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Permselective gas membranes enable energy

technology Nanoporous
graphene

Steam reforming of
natural gas:

CH, + H,0 ¢ CO + 3H,

AFM image of a graphene

monolayer under Ap = 700 torr
J. Bunch et al., Nano Lett 8, 2459-62 (2008).
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Graphene oxide is a one-atom thin solution-
processable membrane material.
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L. Cote et al.

G. Eda and M. Chhowalla, Adv. Mater. 2010 e Soft Matter 2010.
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Permeation pathways through a supported GO

membrane
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Membrane relaxation experiments have
shown size-selective permeation
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Selective molecular sieving through porous
graphene

Steven P. Koenig, Luda Wang, John Pellegrino and J. Scott Bunch*

-21 ]
10 O\
] <>\ o
e e o co, > gl
© 3 ] —_—
e ] [
v 10723 4
i
".6' 10_24 —§
5 10O 0
E’ 16~25 _ \ \Ar
(_U ] () N CH
s = 2 4
g 10726 3 —O— Pristine Avg \
- 1 —[J-Bi-3.4 A before etching 2 - %
10727 o —[1-Bi-3.4 A after etching
1 —<{>—Bi-4.9 A after etching

T | | | '
0.32 0.34 0.36 0.38 0.40

Molecular size (nm)

!
0.28 0.30

Oxidation generates nanopores,
permitting size-selective permeation

Small gases permeate through nanopores




High dynamic range of permeability )
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allows flow channel differentiation

Permeation System
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GO membrane on porous alumina oxide
(Whatman Anodisc)
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A precision permeation system
allows for high pressure differentials
= P./P,~ 10 Torr

= P,~ 1000 Torr

System design following P. Galambos, K. Zavadil, R. Shul, et al. Proc. SPIE (1999). 6




Tunability of Langmuir-Blodgett deposition
allows GO assembly on varied surfaces

Spreading solution: 5 GO flakes 86 % GO on porous Anodisc
1:5 Aqueous GO in '@i?@ ™ ’ '
methanol P

DI water subphase [~~~ - -

97%0 on Si

o e |

N
o

—
o

8]

Surface Pressure (mN/m)
o

0.4 06 0.8 1
Normalized Area

oo
N




RGO surface phase is stable, yet deposition is

challenging With NH,OH, stable RGO
RGO structure

monolayer, yet poor deposition

- RGO in dilute ammonium hydroxide
+ RGO in 1:5 Dl:methanol

100 150 200 : i
Area (cm2) T T

With methanol, RGO flakes cluster together, increasing deposition on Si and Anodisc.

RGO onSi, 0 mN/m RGO onSi, 10 mN/m >95 % coverage by RGO on 200-nm Anodisc
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Preliminary permeation results demonstrate
decreased conductance due to GO membrane

40 % decrease in conductance

Anodisc
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Ordered assembly of GO necessary to (@)=
prevent permeation of water

Laboratories
98 % GO coverage on Si. GO overlaps}gencase bubbles
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Unimpeded Permeation of Water Through Helium-Leak-Tight
Graphene-Based Membranes

R.R.Nairetal. Science 335, 442 (2012);
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Optimizing permeation pathways through a
GO membrane
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Conclusions

Demonstrated L-B assembly of GO and RGO films on a porous substrate
= Pathway for supported membrane structures

Achieved Langmuir-Blodgett deposition of RGO membranes, which hasn’t
been reported before.

= RGO membrane assembly requires a network of overlapping flakes.

Discovered smoothly overlapping graphitic membranes restrict water
permeation.
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Determmatlon of Graphene Coverage () 5.
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Compare properties of GO and RGO films

Graphene Oxide (GO)

0.9r —-GO\
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+80°C and HO
Ascorbic acid g
(Vi tamin C) saturated vapour

computerized weighing scale

G. Eda and M. Chhowalla, Adv. Mater. 2010
M. Fernandez-Merino et al., J. Phys. Chem. C 2010

R. Nair et al. Science 2012




Conclusions ) i,
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Optimized deposition of GO on a variety of substrates, including porous
alumina.

Achieved Langmuir-Blodgett deposition of RGO membranes, which hasn’t
been reported before.

Discovered both GO and RGO membranes restrict water permeation.
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Composite GO membranes can stretch 5
without bursting

EHT= 300 kv

MM SgnalA=wlens  FieName = 0T10GO1T_5P16_0g

A 3 keV SEM beam, slowly rastered
across the bubble, heats and charges
the trapped water.



Natural graphite is oxidized via Hummer’s method
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GO coverage can be controlled through @i
surface pressure
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Assembly of GO and RGO films ) i,

Drop casting? Vacuum filtration?
N, (a)

(@) Qnution

GO suspension
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Substrate

Assembly at an oil-water interface3
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Stable graphene oxide surface phase enables

Langmuir-Blodgett assembly

GO structure
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Goal: Optimize deposition to generate continuous GO and RGO films




