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A brief introduction.
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Hydrogen easily combines with other elements, and is found naturally as a part of other
compounds such as coal, oil, natural gas, plant material, and water.

The 9 million tons of hydrogen currently used per year in the U.S. is enough energy for 20-
30 million H, cars or 5-8 million homes.
This hydrogen is produced through reforming or gasification.




Coal gasification to produce Hz on large scale

“etitralized H, oroduction methods require storage
for dlstrlbutlon

Compared to
gasoline, Hz
would cost
four times as
much at the
pump—if the
infrastructure
existed to get it
hore
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These hydrogen storage targets ¥™ased upon conventional

vehicle architectures and vehicle performance requirements.
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Continuum of Hydrogen Binding Energies

Affects of bond strain & electronic properties

Desired Energy Range
20-60 k3/mol

Y A

Reversible Chemisorption
Weak binding of monoatomic H . .

: : “spillover”
Chemisorption Physisorption

C-H bond

i Planar graphite H
200-400 kJ/mol Partial Charge Transfer grap 5

Strong “physisorption” of dihydrogen 4 k1/mol
Organometallic Complexes
“Kubas-type compounds”

Source: NREL
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Hydrogen Storage via Spillover in Metal-assisted Carbon:*'""

(Lueking’s work at Michigan)
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7.5 wt% for Ti - C

Yildrim et al., PRB 2005
Dag et al., PRB 2005 (Pt +
SWNT)

T thn(%rfbrl‘r"['i;
0.17_0.89 eV/HZ

owt% for C ¢B,[ScH(H,) ],
0.3eV/H,

Y. F. Zhao, et al., Phys Rev Lett 94, 155504 (2005)
Zhao, et al., Chem Phys Lett 425, 273-277 (2006).

s ¥ 3
4.6 (3.4) Wt% H, © 7.5 (6.7) wi% H,
Eg=2.368 eV/H,-3H, (2.235 &V) E,=2.089 ¢V/4H, (2.021 cV)




Objectives
Primary

* To understand the active adsorption sites in carbon
materials that have been activated with nanocatalysts,
such that synergistic effects create new adsorption
sites and activate the carbon nanomaterials for
adsorption at ambient temperatures




Objectives, continued

* To understand, identify, and optimize specific
adsorption sites, in situ high-pressure analytical
techniques are needed to fully characterize these sites

at the pressures of interest.
e Multi-wavelength resonance Raman,
e Infrared spectroscopy (IR),
e X-ray diffraction

e Temperature programmed desorption (TPD)

e Combined with measurements of
overall adsorption uptake and energetics

_

—— At 100 bar

S

b ! X .
Prof. John Badding,
Co-PI




Project Goals

* Delineation of surface sites:
e Hybridization state
 Potential to (reversibly) rehybridize upon application of pressure
e Chemical functional groups
e Local bonding environment
e Nature of binding between surface sites and hydrogen

Site specific structure composition relationships and optimization of
material design based on this site specific knowledge.

Feedback loop for Material Optimization




Synthesis

Vary active sites,
interface

Adsorption

» Bulk Isotherms

» Bulk rate of
4> adsorption/desorption
» Correlation of uptake
to surface properties

Characterization
High-pressure in situ
Measurements

» Active Sites

» Hydrogen Location

» Hydrogen Interactions

Knowledge About:

e Site Specific Structure Composition (P-C-T) Relationships

e« Site contributions to adsorption energies and mass transfer rates

. B

Figure 1. Schematic of work plan and feedback loop to optimize materials

Optimized Storage Material

Standard methods for in situ
high pressure characterization
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Results and Discussion: Outline

9 * New Materials

e Exfoliated graphite nanofibers
e Metal-intercalated graphite nanofibers

* New Methods

e New Adsorption equipment
e High-pressure, in situ Raman (and other)

* “Standard” Materials Metal-doped Nanocarbons
* 1% Pt/GNF
* 1% Pt/SWNT

e Compared to: 5% Pt/Act. Carbon (STREM chemicals)




1- Intercalation 2- Thermal shock

»
»
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»
»
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Interlayer (or “inter-cup”) Graphite intercalation Interlayer spacing >3.4 A
spacing =3.4 A compound Defects Facilitate Uptake
Notes:

e For graphite, expansion of over 100x have been reported
e ‘Exfoliation’ also used to describe separation of nanotube bundles

e Exfoliation of carbon fibers and graphite tends to lead to highly
irregular structures




the EGNF structure

0.35 Nin; 5-50 NM <0.4 NI

Intercalation
Thermal Shock

Start: 0.34 nm

J. Phys. Chem. B,
20035, 109, 12710.

ariation

bl AL Large pores

start to form
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Fonseca, Gutierrez, Lueking, In Preparation, 2007.

dNnocones




e

B

® 1. Grav1metr1c
e Hiden Isochema IGA-003
e Pressures up to 20 bar
e Temperatures up to 500 C

Operating Principle

e Direct measurement of sample mass as
adsorption gas contacts the sample

* Precise temperature control

e [n situ treatments

Potential artifacts

e Buoyancy

* Water contamination

» Contamination of sample

= Adsor pt ion Methods

F:bal

1 buoy
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Hydrogen uptake (wt%)
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Results and Discussion: Outline

* New Materials

e Exfoliated graphite nanofibers
e Metal-intercalated graphite

=» o New Methods

e New Adsorption equipment
e High-pressure, in situ Raman (and other)

* “Standard” Materials Metal-doped Nanocarbons
* 1% Pt/GNF
* 1% Pt/SWNT

e Compared to: 5% Pt/Act. Carbon (STREM chemicals)




H, Adsorption Methods
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Results and Discussion: Outline

* New Materials

e Exfoliated graphite nanofibers
e Metal-intercalated graphite

* New Methods

e New Adsorption equipment
e High-pressure, in situ Raman (and other)

= o “Standard” Materials Metal-doped Nanocarbons
e 1% Pt/GNF
e 1% Pt/SWNT

e Compared to: 5% Pt/Act. Carbon (STREM chemicals)
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Previous work in our laboratory = A few Unanswered Questions about active sites
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Hydrogen Uptake (wt%)
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Table 1: Characterlzatlon of the samples used in the study

GNF SWNT AC
Undoped 1% Pt Undoped 1% Pt 5% Pt
Surface 100.9 + 5° 94.3 642.5 542.2 822.2
Area
(m?/g) 115 (#11)
Pore 0.147 +0.01° | 0.17 0.54 0.49 0.64
Volume
(cm°/g)
Micropore | 0.028 0.0139 0.245 0.121 0.33
Volume®
(cm’/g)

“Not determined due to low sample quantity

® Undoped GNF was run three times; average is reported together with standard deviation
¢ Calculated by Non-local Density Functional Theory

9 Error in He density is measurement is +0.1g/cm®




Pt/GNF Pt/Act.Carbon




7.5 wt% for Ti - C

Yildrim et al., PRB 2005
Dag et al., PRB 2005 (Pt +
SWNT)
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0.3eV/H,
Y. F. Zhao, et al., Phys Rev Lett 94, 155504 (2005)

Dillon, et al., Mater. Res. Soc. Symp. Proc. 167 (200
Zhao, et al., Chem Phys Lett 425, 273-277 (2006).
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Raman Intensity (arb. units)
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Fig. 1. Raman spectra of (a) pristine SWNT, (b) SWNT-H after annealing
in vacuum at ~200 °C for 3 h, (¢) at ~350 °C for 3 and (d) at ~550 *C for
I h. Insets: Raman spectra (a) and (d) in the RBM and the G-band

frequency regions.

SWNTs hydrogenated at 5.0 Gpa and 500 C

Meletov et al. Chem. Phys. Lett. (2006), doi:10.1016




MWNT Ny g

b
After H, exposure! 3 3 o
: b W 3
After desorption? - I W C
500 1000 1500 2000 2500 2000 3000 4000 5000
Ramman Shift / em’” Raman Shift / em”

MWNT made with CH, or CO, NiMgO catalyst

Zhang et al., Carbon 40 (2002) 2429-2436

'vacuum treatment 873 K, 2 hourg
H2: 2 Mpa Hz, 300 K, 2 hours
> Heating to 973 K then cooling




2. Evidence in literature for effect after high-pressure H2 exposure

High-pressure capillary employed
Need for transfer in an inert environment
Current focus: Multi-wavelength Raman

Samples studied to date:

* 1% Pt/SWNT
* MWNT (CH4 w/ NiMgO)

NEW
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Summary and Conclusions

* Method Development

e High-pressure, automated differential Sievert’s developed,
calibrated, and tested at various pressures

e High-pressure in situ Multi-Wavelength Capabilities
* Synthesis

e “Standard” Materials (starting point for new methods)

e “New” Materials Synthesized—characterization underway
* Combined Characterization and Uptake

e Beginning to see an affect of hydrogenation in Raman

e Hydrogen Uptake appears to be more temperature--rather
than pressure--dependent

* May be a function of carbon precursor or “active” adsorption
sites
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