
www.crt.cbi.uni-‐erlangen.de	  16.04.2015	  

Synthese	  und	  Modifika1on	  von	  Kohlenstoffen	  für	  
kataly1sche	  Anwendungen	  

Prof.	  Bas<an	  J.M.	  Etzold	  
Professur	  für	  Kataly<sche	  Materialien,	  FAU	  Erlangen-‐Nürnberg	  

bas<an.etzold@fau.de	  
	  



2	  

Outline	  

Why	  carbon	  in	  catalysis?	  

Why	  tuning	  carbon	  catalyst	  proper<es?	  

Possibili<es	  for	  precise	  control	  of	  	  
carbon	  catalyst	  proper<es	  

Two	  unconven<onal	  examples	  and	  success	  stories	  	  



3	  

Versa1le	  material	  

C 6 

Carbon 
12.0107 
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Carbon	  in	  electrocatalysis	  

http://heraeus-katalysatoren.de 
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Carbon	  in	  thermal	  catalysis	  
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Carbon	  in	  thermal	  catalysis	  
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Carbon	  in	  thermal	  catalysis	  
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Why	  carbon	  in	  catalysis?	  

http://heraeus-katalysatoren.de 
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Why	  carbon	  in	  catalysis?	  

Porous	  carbon	  

High	  surface	  
	  area	  

Tuneable	  surface	  
chemistry	  

Good	  electrical	  	  
and	  thermal	  	  
conduc<vity	  

Chemical	  inertness	  
	  under	  harsh	  	  
condi<ons	  

Easy	  recycling	  of	  
ac<ve	  metals	  

Metal	  	  
nanopar<cles	  

Burning	  

Acids	  
Bases	  

High	  T	  
e-‐	  

T	  
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Why	  tuning	  carbon	  catalysts	  proper3es?	  
	  

Let’s	  see	  results	  from	  two	  instruc<ve	  examples.	  
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Applica1on	  of	  carbonaceous	  catalysts:	  Menthol	  

§  Carbon	  supported	  catalysts	  are	  used	  for	  the	  hydrogena<on	  of	  
thymol	  for	  menthol	  produc<on.	  

fragrance	  /	  flavor	  

cooling	  effect	  

anesthe<c	  

50	  bar	  H2,	  150	  °C	  

Etzold et. al. Catalysis today 140, 30-36 (2009)  
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Applica1on	  of	  carbonaceous	  catalysts:	  Menthol	  

§  Structure	  sensi<ve	  reac<on	  
5	  mg	  thymol,	  150	  ml	  cyclohexan,	  2.5	  wt.-‐%	  Pt,	  150	  °C,	  5	  MPa	  H2,	  600	  min-‐1	  	  
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Applica1on	  of	  carbonaceous	  catalysts:	  Menthol	  

§  Structure	  sensi<ve	  reac<on	  
§  Molecular	  sieve	  character	  induces	  shape	  selec<vity	  
	  Glenk et al. Chem. Eng. Technol. 33, 698 (2010); Silvestre-Albero et al. Carbon 59, 221 (2013)  

5	  mg	  thymol,	  150	  ml	  cyclohexan,	  2.5	  wt.-‐%	  Pt,	  150	  °C,	  5	  MPa	  H2,	  600	  min-‐1	  	  

1.12 nm + H2SO4 
0.81 nm + H2SO4 
0.69 nm + H2SO4 
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Applica1on	  of	  carbonaceous	  catalysts:	  Menthol	  

§  HNO3	  oxida<on	  influences	  molecular	  sieve	  character	  
	  

Glenk et al. Chem. Eng. Technol. 33, 698 (2010); Silvestre-Albero et al. Carbon 59, 221 (2013)  

5	  mg	  thymol,	  150	  ml	  cyclohexan,	  2.5	  wt.-‐%	  Pt,	  150	  °C,	  5	  MPa	  H2,	  600	  min-‐1	  	  

1.12 nm + HNO3 
0.81 nm + HNO3 
0.69 nm + HNO3 
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Carbon	  

Aqueous	  Phase	  Reforming	  (APR)	  

alcohols,	  polyols	  

Hydrocarbons	  

H2	  

CO	  	  	  	  	  	  	  	  	  	  	  	  	  	  CO2	  +	  H2	  
	  

H2O	  

210-‐250°C	  
High	  pressure	  
(20-‐50	  bar)	  
Liquid	  water	  

Huber et al. Science 300 2075 (2003); Ravenelle et. al. ACS Catal. 1 552 (2011)  

Hydrothermal	  
stable	  supports	  	  
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APR:	  ac1vity	  &	  selec1viy	  

§  Face	  atoms	  seem	  to	  be	  more	  ac<ve	  than	  corner	  and	  edges	  
§  Acidity	  allows	  to	  tune	  H2	  and	  alkane	  selec<vity	  

H2 selectivity 

xylitol, 498 K, 29.3 bar, N2 flow 30 ml min− 1, WHSV = 3.0 h− 1. 

Activity 

Kirilin et. al. Catal. Sci. Technol 3, 387 (2014) 
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Tuning	  carbon	  catalysts	  proper3es	  ma7ers!	  
	  

Some	  results	  on	  how	  to	  precisely	  control	  
carbonaceous	  materials	  proper<es	  
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Drawbacks	  of	  ac1vated	  carbon	  from	  natual	  feedstock	  

§  Broad	  fluctua<on	  in	  material	  proper<es	  
§  Uncontrolled	  pore	  size	  distribu<ons	  
§  High	  amount	  of	  impuri<es	  (ash	  content)	  
§  Varying	  surface	  func<onaliza<on	  

§  Using	  more	  reliable	  feedstock	  mi<gates	  this	  problems.	  	  
Alterna<ves	  are:	  Polymers	  and	  Carbides	  
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Carbide-‐derived	  carbon	  

porous	  carbon	  (CDC)	  carbide	  

Cl2, short Cl2, long 

Review:	  V.	  Presser,	  M.	  Heon,	  Y.	  Gogotsi,	  Adv.	  
Funct.	  Mater.	  21,	  p.	  810	  (2011).	  

Etzold	  et.	  al,	  Carbon	  49	  (2011)	  4359-‐4367	  	  

300	  µm	  

Si/SiC	   Si	  etched	   SiC-‐CDC	  
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CDC:	  Pore	  size	  control	  

TiC-CDC 

§  High	  control	  of	  pore	  size	  distribu<on	  in	  
the	  micro-‐	  &	  macropore	  regime	  
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CDC:	  microstructure	  

Reason	  for	  pore	  size	  control:	  	  
§  Higher	  degree	  of	  graphi<za<on	  with	  increasing	  temperature	  
§  Graphi<c	  ribbons	  build	  mesopores	  
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CDC:	  microstructure	  
TiC-CDC-1300 

5 nm 
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CDC:	  purity	  

§  Strong	  influence	  of	  microstructure	  on	  chemical	  stability	  
§  No	  ash	  content	  à	  high	  purity	  
§  No	  surface	  groups	  desorbing	  à	  very	  clean	  surface	  

TGA in air TiC-CDC-1200 
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From	  nano	  to	  macro	  to	  structured	  ....	  

40	  nm	  
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...	  and	  coa1ngs	  

Front	  Cover:	  Chem.	  Eng.	  J.	  181-‐182	  (2012)	  
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Introducing	  oxygen	  groups	  

§  Amount	  of	  surface	  groups	  can	  be	  altered	  with	  oxida<on	  agent,	  
concentra<on,	  temperature,	  …	  

TPD-MS 

§  The	  pris<ne	  carbon	  surface	  can	  be	  
func<onalized	  through	  par<al	  
oxida<on	  with	  various	  gas	  or	  
liquid	  phase	  reactants	  (H2SO4,	  
HNO3,	  H2O2,	  O2,	  O3).	  

§  A	  varia<on	  of	  nitric	  acid	  
concentra<on	  is	  given	  in	  the	  len	  
figure.	  
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Introducing	  oxygen	  groups	  –	  dependency	  of	  PZC	  

§  Amount	  of	  surface	  groups	  can	  be	  altered	  with	  oxida<on	  agent,	  
concentra<on,	  temperature,	  …	  

§  Decrease	  of	  PZC	  <ll	  approx.	  4	  mmol	  g-‐1	  g	  oxygen.	  

TPD-MS 
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Introducing	  oxygen	  groups	  –	  water	  interac1on	  

Dynamic Vapor Sorption 

§  Highly	  pure	  carbon	  	  
à	  hydrophilic	  

§  Introducing	  surface	  oxygen	  
breaks	  hydrophobic	  character	  
	  

DVS,	  40.2	  °C,	  10	  mg,	  pre	  drying	  120	  °C,	  1h	  
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Materials	  toolbox	  

tuneable	  porosity	  

high	  purity	  

hierarchically	  
structured	  

alkaline	  to	  acidic	  surface	  

hydrophobic	  	  
to	  hydrophilic	  

high	  reproducibility	  of	  
materials	  proper<es	  

amorphous	  	  
to	  graphi<c	  
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§  Ex	  situ	  nanopar<cle	  synthesis	  

§  Ion	  adsorp<on	  
§  good	  control	  of	  loading	  
§  good	  control	  of	  metal	  cluster	  size	  
§  needs	  func<onalized	  surface	  

§  Incipient	  wetness	  impregna<on	  
§  works	  on	  pris<ne	  carbon	  surfaces	  

	  

Deposi1on	  and	  tuning	  of	  ac1ve	  sites	  
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Ion	  adsorp1on	  technique	  

Pt	  
0	  

Wet	  chemical	  or	  	  
gas	  phase	  reduc<on	  

5	  nm	  

Porous	  carbon	  with	  
oxidized	  surface	  

Ion	  adsorp<on	  	  
of	  metal	  salts	  

[PtCl6]2-‐	  	  
[Pt(NH3)4]2+	  	  
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§  For	  low	  concentra<ons	  full	  adsorp<on	  is	  achieved	  à	  control	  loading	  
§  Oxygen	  content	  determines	  maximum	  loading	  	  

Sorption isotherms 
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Kinetics 

§  Kine<cs	  of	  adsorp<on	  need	  to	  
be	  accounted	  

§  Rate	  constant	  is	  similar	  for	  
different	  oxida<ve	  pre-‐
treatments	  

§  Approx.	  10	  h	  of	  adsorp<on	  are	  
sufficient	  
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Two	  unconven3onal	  examples	  and	  success	  stories	  
with	  carbon	  in	  catalysis	  	  

at	  the	  end.	  
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Direct	  dehydrogena1on	  of	  ethylbenzene	  

§  Carbon	  (without	  ac<ve	  metal)	  catalyses	  
the	  styrene	  produc<on	  in	  a	  Mars-‐van-‐
Krevelen	  type	  mechanism.	  

+ 1/2 O2 + H2O+ 1/2 O2 + H2O

Zhang	  et	  al.	  Angew.	  Chem.	  Int.	  Ed.	  49,	  8640	  (2012)	  
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Direct	  dehydrogena1on	  of	  ethylbenzene	  with	  TiC-‐CDC	  

§  HNO3	  oxidized	  high	  temperature	  TiC-‐CDC	  shows	  high	  selec<vity	  
§  Stable	  catalysts	  aner	  induc<on	  period	  

100	  mg	  carbon,	  550	  °C,	  WHSV	  =	  6000	  h-‐1	  
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Ionic	  Liquid	  modifica<on	  	  
of	  carbon	  supported	  electrocatalysts	  

Kernchen et al. Chem. Eng. Technol. 30, 985 (2007) 
Zhang et al. ACS Appl. Mater. Interfaces 18, 3562-3570 (2015) 
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Influence	  on	  ORR	  ac1vity	  

§  Pronounced	  increase	  in	  ac<vity	  by	  a	  factor	  of	  3.4.	  
§  Effects	  are:	  solubility,	  ligand	  effect,	  blocking	  of	  defects	  

@ 0.95 V vs RHE 

0.1 M HClO4, 10 mV s-1, 1600 rpm, room temperature, [MTBD][N(SO2CF3)2] 
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Influence	  on	  ORR	  stability	  

§  Non	  modified	  catalyst	  degrades	  strongly.	  

@ 0.95 V vs RHE 

0.1 M HClO4, 10 mV s-1, 1600 rpm, room temperature, [MTBD][N(SO2CF3)2] 

As recieved 
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Influence	  on	  ORR	  stability	  

§  IL	  modified	  catalysts	  degrades	  only	  minor.	  
§  Effects	  are:	  electrosta<c	  stabiliza<on;	  blocking	  of	  oxida<on	  sites	  	  

@ 0.95 V vs RHE 

0.1 M HClO4, 10 mV s-1, 1600 rpm, room temperature, [MTBD][N(SO2CF3)2] 

SCILL-50 
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Summary	  

CA
TA

LY
SI
S	  

CARBON	  

Tuning	  carbon	  catalysts	  
proper<es	  maters	  in	  	  
thermal	  and	  electrocatalysis:	  

§  pore	  size	  (distribu<on)	  
§  surface	  chemistry	  
§  graphi<za<on	  
§  metal	  dispersion	  
§  smart	  addi<ves	  
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