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2D crystals – isolated crystallographic planes 

A.K. Geim & I.V.Grigorieva, et al. Nature (2013) 
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S. Koenig et al. Nature Nanotechnology (2012)
L. Wang et al. Nature Nanotechnology (2015)

Impermeable to all atoms at ambient conditions



Graphene is perfectly selective proton conductor out of plane

S. Hu, et al Nature (2014)

Excellent out-of-plane proton conductor
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Interpreation: Protons pierce the pristine crystal lattice
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V0 = – (kBT/e) ln(ΔC)
Nernst relation 

Nernst potential – stops current
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V0 = – (kBT/e) ln(ΔC)
Nernst relation 

Perfect proton selectivity

L. Mogg et al. Nature Comms (2019)

A

+ +

-

-

Ion diffusion

High 

concentration

reservoir

Low concentration 

reservoir

membrane



-100 -50 0 50 100

-10

0

10

20

30

0.2 M | 2 M

0.1 M | 1 M

0.3 M | 3 M

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

 c
m

-2
)

Bias (mV)

-58 mV

 

 

V0 = – (kBT/e) ln(ΔC)
Nernst relation 

Perfect proton selectivity

L. Mogg et al. Nature Comms (2019)

A

+ +

-

-

Ion diffusion

High 

concentration

reservoir

Low concentration 

reservoir

membrane



1 10

0

50

100

 

 

M
e
m

b
ra

n
e
 p

o
te

n
ti
a
l 
(m

V
)

Concentration ratio (C)

Perfect proton selectivity



Alternative interpretation: transport through small defects

J. Achtyl et al. Nat. Comms. (2014).



SECCM of CVD devices: huge currents (nA) 
scattered in rare spots

C. Bentley et al. ACS Nano. (2022).
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SECCM of mechanically exfoliated graphene

O. Wahab et al. Nature. In press.Collaboration with Prof. Pat Unwin, Warwick
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Nanoscale non-flatness accelerates proton transport

Collaboration with Prof. Pat Unwin, Warwick
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Nanoscale non-flatness accelerates proton transport



Scans of our CVD devices: no large fluxes, no holes.
Enhanced activity in grain boundaries

Collaboration with Prof. Pat Unwin, Warwick O. Wahab et al. Nature. In press.



Interfacial water dissociation



Graphene is perfectly selective proton conductor out of plane

S. Hu, et al Nature (2014)
L. Mogg, et al Nat. Comms. (2019)

Excellent out-of-plane proton conductor Impermeable to all other ions



Graphene is an excellent in plane electron conductor

Excellent in-plane electron conductor

Gate tuneable Fermi energy provides
knowledge of interfacial charge density

K.S. Novoselov, et al Science (2004)
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alkaline electrolyte

Alkaline pH  ensures all protons come from water dissociation
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Onsager’s theory combines epsilon with conductivity
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From Onsager theory we can extract epsilon and therefore E
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Water dissociation eventually leads to H2 and O2 gases

H2O → H2 + ½O2
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Take home message

Interfacial water dissociation can be strongly accelerated with E

Graphene electrodes are a powerful platform to study interfacial phenomena 
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