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Ion electrosorp3on in nanoporous carbons
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Three main publica3ons:



ca. 1 nm!
e.g.: 
ac3vated carbons

![#]= &/( [*+/, ]= *∗-↓0 ∗-↓/ /0 	

Supercapacitors
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Adapted	from	F.	Béguin,	V.	Presser,	A.	Balducci	and	E.	Frackowiak,	Advanced	Materials,	2014,	26,	2219-2251.	

  Effec3ve energy storage devices with high power densi3es.

  We study ac3vated and carbide derived carbons with aqueous 1M CsCl

  Making pores smaller: energy density ↑ but power density ↓

Understanding ion arrangement and transport is essen3al  

to understand the subtle trade-off between power and energy.



D 
d 

Introduc3on
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Q2θIncident X-ray beam

SAXS: 
diffuse scaLering from par3cles, pores,... 
(electron density fluctua3ons); 
D >> λ; scaLering angles: ≈ 0-10°

2θ

WAXS: 
diffrac3on (peaks)/scaLering from atoms or molecules 
on crystal laZce/disordered structure;  
d ≈ λ; diffr. angles: ≈ 0-180°

→&~sin(1)	

XRT:
Transmission of the primary beam 

according to Lambert-Beer

X-ray scaLering experiment at Synchrotron:

Why using a Synchrotron Radia3on Source?

Provides extremely high photon flux

  Time resolu3ons below one second easily achievable (compared	to	Lab:	≈	30min)		



Principle - experiment

Photo-diode

Poten3ostat

SAXS/WAXS detector

20cm

Q

Pt CC

Pt CC

CE

Ion separator

WE

5mm

5	December	2017	 6	

In-situ cells

C.	Prehal,	D.	Weingarth,	E.	Perre,	R.	T.	Lechner,	H.	Amenitsch,	O.	Paris	and	V.	Presser,	Energy	Environ.	Sci.,	2015,	8,	1725-1735.	
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  Austrian SAXS Beamline (TU Graz) at ELETTRA
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Experimental set-up at ELETTRA
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Vacuum	chamber	

Sample	stage	 Poten1ostat	

SAXS	detector	WAXS	detector	In	situ	supercapacitor	cell	

Biggest advantages:

Flexibility in terms of set-up

Op3mized for in situ studies

  Time resolu3ons of milliseconds easily achievable  

(e.g. pump probe set-up for supercapacitors)
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Integral ion concentra3on change:

Voltage < 0 Voltage > 0−23(5) =[7↓789 :↓789 (;/< )↓789 + 7↓83 :↓83 (
;/< )↓83 + 7↓=2> :↓=2> (;/< )↓=2> ]0↓?2 +!	

!ℎ8/A? &= ∫↑▒E(9)09 /F↓?  G* ,H2IJ?↓?2  = 7↓83 −  7↓789 	

Transmission (Lambert-Beer Law):

X-ray transmission: coun3ng the ion flux

Main charging mechanism is ion exchange (swapping).

C.	Prehal,	D.	Weingarth,	E.	Perre,	R.	T.	Lechner,	H.	Amenitsch,	O.	Paris	and	
V.	Presser,	Energy	Environ.	Sci.,	2015,	8,	1725-1735.	

Here: AC2 (pore size 0.9 nm) with 1M CsCl; 

Cyclic voltammetry (+-0.6 V) with 0.5 mv/s
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First outcomes from SAXS
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-  Rich on informa3on, but interpreta3on difficult

-  We see ion concentra3on changes.

-  And collec3ve structural rearrangement of ions.

-  Comprehensive data analysis approach necessary
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C.	Prehal,	D.	Weingarth,	E.	Perre,	R.	T.	Lechner,	H.	Amenitsch,	O.	
Paris	and	V.	Presser,	Energy	Environ.	Sci.,	2015,	8,	1725-1735.	
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Our data analysis approach
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C.	Prehal,	C.	Koczwara,	N.	Jäckel,	A.	Schreiber,	M.	Burian,	H.	Amenitsch,	M.	A.	Hartmann,	V.	Presser	and	O.	Paris,	Nat.	Energy,	2017,	2,	16215.	
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Gaussian Random 
Fields (GRFs)4

Fast Fourier 
Transforma3on (FFT)

Monte Carlo 
simula3on

FFT

In situ
SAXS

10 nm

3	SAXS simula3onSAXS measurement
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Experimental	input:	

-	Pore	structure	from	SAXS	

-	Ion	concentra1on	from	XRT	



Analyzing the real space data
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Large DoC, DoDSSmall DoC, DoDS

Apply voltage R – bare ion
R – hydrated ion
R – cut-off

The degree of confinement (DoC) and the degree of desolva3on (DoDS)

  The DoC precisely accounts for the ion posi3on in a disordered pore structure.

  The DoDS is propor3onal to the number of released water molecules within the hydra3on shell.

C.	Prehal,	C.	Koczwara,	N.	Jäckel,	A.	Schreiber,	M.	Burian,	H.	Amenitsch,	M.	A.	Hartmann,	V.	Presser	and	O.	Paris,	Nat.	Energy,	2017,	2,	16215.	

KH!= ∑M↑▒1∕O↓M, !↑2   /∑M↑▒1∕O↓M↑2     PH/ O↓M < O↓7I9−HPP 	KHKQ= ∑M↑▒,↓ M  /,↓=Q   PH/ O↓M < O↓=Q 	
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Quan3fying ion confinement
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As a voltage is applied ions rearrange on a local scale, i.e. they change their DoC

Counter-ions move preferably into sites with 

high DoC, when supercapacitor is charged.

C.	Prehal,	C.	Koczwara,	N.	Jäckel,	A.	Schreiber,	M.	Burian,	H.	Amenitsch,	M.	A.	Hartmann,	V.	Presser	and	O.	Paris,	Nat.	Energy,	2017,	2,	16215.	

CDC 0.65 nm

Red areas: nega3ve electrode charge density

Blue areas: posi3ve electrode charge density

Yellow spheres: anions; Blue spheres: ca3ons
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  Counter-ion – counter-ion repulsion is effec3vely screened in sites with high DoC!

  Confinement and desolva3on conclusively determine the electrode performance.

  Ions are stored most effec3vely in sites with high DoC.



Ion charge storage in nanoporous carbons
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Electrode	charge	=	0	e-	Electrode	charge	=	6	e-	

1)  Global	concentra1on	change:	XRT	

2)  Local	ion	rearrangement:	SAXS		

i.  to	minimize	repuls.		interact.	of	counter-ions	

→	minimized	in	sites	with	high	DoC	

ii.  Ion-ion	correla1ons	remain	constant	

iii.  If	number	of	sites	with	high	DoC	↑	

→	counter-ion	density	↑	

→	capacitance↑	

EDLC performance: we need pore structures, providing the 

maximum amount of pore sites with high DoC. 
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Thank you for your aLen3on!

The experiment

Atomis3c simula3on      

Simulated data

Measured data
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