 25 — 80 °C

Pd-free ACF Pd-containing ACF
1 15
K-230-40-DA K-230-Pd-40 DA
] 10020wt%
05 .
0.15 wt% 0.15 wt %
0 " — 051 -
? <
% 012 wt% % 012wt %
= 051 010 wt% = 004 \‘\'\
a o 0.10 wt %
= = \ﬁ-‘\‘_
= 1 0.07 wt% 057
- 4 | |
1.5 - 0.05 wt% 1.0 DAWI/./
- ‘ ‘ 15 ' '
0.0026 0.003 0.0034  0.0038 0.0028 0.0032 0.0036
-1
UT (K T (KY

Adsorption on Pd-free ACF is exothermic:

AH =- (9.5 - 8) kd/mol

OAK RIDGE NATIONAL LABORATORY
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30

Endothermic

15

AH (kJ/mol)

Exothermic

-15

& K-230-Pd-40 DA
¢ K-230-40-DA

25 1

20 -

10 A

@@@@@@@@@%50000,

-10 4

0.2 0.25

Hydrogen uptake on Pd-modified ACF starts

endothermic at low coverage...
AH =+ 25 kJ/mol

...and quickly becomes exothermic at high

coverage.

AH =-10 kJ/mol
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Connecting the Dots

Understanding the Mechanism of
Metal-assisted Hydrogen Uptake
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INS results: H, physisorbed at 77K is trapped in narrow
nanopores

Inelastic energy loss spectra probing hindered
rotation of H, confined in narrow nanopores

Counts

30000 | | DGE-Pd-43 DA ——02%at77K
H, adsorption at 77 K —=—0.7%at77K
INS measured at 4 K 4 14%at77K
25000 - o 25%at77K
—— 2.5 % after 1st 80C
0,
20000 - —e— 2.5 % after 2nd 80 C
15000 A
10000 A
A A
. ‘AAAAMAAMAAAAAMAAM““ Aaanaghants
A
5000 - A
‘A“A“A“AAAAAA‘AAAAAA‘A 3
5 10 15 20 25

Energy transfer (meV)

This confirms the role of narrow nanopores (5-7 A) for
physisorption of H,, as predicted by the theoretical model.
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Splitting consistent with <7 A pores

Counts

Georgiev et al. Carbon (2005)

Equation: y=y0 + (A/(w*sqrt(P1/2)))*exp(-2*((x-xc)/w)"2)
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INS results show formation of new C-H bonds — a direct
proof of spillover mechanism

35000
——02%at77K
30000 2 —=-07%at77K

s 14%at77K
25%at 77 K
25000
\ —+— 2.5 % after 1st 80C

g 20000 —=—2.5%after 2nd 80 C L4 2.5 Wt% |Oad|ng a-t 77K
8 15000 ) /_\ ° Heating at 80°C for 24 hrs
10000 N reesramspperesseb e T

» Spectra recorded at 5K
Z

—e— 2.5 % after 1st 80 C (Cu)

0 \/ 2‘0 4‘0 f;O E;O 1(;0 léO 11‘10 160
H Energy transfer (meV)
2 i . .
rotation MOIeCUIafL;?SzISa”d PdH C-C and C-H vibrations
g o 600
N egatlve d Iffere nce Integrated difference area + 11,100 counts
shows missing physisorbed H, molecules
400
1000
Integrated difference area -13,300 counts l= I‘

Counts

T

500

A " A Mﬂ LA
W‘W\ﬁ / T BA i 1
W{\;/I W A T A

-1000 Energy transfer (meV)

Counts

-1500

o2 Enelr49y trajfsfer ("ﬁjv) A Positive difference
shows new PdH features and new C-H bonds
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Surface and bulk effects in the Pd-H, system

Pd surface saturates quickly with chemisorbed H atoms.
Subsurface states form at (or above) room temperature.

Dissociation Is Concentration in the bulk depends on P and T

not activated

a-Pd hydride phase  PdH, o,
B-Pd hydride phase  PdH,

300 /
250 +——

g g B Pd hydride

200

Mobile subsurface
and bulk H states

~ I &

150 ¥ 7
g 100 /
s0 © =y hydride -
H. + P =ge———-{1)-1- =T - =
2 o 20 40 60 80 100 120

Temperature (°C)

"""" J' i Same range
E 4= 0.05 eV
of temperature and pressure

0.5

Chemisorbed H,
surface state

o
o
=3}

0.4 /M_,_,-—‘

Chemisorbed H
surface state

Q (mmol/g)

o o
= N
\‘0 .
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O
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o
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N
.
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o

Adapted after Eberhardt et al, Phys. Rev. Letters (1981); ——
Eberhardt and Plummer Phys. Rev. B. (1983); 000 °'°5°Pressure (Mpa)o'mo
Jewell and Davis, Applied Catalysis (2006)

0.150

—~ —
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Hypothesized mechanism

Bulk diffusion path ( > RT): Surface diffusion path ( < RT):
« Subsurface and bulk dissolution begin after saturation of the « Fast, dissociative H chemisorption
surface. » Adsorbed H atoms quickly saturate Pd surface.
« Phase equilibrium depends on temperature and pressure. * Spillover causes H “leaking” from Pd surface (6 < 1)

» Release of H atoms from B-Pd hydride is endothermic
(-AH,,s = 36 kJ/mol).

oo 9O
@0
o Physical
00 adsorption from
Very weak molecular 00 (1) gas phase
i ® %
adsorption on flat, @0 )
external carbon 00
surface

00 ~ o O oo ©°

. o

Most H atoms Narrow micropores of

e atans fofy recombine to g appropriate WIi)dth
new C-H bonds g ® ety
(chemisorption) molecular H,

(physisorption)

Transition of surface H-states to subsurface states occurs at (or around) room temperature.

Eberhardt et al, Phys. Rev. Letters (1981);
OAK RIDGE NATIONAL LABORATORY Jewell and Davis, Applied Catalysis (2006)

/\<\
U. S. DEPARTMENT OF ENERGY UT-BATTELLE




Data suggest that a change of mechanism for H, uptake
occurs as a function of temperature

.
K-230-Pd-40 DA
6 -230- e L
vs. K-230-40 DA H s / Pd is a quantifier of
5 spillover efficiency
©
T4
é 3 o0
T
2
1
0
0.0 0.5 1.0 1.5 2.0 2.5
Pressure (MPa)
Hypothesis:

Change of H, uptake mechanism correlates with properties in H-Pd system

» Above T=7?: Decomposition of Pd hydride and release of H atoms from bulk and subsurface states is
helped by temperature (endothermic) and is limited to low pressures.

» Below T=?: Surface diffusion path generates H atoms at a high rate, which migrate on carbon
through narrow channels, otherwise inaccessible to H,. Do such channels exist ?
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Support from Atomic Scale
Characterization

In-depth Observation of Carbon
Microstructures by HRTEM

OAK RIDGE NATIONAL LABORATORY
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Ordered and disordered carbon domains observed in
the nanostructure

High-Resolution STEM Z-contrast mode

Pd = Pd particle
G = Small domains of parallel (but imperfect) graphene layers
TS = Larger domains of turbostratic carbon
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Isolated Pd atoms are embedded between strained
graphene structures

Simultaneously recorded images W|th plxel -to- plxel correlatlon

2.8 nm
[ - =
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Current understanding of the mechanism

Data collected so far indicate that the mechanism of metal-assisted
uptake of H, on nanostructured carbons has two main components:

— Physical adsorption on the carbon support
e Exothermic process, regressed by temperature
e Requires optimal pore widths

— Spillover (dissociation, surface diffusion, stabilization)

e Apparently an endothermic process, occurring over a limited pressure and
temperature range

e This process apparently mirrors the o <~ 3 phase equilibrium in Pd hydride

On the increase of temperature the two mechanisms compete each other

Increase of pressure has a small effect on spillover, but promotes
physical adsorption

>

An intermediate temperature range probably exists where spillover is
still a fast process, and physisorption is not yet regressed.
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Is spillover useful ?
- For catalytic reactions: YES !
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Is spillover useful ?
- For hydrogen storage: IT DEPENDS !

H2 H2
Reverse spillover (?)

H  H,
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Temperature effects: two competing routes

H2 H2 H2 H2
Y
e \_/ i
:: ~_
Low temperature: High temperature:
Higher storage capacity by Lower storage capacity by
physisorption physisorption, but faster

reaction on Pd
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On-going work

e Understand kinetics and detailed mechanism of spillover effect

— Study H, adsorption at near-ambient and sub-ambient temperatures where kinetic advantage of spillover
and thermodynamic advantage of physisorption may coexist synergistically

e Further understand the role of pore sizes on H, adsorption by evaluating highly nanoporous
carbons (both, with and without Pd) with controlled porosity distribution

—  Perform SANS studies to identify where H, is stored in nanoporous carbons
e Study and identify the effect of temperature and the role of Pd on spillover

— Continue INS experiments at various tests temperatures utilizing both Pd-containing and Pd-free carbon
materials

— The new vibration neutron spectroscopy instrument (VISION) in construction at SNS will be used at high
flux intensity and higher sensitivity

e Understand the effect of Pd cluster size on spillover
— Simulate dissociation of H, on Pd clusters and on isolated atoms
— Identify the minimum Pd cluster size for H, dissociation to occur

e Study Pd-phase changes and structural changes in carbon under exposure to high-pressure H,
using in-situ high-pressure XRD

e Determine the role of Pd particles in the development of local order/disorder in carbon structure;
and their effect on H, uptake by in-depth microstructure examination using high resolution
electron microscopy techniques

— Image analysis and EELS analysis of carbon and Pd-carbon nanostructures and correlation of properties
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