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Overview

Timeline
Project start date
2/1/2005
Project end date
1/31/2010

Percent complete
40%

Budget

Total project funding

— DOE share: $626,177

— Contractor share: $156,542
Funding received in FY06
$125,000
Funding for FY07
$150,000

Barriers

» Barriers addressed

— Lack of understanding of hydrogen
physisorption and chemisorption

— Lack of independent evaluation of
hydrogen storage capacity

Partners

* Center partners
NREL (Heben)
Penn State (Chung)
ORNL (Geohegan)
LLNL (Herberg)
 QOutside the center
LBNL (Samuel Mao)



Objectives

Overall

Using nuclear magnetic resonance (NMR) technique to support DOE HS CoE team in
developing reversible carbon-based and other sorbent materials for hydrogen storage
with 7 wt.% materials-based gravimetric capacity, with potential to meet DOE 2010
system-level targets.

2007

Expand the capability of the NMR adsorption system to low temperatures (77 K) along
with the high pressure capability (100 atm).

Carry out adsorption studies of single-walled carbon nanohorns.

Understand the effectiveness of B-doping in enhancing binding energy in graphitic
carbon.

Analyze the structure of B-doped carbon using NMR.

2008

Quantitative analysis of storage capacity of various carbon nanohorns .

Quantitative evaluation of storage capacity in B-doped carbon with large surface
areas such as B-doped nanoporous carbons.

Investigate other sorbent materials of both the HS CoE team and other collaborators
such as MOF, transition metal-carbon complex, and carbon aerogels by NMR.



Approach

NMR is a sensitive detector for hydrogen. It provides not only the number of
hydrogen present in a material, but also detailed information on molecular dynamics and
local structures. Thus, it provides the wt% of storage and sheds light on adsorption
mechanisms.

Hydrogen storage materials, especially carbon-based materials, are mostly
heterogeneous. It is quite likely that promising materials for meeting DOE wt% target
would require a combination of several adsorption mechanisms to work simultaneously.
It 1s very important to identify these different adsorption mechanisms and provide
quantitative analysis of adsorption for each type of adsorption. NMR is a unique tool to
provide such information as demonstrated by our studies.

At UNC-Chapel Hill, we have an NMR setup which is capable of measuring
hydrogen adsorption in-situ with pressure capability of over 100 atm and temperature
capability down to 77 K (4.2 K if needed). This broad range of pressure and temperature
capabilities allow us to evaluate systems with a broad range of binding energy.
Furthermore, the resolution of proton NMR allows the separation of hydrogen adsorbed
at different types of adsorption sites. This yields important microscopic information on
adsorption mechanisms.



Technical Accomplishments

New Capability:  Added low-temperature capability (down to 77 K or 4.2 K if
using liquid helium) to the high-pressure NMR adsorption setup

gas

(region 1) adsorbed There are three main regions where H, can reside:
(region 3) Region 1 Free region such as inside the capillary
gas Region 2 Space (gaps) between grains (or particles) of tightly packed
(region 2) powder ( Influence of the sample is small on molecular

concentration but noticeable on the local magnetic field

Region 3 Adsorption space (Influence of the sample is significant on
both molecular concentration and local magnetic field).
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In this particular carbon nanohorn sample, there ~‘_.
is no detectable adsorption at 295 K. In contrast, the
occurrence of adsorption is quite obvious at 80 K. NMR sample container

This capability allows us to access adsorption sites with low binding energies (e.g.,
4 kJ/mol) and provide information on various adsorption mechanisms and reliable
assessment of adsorption potentials. 5




Characterization of B-doped graphite

Sample is produced with B-containing precursor, polymerized, and graphitized by
annealing at certain temperature, in this case, 800°C---Mike Chung, Penn State.
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Peaks 1 and 2 are free gas peaks and peak 3 corresponds to nano-confined H, , in close proximity
with sorbent surfaces. The peak intensities versus pressure are shown on the right.
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The isotherm for peak 3 is nonlinear. Assuming all H, associated with peak 3 are adsorbed at the
same type of binding sites (not true as explained on the next slide) and follow Langmuir
adsorption, the fitting of peak 3 i1sotherm yields a binding energy E,,, of 9.2 kJ/mol.

This was the stage we were at last May.
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Separation by molecular dynamics
Spin-lattice relaxation shows that there are
two components associated with peak 3, one
with relaxation time 7, very similar to free
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The one with short 7, has very small binding

energy (linear). The one with long 7, has a
binding energy of 11 kJ/mol and 0.1 wt%. If
the short and long 7', components are not
separated, the isotherm of the sum would lead
to the underestimated value of 9.2 kJ/mol.

* The heterogeneity could originate from nanopores with and without incorporated
boron. Activated carbon without boron does not show such peak.

* Although the binding energy of 11 kJ/mol is very promising, the amount of
adsorption, 0.1 wt%, 1s very small. Porous B-doped carbon is needed to achieve
larger wt%. The measured value of 11 kJ/mol provides important validation to our
collaborator’s work at NREL (Shengbai Zhang et. al.)




Characterization of B-doped graphite

The previous results are reproducible in different samples annealed at 800°C. However, B-
doped samples graphitized upon annealing at 1500°C does not show adsorption.
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Peak 3 of nano-confined H, is absent in the
sample annealed at 1500°C! The nanopore is
absent and B-sites are not accessible to H,.

"B magic angle spinning (MAS) NMR reveals a strong reduction of quadrupole
interaction upon annealing at 400°C reflecting the change of B coordination. The
chemical shift evolves gradually toward the value of dilute B-doped graphite with
increased annealing temperature. This is a strong indication of substitutional doping. It is
of note that the spectrum of the 1500°C sample is almost the same as B-doped single-
walled carbon nanotubes, a strong support of substitutional B-doping in SWNTs.

The "B NMR structure analysis indicates that we should investigate hydrogen
adsorption in samples annealed as low as 400°C where defective network and high
boron content should favor hydrogen storage! It also shows that the graphene network
is far from perfect with perhaps puckered structures and defects. This might, in fact,
be more favorable for enhancing binding energy (NREL, Shengbai Zhang et al.) 8




Characterization of Carbon Nanohorns

Pt-decorated (20 wt%) opened single-walled carbon nanohorns (SWNHs)
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The basic features of the spectrum (left) are similar to that of B-doped graphite with relatively strong nano-confined
H, peak (peak 3). The spectral feature (see middle) is noticeably different at low pressure (4.3 atm, broad) than at high
pressure (112 atm, narrow). The 1sotherms (right) of all peaks show linear pressure dependence, no obvious signature
of adsorption at RT. The high intensity of peak 3 is due to the high porosity of nanohorns where the interior is
accessible due to open ends. There is an offset component (near 0 atm) of about 0.8 wt% associated with the broad
peak 3 and saturates at low pressure (at a few atm).

The observed offset of 0.8 wt% 1s associated with adsorption sites with binding energy
larger than 10 kJ/mol. It is not H in Pt which is 5 times weaker but could be indirectly
related to Pt via spill-over effect. The mechanism of adsorption needs further
investigation. Such mechanism would offer an efficient means for H, storage at RT.




Characterization of Carbon Nanohorns
Pt-decorated (20 wt%) opened SWNHs annealed at 200°C for 12 hrs
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Annealing destroyed the binding sites which give rise to the 0.8 wt% RT adsorption. The
offset component at low pressure i1s now absent in the isotherm of peak 3. Pt particles
could be poisoned by annealing. Effects of Pt particle size and distribution need to be
investigated.
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Characterization of Carbon Nanohorns
Pt-decorated (20 wt%) SWNHs

Low-temperature study

1  Pt-decorated ——7.3 atm
109K SWNHs 5 atm ——0.265 atm
—2.67 atm
3 —1.57 atm
—0.265 atm
\ — Dynamic
pumping
— Dynamic
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Although peak 3 exhibits linear isotherm, it is quite clear that at 109 K peak 3 appears
first before peaks 1 and 2 are visible. This is a clear sign of adsorption as demonstrated
by the 1sotherm shown on the next slide.
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Characterization of Carbon Nanohorns

gas
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The peak intensities versus pressure for peak 1 and 2 are linear just as expected from ideal gas
behavior in contrast to peak 3. Fitting of peak 3 isotherm using Langmuir adsorption formula yields a
binding energy E,,, of 7.1 kJ/mol.

» The observed binding energy of 7.1 kJ/mol is very close to the expected value on a
curved graphene surface such as nanotubes and nanohorns.

» The wt% can be calculated based the ratio of peak intensities which leads to 1.4 wt% at
80 K. This 1s also very close to volumetric measurement result by our NREL team
member.

* We did notice by RT NMR that this particular sample has nanohorn interior partially
blocked. The potential wt% of adsorption could be improved through material

processing such as reopening caps through oxidation.
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Future Work

We believe that in a carbon-based material several adsorption mechanisms and adsorption
sites are needed simultaneously in order to reach the DOE target of 7 wt%. Our NMR
approach is capable of probing and identifying different adsorption sites with a wide range
of binding energies. This unique capability will be used to help optimize the storage
capacities of various sorbent materials.

*Pt-decorated single-walled carbon nanohorns

Measure quantitatively the wt% of adsorption and investigate the mechanisms of
adsorption such as spill-over. Results will be compared with volumetric (NREL) and gravimetric
measurements (Air Products).

*Boron-doped graphitic carbon and nanoporous carbon

Measure quantitatively the wt% of adsorption and investigate the mechanisms of
adsorption such as the influence of boron site structures on binding energy. The focus will be on
samples with higher boron contents and larger surface areas. Results will be compared with
volumetric (NREL) and gravimetric measurements (Air Products).

’Structure determination of boron-doped graphitic and nanoporous carbons

rry out hl%h -resolution solid-state "B NMR experiments (multiple-quantum magic
angle splnmng) and "°C NMR to analyze the structures of porous B-doped carbons.

*Explore other sorbent materials from HS CoE

Explore NMR signatures of other sorbent materials such as Pt-decorated metal-organic
framework (MOF), transition metal-carbon complex, and carbon aerogels.
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Project Summary

Relevance: Our NMR approach is capable of probing and identifying different adsorption sites with a wide
range of binding energies. Microscopic signatures of adsorbed hydrogen are obtained with simultaneous quantitative
measurement of the wt% of adsorption.

Approach: In-situ NMR measurement up to 100 atm and between 77 — 300 K with site-specific resolution
and internal intensity calibration.

Technical Accomplishments and progress:

®Identified the presence of adsorption sites in B-doped graphitic carbon with binding energy of 11 kJ/mol and the
benefit of sample carbonization at lower temperatures. This provides a strong feedback to our team’s theoretical work
of boron doping.

®Established NMR signatures of adsorbed hydrogen in Pt-decorated carbon nanohorns. There exists in some samples
adsorption sites which give rise to 0.8 wt% adsorption at RT. The more generic adsorption sites have a binding energy
of 7.1 kJ/mol and give rise to 1.4 wt% adsorption at 80 K.

®Provided strong evidence of B-doping by substitution in B-doped graphite and B-doped carbon nanotubes.
Future Research:

®Continue the studies of B-doped carbons, especially B-doped porous carbons and Pt-decorated carbon nanohorns with
systematic studies on the effect of various sample treatments.

®*Employ the NMR approach to other sorbent materials including Pt-decorated MOF, transition metal-carbon complex,
and carbon aerogels.

®Conduct coordinated measurements with center partners and DOE to compare the NMR wt% results with gravimetric
and volumetric results on same samples. Systematic error analysis in NMR measurement will be carried out.
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Summary Table

Added low temperature capability (down to 77 K and 4.2 K if necessary) to the
high-pressure (over 100 atm) NMR adsorption system

Materials Investigated by NMR

. Adsorption o . Structure
Materials Isotherms Wt % (RT, 100 atm)) Adsorption Energy Analysis
Boron-doped graphite
(samples: Chung, Penn X ~0.1% 11 kJ/mol X

State)

Pt-decorated carbon

nanohorns (samples: X ~0.8% >10 kJ/mol
Geohegan, Oak Ridge)

MOF (sample: Mao, < limited by sample to be measured
LBNL) amount at low T
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