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Why supercapacitor?
Performance of supercapacitor
Carbon nanotubes composites
(conducting polymers, HInO
Pseudocapacitance from hydragen
N-doped carbon/NTs composites
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PCU (Power Contral Unit)
More compact, positioned over motor to protect

™8 high-voltage components in a frontal collision

Air pump

Mounted directly on the maotor/
transmission for greater space saving

Cabin space
Innovative layout of mechanical components
ensures ample seating space for four adults

Ultra-capacitor

the rear seat
to secure luggage space

Motor and transmission assembly

Compact design contributes to the easy-to-drive body

-
{Units: mm)

Rear frame construction
Two-stage construction of rear frame and
sub-frame protects tanks in a collision

The ﬂpercapamtmcovers energf/

released duribgaking using it

Positioned at an angle behind
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Charge of Supeapacitor
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ered by fuel cell
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Difference between accumulator and capacitor
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The Electrical Double Layer
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Specifically adsorbed anion
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Good pore connectivity _
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Enhancement of capacitance by pseudoeffects

Electrostatic charge storage + additional regxrahsfer with a continuous change of
potentigldq = C dV)

@ Electrically conducting polymers
@ Transition metal oxides (RM@Q...)

@ Carbon with surface functionality (heteroatoms
oxygenpitrogen

Carbons rich in nitrogen
give pseudocapacitance effects,
l.e. faradaic reactions

@ Carbon with electrochemically sorbed hydrogen
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Doping and dedoping of PPy
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SEM images of compot88%conducting polymer/20% MWNTS)
PPY/MWNTS
- .

C 200 F/g

V. Khomenko, E. Frackowiak, F. Béguin. Eleétotahtt200% 2499
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Amorphous manganese oxilinQ) as
electrode material

MNQ(OH) + de +dH* « MNnQ_4(OH),

Advantages:
Low cost
Environment friendly

Disadvantages:
Low conductivity= 2000V-cn?)

=> MWNTSs as conductivity additive



MnQ/CNTs composite

MNnQ(OH) +de +dH" « MnQ_4(OH), 4

- & N
= -8 6

Courtesy of M. Thackeray, Argonne National Laboratory, USA

Carbon nanotubes are introduced duringe-aaNJO@reparation
Mn(ll) + Mn(VIl) + CNTMn(IV) + CNTs




Comparison with a conventional additive
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Carbon Black (15%) 73 50

Carbon Nanotubes (15%) 140 2



Asymmetric capacitor (2M;KNO
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Galvanostatic charge/discharge of the asynyaettar ca
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Good electrical efficiency until 2V operating voltage !



Carbon-hydrogen interactions very useful
for asymmetric capacitor (two different electrode

(-) carbon electrode

(+) manganese oxide electrode
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Pseudocapacitance effects
from carbons with electrosorbed hydrogen
C<H> Interactions

. 4




Hectrosorptioan KOH medium

Water is the proton source:
HO +e H + OH (Volmer)

Nascent hydrogen can either adsorb onto the carbon
surface:

<C>+XxH <C|—)!>

and/or recombine to, Ifholecules:

2H H, (Tafel)



Galvanostatic sorption and oxidation of hydidgéer(6
272 mAh/g = 1 wt% of hydrogen

0.2 -
R
N o
(I i —
-0.2 1Al Discharging: +25 mA/g
1X1
S' -0.4 - 1A ]
m 171
L:::J -0.6 - 1
Z Charging: -500 mA/g :(l\)l:
‘éi -0.8 - Ny
. 11 Hydrogen equilibrium
- B 1 potential: -0.874 V
-1.2 & :
1.4 - ]!
11 - AC
-1.6 ‘ \
0 5 10 15 20 25 30 35 40

Time [h]

K. Jurewicz, E. Frackowiak, F. Beguin, Electro8udioh State Lett. 4 (2001) A27



Cyclic voltammetryA@ viscose in 6 mbKIOH

I[mA]

Hydrogen equilibium
potential = -0.874 V-

-1.5 -1 -0.5 0
E vs NHE [V]

K. Jurewicz, E. Frackowiak, F. Béguin, ApplieacBi#ys78 (2004) 981



Stabllity of the hydrogen interaction with carbc

0.2

0
0.2
0.4

Hydrogen equilibrium
potential = -0.874 V

E vs. NHE [V]
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—72h
=—96h

-1.4 \ \ |

0 5 10 15 20
Time [h]

The important discharge capacity a few days afieging suggests a strong
hydrogen-carbon interaction




Electrosorbed hydrogen in nanoporous carbon



Carbotnydrogen interactions

D. Qu , Journal of Power Sources 179 (2008) 310 - 316



Hydrogen desorption rate (mol/g/s)

Hydrogen desorbed by TPD on AC charged in ¢Na000HhA)g
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The peak at ~5TD is due to the reaction of carbon with KOH:
6 KOH+ & 2K+ 32 KCO,

Hydrogen is weakly chemisorbed




Estimation of the desorption activation energy

E= RT[In (b)-In (In¢b)/T)]

R perfect gas constant,

b heating rate,

T, temperature at the peak maximum
n pre-exponential factor (7= 1013 s-1)

S. Haydar et al., Carbon 38 (2000) 1297

From the TPD curve obtained
after 12 hours charge at — 500 mA/g E, =110 kJ.mol -1

For chemisorbed oxygen E, = 126 kJ.mol -1



Chemical bonds and their energy



Chemical bond$iydrogen storage

R. Zidan, A.M. Rao, DOE Hydrogen
Program, FY 2002 Progress Report.



Conclusions

Hydrogen is efficiently stored at ambient sondition
In nanostructured carbons by cathodic decomposition
of agueous medium.

Inserted hydrogen C<H> is weakly chemisorbagowhe n
micropores represent strong bonding adsomption site
for hydrogen trapping.

Carbon with electrosorbed hydrogen is well adapted
as a negative electrode of supercapacitor.



Conclusions

MnQ/CNTs composites are promising capacitor materie
Carbon nanotubes are perfect component of composite

Cycleabillity of supercapacitors strongly depends
on the operating voltage.

Asymmetric configuration with two differefismateria
operating in their optimal potential rangest tiaayb
to enhance energy and power.



Examples of asymmetric capacitor with pseudoeffects

Electrodes materials Supercapacitor characteristics

Positive Negative C, (F/g) U (V)

PANI PPy 280 0.6

PANI PEDOT 160 0.8

PANI Carbon Maxsorb 330 1.0
a-MnQ PANI 160 1.4

PPy Carbon Maxsorb 220 1.0

MnQ PPy 140 1.6
PEDOT  Carbon Maxsorb 110 1.2

MnQ PEDOT 120 1.8
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N-doped carbon composites
with multiwalled nanotubes

~
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How to obtain carbons reach in nitrogen ?

Different type of carbon precursors:

Polyacrylonitrile (Machnikowski, Béglin
Polyvinylidene pyridine (Machnilei\akki

Melamine (Kodagtaal, Lota et)al.

Nomex (m-phenylene isophthalamide) €fagcon
AMN-diaminomaleonitrile (Kawasg@aghi

CAN (tetracyano-tetraazanaphtalene)
Acetonitrile as carbon source using CVD method

Modification of chars or activated carbons
by ammoxidation or urea treatment (Jateyicz



Capacitance values (F/g) vs nitrogen contenhifwte¥®)

200

180 -
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20 |-
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0 1 2 3 4 5 6 7 8
N [wt %]

G. Lota, B. Grzyb, H. Machnikowska, J. Mach&ikBresikowiak, Chem Phys. Le(O003H153
E. Frackowiak, G. Lota, J. Machnikowski, Géguirf; Electrochim. Acta@16§(2209.



Formation of the C/C composites from MWNTs and PAN

Mechanical mixture
A

- N
MWNTSs PAN

ACETONE

—
MWNTs-PANixture

Pressing of the material tp
—

form pellets
— 5 Nobinder

Carbonisation T=7T0 N atm.
v

C/C composite pellets




SEM characterisation of the C/C composites

PAN
MWNTSs

After carbonisation of the MWNTSs/PAN (30/&))xmeixXZU€C composite
IS constituted of:

e a nanotube backbone
e Individual or interconnected carbon aggregafdsNro



BET surface area, nitrogen functionality andnzagpatthe
C/C composites

XPS on composite from MWNTs/PAN (30/70)
.-~ (b)

MWNTs| PAN | S | Capacitance
wt(%) | wt(%)| (ne/g) | (F/g of pellet)
100 - 220 17
- 100 29 2
15 85 164 58 pyridinic (N-6)a)
30 | 70 | 208 100 o |
o | s0| 2m@ Y s | . pvridonic (-5
3 1800
48 il o
1200

1000
409 408 407 406 405 404 403 402 401 400 399 398 397 396 395 394 393 392

Binding Energy (eV)

F. Béguin, E. Frackowiak et al.,
Advanced Materials, 17 (2005) 2380 C=89.4at%: N=7.4at%: O=3.1at%



Nanotubes as backbones for materials with
pseudocapacitance properties

Carbons from MWNTs/Melamine-formaldehyde
composites



Preparation ofridh composites

Carbonization of polymer (melamine M+forma)dehyde F
750C, 1 houwithout activation proces !)

Carbonization of polymer blend with nanotubes Nts
N[Ed\EdZ  750C, 1 hour (M:F=1:1)

Carbonization of polymer blend with nanotubes Nts
NEFAVESSE  750C, 1 hour (M:F=2:1)

Nt+3M+F Carbonization of polymer blend with nanotub&@CNishour (M:F=3:1)




TEM images of N-rich composites




Nitrogemadsorption at 7 @Qdd elemental analysis
of theN\-rich composites (750 C, 1 h)

G. Lota, K. Lota, E. Frackowiak, Electrochem. COGM 1823



Physicochemical and electrochemical
characteristics cfibh composites

N S BET Vtotal Vmicro CX CX CX

Sample  rios  [m%g]  [emlg]  [cmi/g] [Flg]  [uFfem?  [Flem?
M+F 21.7 329 0.162 0.152 4 1.2 3
Nt+3M+F  14.0 403 0.291 0.174 100 24.8 64
Nt+2M+F  11.7 303 0.321 0.167 126 32.1 73
Nt+M-+F 7.4 381 0.424 0.156 83 21.8 45

Capacitance estimateslrdd !



XPS analysis of composites rich in nitrogen

Pyridinic Quaternary Oxidized nitrogen  Total

Sample (N-6) (N-Q) (N-X) (N)
[at. %] [at. %] [at. %] [at. %]
M+F 10.2 13.4 1.2 24.8
Nt+3M+F 4.9 7.9 0.8 13.6
Nt+2M+F 4.9 7.3 0.5 12.7

Nt+M+F 2.7 4.8 0.4 7.9




Electrochemical performance ofritle ¢omposites

0 10000 20000 30000 40000 50000 60000
| [mA/g]

—0— M+F —m— N+M+F — A N+2M+F N+3M+F




G. Lota et al. Electrochem. Commun. 9 (2007) 2828-183

>C=NH +2€2H  >CH-NH
>C-NHOH + 24€2 H  >C-NE+ HO

E. Frackowiak et al. Electrochim. Acta 51 (2805) 220



Effect of nitrogen on capacitance

@ Faradaic reactions, e.g. for pyrydinic groups

@ Modification of electronic properties

@ Improvement of wettability



For quantum chemical calculations
Unrestricted Hartree-Fock method was used.

HOMO & LUMO orbitals are presented which
are responsible for formation of bonds and
electrical properties.

Electron is jumping from HOMO to LUMO,
the smaller gap (work function), the bettenagnduct

Calculations ab initio.



Model of carbon matrix with nitrogen (11.92%)

Hartred-ock method

Energy gap 3.81 eV

Energy gap is a difference between
the first ionization energy (HOMO)
and electron affinity (LUMO).



Model of carbon matrix with nitrogen 25.87%

Energy gap 4.63 eV



Conclusions (N rich carbons)

Carbons rich in heteroatoms, e.g. containing N, O

are a new trend for development of supercapacitor.
Heteroatom in the carbon network must be accessible
to electrolyte (preferably aqueous medium).

Role of nitrogen: faradaic reactions, modmfication
electronic properties, improvement of wettability.
Molecular quantum calculation consistent vatthetstty

Conducting properties of carbon (through lgesl chan
of DOS - density of electron states) is impnvegdr,ho
the excess of nitrogen (over 14%) increasesyresisti
Increase of energy gap (HOMO-LUMO) to 4.63 eV.



Conclusions (hydrogen storage)
Hydrogen is efficiently stored in carbon tlecingh el
decomposition of alkaline electrolyte.

Inserted hydrogen is weakly chemisorbed.

Carbon-hydrogen bonding C<H> has a chemical
character (110 kJ/mol) being responsible for
pseudocapacitance of negative electrode of aciparcap



Conclusions (composites)

MnQ/CNTs composites are promising capacitor materie

Carbon nanotubes are perfect component of catiposite
conducting polymers and oxides.

Cycleabillity of supercapacitors strongly depends
on the operating voltage.

Asymmetric configuration with two differefismateria
operating in their optimal potential rangest tiaayb
to enhance energy and power.
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Industrial electrochemical capacitors from MAXWELL



Conductivity ofrtdh composites (acidic medium)

R at 1kHz N (Wt%)

M+F 2.98 ohm 21.7 %
Nt+3M+F 0.36 ohm 14.0 %
Nt+2M+F 0.19 ohm 11.7 %

Nt+M+F 0.17 ohm 7.4 %



Performance of the asymmetric capacitor in agueedsim

Supercapacitof Electrode Materials Voltage, P4y E
type Vv kWkg -1| Whkg-1
Symmetric Carbon / Carbon 0.7 22 3.6
Symmetric MnQ/ MnQ 0.6 3.8 1.5
Asymmetric Carbon / MpO 2 123 12.6

E.Raymundo-Pifiero, V. Khomenko, F. Béguin,Socagrl53 (2005) 183
V. Khomenko, E.Raymundo-Pifiero, E. Frackovgalg,FAl#®. Phys. A 82 (2006) 567



Compared performance of alginate ALG-C and Maxsorb

Sample

ALG-C

Maxsorb

ALG-C/

Density  Voltage C C C E o
(g-cn) (V) (F.g)  (uF.cm) (F.cm) (Wh.kd)
0.91 1 198 73 180 7.4
0.47 0.7 190 6 89 3.2

( « Pseudo-capacitance is the main contribution

e High volumetric capacity

. «NoO deleterious effect of oxygen on the performance



