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Objectives & Relevance

» Synthesize boron-doped and nitrogen-doped pore networks, from
polymeric materials, for H, storage with high surface areas

» boron predicted to raise binding energy from 5 kJ/mol to 10-15
kd/mol

= Characterize materials and mechanisms of H, adsorption

» Structure and thermodynamics of adsorbed adsorbed films from
4K to 300 K (subcritical and supercritical adsorption)

» |ntegrated experimental and computational program

= carbons offer much richer spectrum of high-capacity adsorbents
for H, than previously appreciated

» Function-driven materials design for hydrogen storage (2017 DOE
Hydrogen Storage Targets)



Background

BES (2009): ab initio calculations: enhanced adsorption in B-doped carbon
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Approach

Why boron-doped carbon via co-polymerization?

* Monodisperse boron and narrow pores = higher H, binding energies
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« Easier incorporation of boron into the carbon matrix




Technical
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Gravimetric Excess Adsorption [g/kg]

Gravimetric Excess Adsorption [g/kg]

Synthetic Carbon Enhanced Adsorption
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Hydrogen Film Density

When adsorbed film
density is equal to the bulk
gas density the excess
adsorption is zero

x-intercept should give
approximation of adsorbed
film density

Saturated film density is ~
twice the liquid density

Synthetic carbons need to
be measured at
temperatures < 77K to get
a strong maximum to
perform extrapolation

Linear Extrapolation (3K-600C)
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Hydrogen Film Thickness

2011: 80-90K

RN\

= 1
T, n

Ay H(H)

P2 (Tj HJ
pi(11,0) '

iy |
oy ' I 1l =
- ! ' - X E -
- ! | ! 1 %
N 1 1 1 m
2 - : ] : 3
= ' i ! 2 .
= A : | . J o
z i : : K
= ' ! ' . _
el ! | T 18] ! =
EF, i a o 50 g o 1
! 1 III ]II JII lll !II III fll III III IIII ' II III ]II JII lll !II ' ill ' ?II III III IIII _Sil
Pressate [Rat) PrEssEIE (bt -"‘ﬂ
2012: 273-303 K , : : . - - .
164 4 16 F 70 bar
g .'-‘..‘ =y g .. | | _._llllll Guﬁl
14 ] :
] . E 15 bar 1 I . — l-'| 05 A
= L '_-.' r ‘ II film
g 124 ° 1= : W —a—t =10A
] ,. ol = . o
2 104 e ——— @ o 09 S 12t '_I Vg i '-5{“
E ] ‘i"""'——-"""."";. { B - 1,- A —0=t_ 23 A
z 9] - 12 caban® Lo\ A CS30A
3 1 - 12 N Py ,&" A . T T
2 el f-!__-_!-" 4 E g‘;i.n-‘-r"'l «* 140 bar ——1_ =414}
b o] . | = -..'01-¢-¢—r""t’ 0 N 5= w41 AY
E 4 ("'*.""!} J E e . i ~ —— 5TA
. ; = L .
E 2] e t-" ® 3KOugassed 600°C (303K) 1 £ A e ,-1-..: NN —=— 1,63 A
E 1.3* ® 3K Ouwgassed 600°C (273K) | O “‘f‘—tma—-—ug:rmg—-\..r_w_T_?__::r~ a I
(4] 0 . | , | " L i il i —— 1
0 50 100 150 200 0 1 2 3
Pressure (bar) Gravimetric Absolute Adsorption [wt%]

Film volumes from isosteric heats (this slide) consistent with high-pressure extrapolated film densities (prev. slide)



Skeletal Density from Henry’'s Law Regime

High surface area Room Temperature

carbons adsorb helium Helium Isotherm (3K-600C)

even at room - ! - ! - ! - .
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High Resolution Transmission Electron Microscopy

= QOak Ridge National Laboratory

= Center for Nanophase
Materials Sciences

= Aberration corrected STEM

= Nion UltraSTEM with 200 kV
cold field emission gun

= Full 5th order aberration
corrector

= Measured at 60 kV for
carbon

= Polymer carbons have regions
of graphitic and amorphous
carbon consistent with 700 m?/g
surface area




Distribution

Distribution

Numerical Modeling (GCMC)

Density distribution for participating

pores, with carbon volume

represented by grey walls (GCMC)

Temperature: 80 K
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N (g/kg)

Numerical Modeling (cont.)

Lines represent the numerical simulation fits:

3K: 50% H13 + 50% H20 (Hxx: slit pore of width xx A)

MSC-30: 50% H8 + 50% H30
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Bimodal model correctly predicts:
= Grav. excess adsorption

= Grav. storage capacity

» |sotherms at 80 K

» |sotherms at 303 K
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Small Angle X-ray Scattering of Synthetic Carbon
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Stage 1: initial pyrolysis to ~250 C
Final: pyrolysis finished to 700-1000 C

It is shown that the first stage of
heating (outgassing) has little
effect on the ultimate structure,
with characteristic pores forming
during the second stage

(pyrolysis)

For q<~3x10-3 A1, all graphs
share a common power law of
approximately g-3-6, indicative of a
surface fractal network with D¢ =
24

To study the effect on the
nanopores, the data at g>0.3 A-"
is modeled using a Guinier fit to
determine the radius of gyration :

(qR,)

1(q) =G exp 3
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Small Angle X-ray Scattering
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Frequency (arh )

Conformability of Pores

 Does this depend on the presence of adsorbed gas?
* |[s there a pressure-dependent pore volume?

L =20 A, no gas = collapsed pore
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Incoherent Inelastic Neutron Scattering

Theory: sub-nm characterization of pores (2011) 60—
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Incoherent Inelastic Neutron Spectroscopy
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Relative Intensity

Decomposition into mobile and bound adsorbed H, states (2011-12)
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-~ Interpretation:
- | g Similarities of spectra for samples with very different
10 T _ } .8 PSDs suggest” very few sub-nm pores in AC, most pores
2 4 6 8 10 #~ with similar binding energies. ‘Except HS;0B
Momentum Transfer
Two types of states: mobile & bound, different adsorption
properties? (Burress et al., Nanotechnology 2009)
@I Different weights of S, and S, in different samples
0 MWNCT | indicate (small) differences in the degree of “planarity” of
* MSC-30 ML the substrate on a supra-nm scale. The area of S, peak
© 3K for the ACs is ~ 95% of that of the MWCNTSs (a nominally
* HS08B smooth surface), and the area of S, is 105% for ACs vs.
10 12 14 16 18 MWCNTs, while significantly wider. Interpretation: AC’s
Energy Transfer (meV) are almost as smooth as MWCNTs (at 1-2 nm lengths).
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Sievert Apparatus

= Pressure range Additons) | HYdrogen
" 0-200 bar wolame g Helum (X)) Pneumatic controlled valve
= Temperature range >|< % Needle valve
= 8-500 K using X &
closed cycle warscucey OB 0%
refrigerator . Vacuum
= Temperature stability vanscucer |
= +0.01 K &
= Sample size: 0.5-2 g

To sample cell

= Gases: helium, in CCR
hydrogen, methane,
mixtures, etc...

= Allow hydrogen BET
measurements using
subcritical hydrogen
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Geometrically Optimized Models for Adsorption

-t C

Polyphenylene model based on concepts
of Gibson et al. (1946) and Riley (1947)

¥ B

Model: adsorption on “circular” fragments
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Open Carbon Frameworks (GCMC

pressure (bar)
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Open Carbon Frameworks (GCMC)

Performance Comparison: PAF, graphene, OCF’s, Coronene/Benzene

PAF-302 PAF-303 3D-Patch 3D-Ortho Cor_Benz
Surface (m2/qg): 7100 ...... 2600 3500 4200 6500

Adsorption (g H./kg) : I

T=77K: 115 170 95 120 ,', 265 \\‘ 131
I

T=298K: 25 40 20 17 |‘\ 48 ,," 25

Energy Rl

of Adsorption: <4.6 kd/imol 4.5 kdJ/imol <4.5 kdJ/imol <4.5 kJ/mol

Density (g/cm3): 032 016  0.76 0.48 0.16 0.40

SN

e
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Project Summary, 2011-12

Polymeric carbon enhanced adsorption

» PVDC carbons show enhanced hydrogen sorption compared to lignocellulose-precursor
carbon due to dominance of nanopores

Hydrogen film density & thickness

» Hydrogen film density determined from extrapolation of high pressure hydrogen sorption
measurements is ~ twice that of liquid hydrogen

= Elimination of unphysical rise in isosteric heat gives an lower bound to the film thickness
HRTEM
= Synthetic carbons have regions of graphite and amorphous carbon

Small angle X-ray scattering

» Two shoulders in scattering lead to a large and small structure, the small structure is likely
pores whereas the large structure is likely regions of graphite as seen in HRTEM

Conformability of pores

= The graphene layers may flex and move with increased pressure
Incoherent inelastic neutron spectroscopy

» Two dominant states emerge, mobile and bound

Open carbon frameworks

= New theoretical structures will give insight into new materials to be synthesized and the
effect of surface area and biding energy in predominantly carbon systems

24



Future Work: Plans for 2012/13

Polymeric carbons

= New copolymerization routes utilizing poly(vinylidene chloride) or poly(vinyl alcohol) with
boronic acids or vinyl carboranes

Neutrons

= |INS further investigate hydrogen interactions with boron containing substrate at different
temperatures and coverages

Aberration corrected STEM
= Explain interesting behavior of polymer-based pure carbons
= |dentify position of boron atoms with EELS
Sieverts
= Perform low temperature studies of b-doped carbons both at subcritical (hydrogen BET) and
supercritical conditions
Hydrogen measurements

» Higher pressure measurements on higher binding energy materials to better determine
hydrogen film density

» Study Henry’s law regime to experimentally determine binding energies and vibrational
frequencies of hydrogen in b-doped systems

Simulations
= GCMC of different optimized structures
= Conformable pores

25
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