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Nanocarbon in Chemistry

Carbon in its sp2 allotrope forms a large number of ,pseudo-
phases” called ,nanocarbon or ,SCA".

These are semimetals or semiconductors.
They exhibit extreme chemical anisotropy.

Chemical reactivity occurs at localized double bonds or
aromatic terminal sites.

The basal planes are active for chemisorption but not for
covalent bonding.

The 3-dimensional stacking or warping creates spaces for
intercalation.

Electrocatalysis is a premier application area followed by
metal-free heterogeneous catalysis.



Electrochemistry

Requirements for nanocarbons



System chemistry:
Water splitting




Surface Chemistry of OER
Pt as prototype for a ,noble” electrode

Pt + 2 H,0 + 2H,0* & [Pt(H,0),]?* + H,

—H

02

Normalised Intensity [a.u.]

lon Current [a.u]

Normalised Intensity [a.u.]

‘1‘\ T — 1 T
N0 2 . 0
536 535 534 533 532 531 530 +2H,+
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Pt single crystals as reference OER electrodes
Chemistry at the interface: dynamics

15 -20nm

Pt (111) (20 (220)

Intensity




Photoelectron spectroscopy on emersed Pt
after 3 hat 1.6 V RHE

100000 _
----- Before Heating
1———— Aﬁ:er Heat'ng | Before Heating
20000 1 Integrated cps:
80000 - | Before = 54664

Mild heating that
would neither affect !
60000 4 PtO nor PtO, —_————
reduces the ;
|reactive surface: /, ~ *"|aterteatns

40000 - 1 Integrated cps:

After = 169436
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—&— Pt/Rull A
—e— Pt/Rull B
—&— Pt/Rull C

0 1800 3600 5400 7200
Corrosion cycles
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The role of the support structure
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Origin of good sticking of the metal:
point defects of carbon plus functional groups

J
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Nanocarbon as support in OER electrodes
(with F. Schueth, KOFO)




Pt- Carbon
How electrocataylsts look like
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Speciation at reaction conditions

N

\afion/Ir ] o measured
— fit envelope

0"’”““" T T T T T T
525 530 535 540 545 550 555 560
excitation energy / eV

norm. intensity / arb. units

intensity / ark

68 66 64 62 60 58

binding energy / eV
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Stability: a main challenge

Chronoamperometry at 1.6 V RHE Cyclovoltammetry in H,SO,
50 50 Formatiomof ]
9'6 . carbon surface oxidg
—1Ir/C ars¥¥fation of A /
I -Irdrupdxide
40 - Rup A 404.4 A
J L _ _/Rw
8 30 _
c |
2
E 20 -
10 4 initial
oxi. for 1hr
- <_)xi_. for 3hr
0 "=:::::::"."-".'
0 120 150  1¢ 10 414 2 3 140 150 16
90 120 150 180 : . 2 wid SCE;. . .
Time (min) 0.5 M H,SO, E (Vvs. SCE 0.5 M H,SO,
1.55V vs. SCE 50 mV/s

The performance of the best OER catalyst is quite insufficient at relevant
current densities: massive electrodes at low current densities as

technical ,solution®
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Carbon an electrode for water oxidation?
What about some help with a co-catalyst?

3,04 100 Ir sputtered on Ti foil 122
| tevore cyglpyRitammetry 181 —u— bevore cyclovolfammetry
¢fter 10 qysfgfan C " —=— t0ter 10 cycles '
251 gp fter 21 Gefhighegraphitized C 19 1 —=—2ftgr 2x10 cycles /
1 0,91
0@' glossfgdﬂ'bon | ]
2% T RIGANEOH8-02 V%
— o_° 60 - 0,73 10 L '«
o~ — 5
§ 5- 1 Nrg 081 0,1 M NaOH 1
2 <1 40- 043 //‘
= £ 2 o]
] £ DN\
= 0¥ \ /
1 204 : P
0,5 041 \/.;/
1 o 0,1 | _;g{;/
0 = 01)-'—‘-‘-“'5"”,‘"\":‘;\’<
U I S——————— ] o AN
T — T T+ 1 o 1+ T T T+t T1 v T+t T 1 j Ol 777 71—
o 1#0 120 1.480 2402 300 1.300 4%4 480 1.5 1.6 042" 43 14 15 16 17 18 19 20

0 60 120 180 240 \Y 300 360 420 480
time [s]

timegsly/ vs, SCE)



Electro-corrosion of carbon supports

C+2H,0 > CO,+4H*+4e  E°=0.207V

C+HO~CO+2H"+2¢e- E0=0.518V

1.5+ | A: capacitance and
' 20 pH — E diagram of C-H,0 oxidation of surface
1.2 _ Carbon is
i | 154 co, thermadhgesietivn
“‘Em 0.9 : unstable against
s digsgjutiawmin non-
E 0.6- > o5 lcp  HCOs agigicatm
= : & S = HCO; mineral waters.
‘ CO,%
0.3- & O,O_ﬁ;@*\\ ° D: passive carbon
| 4 I 720 Stapre E\ Kinetically strongly
0.0 @ E -o,S_Na’bOn\ — inhibited by C-H
0 ] —) termination
.0 CH,
‘1,5 T T T T T T T T T T T T T At1.8Vvs. RHE
0123456 7 8 9 10111213 14 0.5 M H,SO,



Reference HOPG electroxidation

HOPGox-006 1.5kV x30.0k SE(U,LAO)
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Intensity (unit.)

After 45 hr (1 C) ar

After 3hr(40mC)

Fresh

T J T % T
1000 1200 1400

Raman shift (cm™)

T
1600

T
1800

HOPG18-010 1.5kV x30.0k SE(U,LAO)

Not trivial to detect damage as
product is volatile and carbon
defects accumulate only as
intermediates
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Energy loss (eV)

At 1.4 V and 1C flow of electrons substantial damage through formation

of C-O hetero-bonds leading to warped graphene BSU
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Contact with water ?

319: pHO
contact angle : 86°

This critical property for
electrochemistry depends
sensitively on the surface
termination.

HTC 900°C

Cwt H N O
%] [wt%][wt%][wt%]

320: pH 6 0 #349 925 1.7 29 3.0

contact angle : 21° 3 #480 97.7 0.45 048 1.4

7y - ’  6 #508 939 0.82 0.2 5.1

pH SN

Synthesis controls the
properties but no simple
correlation.

21
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Synthesis and typology of NC

There are many variants,
few of them are ,materials”

22



How we generate nanocarbons




Catalytic carbon synthesis

A metal cata

(111) terraces via steps as graphene layers: Topotactic formation of nanocarbon given
through the size and shape of the metal particle.

Poisoning and hindrance through reaction of dissolved carbon with the catalyst:
carbide freezes carbon casting: re-activation thermally or through redox reaction
(water hydzrfgen) with the carbide.

24



Reaction anisotropy

Catalytic methanation
at 1273 K observed in

situ in pure hydrogen:

Strict reaction at the
interface carbon-
catalyst, no direct
attack.

Note the
reconstruction of the
Pt catalyst due to

graphene adsorption.

Mag |Pressure|Temp
LFD|7.5 kV|35.40 s| 28484x



Carbon: nanostructure creates variability

SCA
carbon
—
sp2 sp3
atoms
planar curved isolated nano

structured
T \/ *
) nano
ordered tubostratic structured ultra
raphene disperse
grap / § cslrb?(n A diamond
ac
graphite -
pyro
carbon carbon
gels

carbonaceous
nano deposits
fibers
V diamond
like
nano carbon
tubes
carbon
composites

glassy
carbon

CxNyBz
hetero
structures

ordered
mesoporous
carbon
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Topology and real surface

o




Highly functionalized nanocarbon

Xiaochen Zhao,
Chem. Mater.
2010, 22, 5463—
5473
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Activated carbon
calcined at 673 K

100 nm

29



Enhancement of surface
area from
16 m?/g to 347 m?/g

IIIIIIIIIII

4202-002 5.0kV x150k SE(U,LAQ) 300nm

30



Ammonia splitting for hydrogen storage
carbon as dimensionally stable support

31



Pd/CNT in H,O, synthesis
also a test reaction for water splitting

rrrrrrr Mol H!O!Kk.gca[ h) Selecthity H20., %
’ , : 128 45
Ay 98 35
112 43
42

110

70
49
12

#
......
. —"v-:

120
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Bottom-up synthesis
from ,black stuff* to designer carbon

Dehydration Hydrothermal Carbon (HTC)
o on Polycondensation \
p— P
\ (o)
—

HOOC,
HOOC

LI
HOOC H ? OH

sperical particles of
AT 05-5 um carbonaceous material of
: ']

{ O,

different structural elements

oo o L___, Conductive carbon containing
N- and O-functional groups

Polyol (e.g. Cellulose, Glucose)

\
=/
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Solvothermal synthesis
a scalable concept for de-novo carbon

5.00um

Higher pH

higher fraction of

higher fraction of

34



Control of synthesis and doping

36000
-
\\// o/L)? -
—— P 27000 ==
o S
j} / CV analysis’EN-[ 18000 8
%z -~/ functionali <
/: ] sam
y £ (43.1%), 73 /j_( %) ferrocene in CFyGN at 50
q é 1 \ mV/s
ﬁ/ 2-67 A
T RE
) |
B9
) )
120
A . 180
M : Boo
720 725 730 m/273650 21 (10:408%), 751.24449.1%), 22 (12.0%),
I\/Eé 0%), 752.21 (2.3%)
emental An lysis: C, 71.99; H, 4.56; O, 23.44 OH
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Electronic structure

The origin of the use of nanocarbons
in (electro)catalysis

36



Hierarchical bonding properties:
nanostructurung is more than a (past) fashion

025} === e
diamond

0.2 |-

= 0415 |

0.1 |

Fractional s-character in HOMO

0.05 |-

graphite
Y - - -~ -

0 5 10 15

Deviation from 90 deg (deg)
Local bonding: Mesosopic: Extended:
From metallic (,aromatic®) Curvature, Basal vs prism faces
to excitonic (poly-ene) surface termination Van-der-Waals vs covalent
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Electronic anisotropy:
the role of “defects” as centers of reactivity

With M. Scheffler and team

J. T. TITANTAH, K. JORISSEN. AND D. LAMOEN PRB 2004

B L ; { e e
3 (6,6) f e, p=6.28 (10,0) 7,
/ —
o e 4 — =90
o =0 p=301 | TR0
®
;“:; ..... — s T Rl e tibagar i)
T N N er®™ Trmmeemesmeeniilill N T T TR
2 LA ; . . :

0 5 10 15 0 5 10 15

E-Eg (eV) E-Ep (eV)

FIG. 12. Orientation resolved ELNES of (6.6) and (10.0) tubes
(bold line) and comparison with graphite (thin line). The spectra for _ - ' .
y=0° (dashed line) and y=90° (full line) coincide exactly over all /M the anlsotropy of the sz bondlng:

energies for #=3.01 mrad but no such coincidence is seen for B ; i ;
=6.28 mrad and B=0.90 mrad. The vertical line indicates the 1ct|onaI|zat|on, the (red) basal plane

Fermi level. "low electron density.



Functional groups

The main reason for making nanocarbons in
chemical applications:

Exist only at defects of the graphene structure!

40



Oxidative stability:
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Alkane + O,

10% 100%

Oxygen concentration
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Fraction of B-oCNTs burned after 24 h TOS without hydrocarbon
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Surface quality
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The surface charge coming from functional groups controls chemisorptive
properties and hydrophilicity
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1004 »

80

60

40 -

20 H

0

Combustion:

A valuable analytical tool describing the ordering state

—+ — as received baytubes

—— 3M HNO, washed baytubes (7215)

— — 7215 sonicate 2hrs

' ~ — —T215 sonicate 3hrs

T T

T T T T T

—
0 100 200 300 400
temp C

T

500

T
600 700

d weight/d Temp

1.4 4

e
oy
1

—T 1 - T T T T T T T T "~ T 7
250 300 350 400 450 500 550 600 650 700

temp °C

Combustion that is conducted such that not oxygen limitation controls
the kinetics allows detained insight into the nature of the burning carbon:
the reaction is only possible at defects and edge sites.

43
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Intensity (a.u.)

The basis of all functional sites:
mechanism of oxidation

0
* 50 mg oCNT
Py - " 400 mg 5B-oCNT
- y =-3.83x - 0.968
a4
X
BTN
= .9.48x - 3.82 \
-8 T | |
0 12 24 36

time/h

First order in oxygen
Rate proportional to pO,°°
B,P promotion reduces number of active
sites

44



What happens during carbon oxidation

400 °C, 10 ml min-', 5% O,/He, 100 mg oCNTs

45
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Electronic structure and nanostructure:

How is oxygen stored on carbon?

100

80

)]
o

Intensity (norm.)
H
o

20
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Bind'i;lg Energy (eV)

Binding Energy (eV)




A concept
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Calibration of functional group analysis

Table 5 Fitting parameters for O1s-XPS in figure 7 and figure 8 (Shirley background)

FWHM of O1s
components

[eV]

O1s component

[eV]

534.20 £ 0.1
533.30 £ 0.1
Fixed 532.75 £ 0.1
532.20 £ 0.1 1.6
531.20+ 0.2
530 range
Our fitting model Not fixed 535 range
(seven-component) 534.20 £ 0.1
533.30 £ 0.1
Fixed 532.75 £ 0.1
532.20 £ 0.1 1.2
531.20+ 0.2
530 range
Not fixed 535 range
Non- 533.2+0.5

Two-component fitting model monochromatized Fixed 5315+ 05 1.6

49

Fitting model X-ray source

Non-
monochromatized

Monochromatized
(Bessy)




Adsorption as probe for reactive sites:
0,1 % B CNT and propane

0.15
> Energetical_ly uniform sites
0124 2 — Langmuir model
sorption probes about
€ 0.094 6 = B4 7-of geometric
Cg) surrace (6=0)
= 0.06- 1+ P* exp Lads
s o RT | _p RT
< 0.034 B C;Hgon CNTs q(¢9=0) _ q(49=1) p q(9=1)
| O CiH, 0n B,0;-CNTs ads — Hads I+ exp-a®
Temkin fit \ p RT
0007 3 | : ' z Energetically non-uniform sites (decay
of q,4s With increasing coverage) —
..aaE?q_/..r.r.'P.aur Temkin model
K (Langmuir adsorption constant) p* (Temkin factor)
oCNT 2250 bar! 0.0065 bar
B,0,-0CNT 370 bar’ 0.048 bar

50



CO, evolution rate [mmol g'1 h'1]

2,H,) [a.u]

Normalized intensity (m/z

1.0+
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e
)
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e
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e
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How to identify surface groups?

Thermal desorption

o§(°7;o
/°_/<O
K

100°C i ——OCNT  11033°C
< 300-NCNT
On_OH ——500-NCNT:
ﬁ/ ——700-NCNT

o
)

vy Ty Ty Ty rTrrTrrTerTeTnia
100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

CO evolution rate [mmol g'1 h'1]

100°C  i=——OCNT
300-NCNT
{———500-NCNT
{——700-NCNT

l'l'l'l'l'l'l'l'l'l‘
100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

1.6
1.4:
1.2..
1.0-.
0.8-.
0.6-.
0.4-.

0.2+

100°C = OCNT 1033 °C
] -
: 300-NCNT ~ OH :
{ —— 500-NCNT P
: —— 700-NCNT
o§(°7§o

0.0

L LN DR DL DL REL AN DR B |
100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

Careful and isothermal thermal
desorption yields high chemical
resolution of functional groups:
Mind their stability!
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Concept: can we use carbon as selective cataylst
for oxidation reactions?

15 ; ; b120
d |oRate | Z 380°C  400°C 440°C
ST I L S =S,
b ' ' | o
£ o e J§" g
o [ [e] —
~ 8 £ = a
\ 8 1 ' = 'c c o
b o o C o =
g | © & g »E S 400.4 kJ mol-"
—— ; 5 2 c z B &
1 i U o '.g $ 8
( 1 i : 8 = < = 8 ]
(o] T : 1 E [
0.0 r — T '. T 0 - ~ ‘
L 0 Time (min) 2400 Catalysts
5 0 > % J J
AN Dehydrogenation Water formation 1
410 +2H mmw, 420.5 kJ mol!

5‘=iﬂ- ,
EH ‘IIH

With K. Mullen and team
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Comparison of ODH reactions over MWCNT

50 mg HNO; treated MWCNTs (NC3100), 400°C

C;Hg/O,/He = 5/5/90, 60...1000 ml g min-"’ EB to sty at 673 K
EB/O,/He = 2.1/2.1/95.8, 300...2000 ml g"' min-’

100%7 o,
—
T
60% -
C;Hg to C3Hg at 673 K 80% -
l —
A0\ D
© |
- N
. ' 60% -
O N
0 i N
| [ | ]
0% ' ' ' ! ' : ' ' 40%00/ 5% 10%  15%  20%  25%  30%
o " 6% o 2% T e T

XCHy
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Propane conversion X

Propane ODH: compare metal oxide
to metal-free MWCNT

20% . , . , . , . — 100%
' 80%
15% - s
w
=
—=— X (5B-0CNT) | 60% B
10% —o— X (0CNT) o
(VO,/ALQO,) &
—0— S (5B-0CNT) o
S (VO,/ALO;) S
5% - o
O,
©-0-0.0—0—0—0—0—0—0—0 o - 20%
0% y T T T T T T T
0 50 100 150 200
Time on stream / h
100 mg (0CNTs, VO,/Al,05)/500 mg (5B-0oCNTs),
15 ml min-!, C;Hg/O,/He = 1:1:48, 673 K

As well performing as long-developed oxide
grafted catalysts: No ,lattice oxygen”

54

AMU 44 (CO.)

Thermal analysis reveals that a
restructuring occurs removing
acidic sites and leaving strongly
bound C-O groups intact:

The boron (phosphorous) oxide
pre-treatment is essential to
suppress continuous oxidation

5B-0oCNTs
—fresh
—used

| I
500 750 1000
T/K

I
1250



N- CNT
,dernier crie”
The concept of ,doping” is not as

simple as zhought: many
experiments still limited convergence
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A nitrogen-rich form of carbon: mpg-C3N4

cyanamide
r AN

o
LCN

"
cyanoguanidine melamine

-Nﬂxa "3/«4,

o
e ihom,
melam

s

N,

1mﬂ
-
| N,

a
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C-N chemistry of the poor man:
Elusive in carbons

ﬁ+ Nitro

N<o- group

N
Nitroso (l:
group O§N

Terciary O N\ 20
amine
\Iil Z
H,N §
Armid _ N NZ
e n Primary Secol;l1da Pyridine
amine “NH dary
Pyrrole 2 amine

Since decades the N-substitution of sp2 C is a challenge: functional groups are
facile, the true ,graphenic® N is a challenge.
Motivations are ,n-doping” of carbon and the predicted superior mechanical
properties of (CN)x
57
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Normalised Intensity/ a. u.

Doping:

Nitrogen in carbon ,graphenic N*

ey
L 1

404 403 402 401 400 399 398 397 396 395

Binding Energy /
R » =

eV

strong charge
localization

N 1s NEXAFS HT1300NCNT ——
2}
'c
>
2
S
2
§7
e
2 A
o "'; '“' LA R IR B B R IR B B R B B B R
- 395 400 405 410 415
Energy [eV]
donating effect 3,,,/’\/ N
and leads to Lt

420

L NCNT

- HT1000NGNT

I HT1300NCNT
0

P R S PR S | (T I
396 398 400 402 404 406 408 410 412

Photon Energy / eV




Carbon functionalization is key
Basic nitrogen: how much of what species?

[ | 6 200 °C 225°C  250°C  275°C  300°C 100
! r

s] 300°C

-
a

T T
N1=398.3 eV
N2=399.7 eV
N3=401 eV

SO NN T
9\‘ el AN
|

P11 )

175 °C 200°C 225°C 250 °C 275°C 300 °C

I ' T ' T T I T I T I T T T T T T T T 4 T T 1
405 404 403 402 401 400 399 398 397 396 395 394

> (16393)

HCN evolution rate A[V*mollgglh]

ey Binding ene[gy/'eV', R
(16433)

_ : 19 i7® °C, 10% NH,
N2: pyrrole/pyrido Lt ae
N3: quaternary

Multiple types of functional groups co-exist: e ™
,Chemical spectroscopy*“ needed. R S e

Time [h]
O XiproH © Sc3He 2 SAcetone V SpipE * C-Balance

[%] @ouejeq uoques ; A}1A303]9S Jonpoid
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N-CNT electrochemistry

Time (min)

06 Post-synthetic N--functionalization removes reactive sites for carbon
®lectro-oxidation: in agreement with earlier observations-on carbon black
~ 021 ' RuRA Rup B Linear sweep voltamgiry in
v ' , . |acidieimedium___.--.
0.04%5 I PR IR Sl -
D ¢ 7 ! 0.3-
002§ -7 - ! -~
0-00“-‘_‘ . fistine 4 a s /II Ngm 0.0
- xidtiziéd CNTTS :j 2
-0.02 0. yH; e = .03
- - RuBA — NH, treated at 500 °C | - - - ~
0044 ¥gg | o Zr_:z;u:\ized | —.oﬁg'4N Hsltgieateld at 7(|)0 °C 5 | - Eﬁu?ﬁ ] 0.
. _-02 Q.0 _ 02 0.4 06 08 . . .
-0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 04 4 06 0.8
Ewvvs sce) E (Vvs. SCE) E(Vvs. SCg |
RulR A Oxi-Ru3 A | N-Rufl3 A Rul} B N-Rul} B Rud C N-Ruiy C
#16727) | (#16912) | (#17243) | #16728) | (#17312) | (#16729) | (#17088)
Specific Fig 2.4 3.8 2.0 5.0 2.0 88.6 52.4
capacitafghronegmpel  3o.0 - - 21.7 - 167.6 -
. In acidi
Surface oxide | cparge(mC) |  0.031 0.033 - ; ; 1.42 ;
(anodic peak)
U
60 0 30 60 90 120 150 180




Synthetic functionalization

5 é I
* \
2 é 50
: : 908!
8 - : : L)
; | —e—pH coo N
P : LS 1st derivative (00 / N
' s oo—
- O3
6 — 5
_ o
9 s
5 .
2 T T . L T ' 1 v I
0 5 10 15 20 25
Volume of titrant (mL)
Br-NEt; :
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CO, evolution rate [mmol g'1 h'1]

1.0

De-activation of functional groups: P- CNT

0.8«

0.6 -

{ ———400-PCNT
{ = 500-PCNT
{ ———600-PCNT
i ——700-PCNT

7

11033 °C 100°C  {———400-PCNT

> >

: {————500-PCNT
6= i ——600-PCNT

100 200 300 400 500 600 700 800 900 1000

62

Temperature [°C]

Sample

500-PCNT

700-PCNT

CO evolution rate [mmol g'1 h'1]

CO, [umol/gcyr]

{——700-PCNT

CO [pmol/gcyy]

11033 °C
>
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To take away

Nanocarbons are non-equilibrium variants of graphene.

Semimetal with topological fractional double bond
localization.

Defect chemistry as ,functional groups”.

Most frequent are —H and C,0O, all other forms are rare but
important for chemical reactivity.

On basal planes no chemical reactivity but electron transfer
upon potential gradient.

Thermodynamical unstable in electro-oxidation: kinetic
stabilization.

Multiple applications as metal-free catalysts or as support.

Role of “N-doping” complex and still under study: non-trivial.
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