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Doped carbon nanostructures as 
metal-free catalysts 

(FREECATS) 

EU-FP7 NMP project FREECATS:  

 

Development of new metal-free catalysts capable of 
replacing traditional noble metal-based catalysts 

 

The application of the new materials will eliminate the 
use for platinum group metals and rare earth elements 
such as ceria used in: 

 

• Fuel cell technology (automotive applications and 
others, oxygen reduction reaction)  

 

• Production of light olefins (oxidative 
dehydrogenation of light alkanes) 

 

• Wastewater and water purification (catalytic wet 
air oxidation, ozonation, photocatalysis) 

 

http://freecats.eu 

Johnson-Matthey Platinum interim report 2012 



Replacing PGMs in the automotive 
TWC catalysts seems like a good idea 



K. Hirose, Philosophical Transactions of the Royal Society A: Mathematical, Physical and 

Engineering Sciences, 368 (2010) 3365. 

Fuel cells a possible replacement? 



Project objectives I  FREECATS aims at generating new fundamental knowledge to develop innovative, more cost-effective and eco-
sustainable materials for substituting platinum group metals and rare-earth elements in the field of catalysis.  
Based on the three selected cases, FREECATS will rethink important metal-based catalytic processes in the light of 
new tailored metal-free catalytic architectures designed and fabricated starting from appropriate nanoscale building 
blocks. 
The approach used in the FREECATS proposal can be outlined in four main objectives: 
1. Development of materials/catalysts: 

The objective is to prepare nitrogen and boron-doped nanocarbons using an optimized and scalable procedure 
giving controllable nitrogen content presenting the following physical properties:   

 High surface reactivity with an homogeneous dispersion of the dopant on the material surface 

 Strong and stable interface with the macrostructured host matrix (SiC and C foam and cordierite monolith) at 
the targeted reaction conditions 

 Efficient heat and electron transfer for the subsequence catalytic applications 

1. Hydrodynamics modelling regarding the catalyst physical properties and the process conditions.  
The objective is to develop comprehensive process models for the three main case studies. The results will allow 
for determination of the optimum operation conditions. More concrete, FREECATS aims to: 

 To develop a detailed process model describing reactions, heat and mass transfer, and hydrodynamics with 
the foam structure as a parameter.  

 To generate experimental data for model validation, specifically relating to heat transfer, mass transfer and 
foam structure. 



1. Evaluation and lab-scale testing of the catalytic performance of the metal-free catalysts in the selected 
three cases and comparison with traditional noble or rare-earth metal-based systems: 

 Oxygen reduction reaction (ORR) for use in proton exchange membrane fuel cells (PEMFC), using N-CNT 

 Oxidative dehydrogenation of short chain alkanes (ODH) using P and B doped CNF. 

 Advanced oxidation processes (AOP) for water and wastewater treatment: catalytic ozonation of organic 
micropollutants (COZ) and catalytic wet air oxidation (CWAO) using N-CNT 

Project objectives II  

1. Process scale-up (i.e. laboratory micropilot plant setup), for the demonstration of the long-term stability 
of these metal-free nanocarbon catalysts. 
The objective is to fully explore the different obstacles for scale-up step for a dedicated reaction.  

 Scale-up the catalyst preparation up to ca. 1 kg of catalyst and micropilot plant setup with a structured reactor 
with size 3 x 8 inches.  

 Validate performances expected from previous activities, namely lab scale testing and evaluation coupled with 
hydrodynamic modelling  

 Generate technical data regarding catalyst scale-up (to full commercial scale), catalytic performances and 
durability, leading to a Technical, Economic and Ecologic assessment. 

The reaction(s) that will be exploited in such micropilot plant will be selected after the MidTerm review. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials: Nitrogen in Carbon nanostructures 

Bonding configurations for  nitrogen in carbon 

nanostructures. 

Paul H. Matter  et al., Journal of Catalysis 239 (2006) 83 & 243 (2006) 395 

N-doping of C improves the 

ability of the graphite to donate 

electrons to O2. 

 N acts as an n-type dopant 

E. J. Biddinger et al.,Top Catal 52 (2009) 1566 

Types of carbon nanostructures with graphitic basal and 

edge planes . 

Pyridinic: at the edges of the graphene 

sheets or at defects in the plane 

 

Quaternary: Graphite-like, Nitrogen 

within the  graphene sheets 

 

Pyrrolic 

 

Pyridinic oxides 

 



How to introduce nitrogen into the carbon 
nanomaterials: ex situ 



 

 

 

20wt% Fe or Ni 

 

Our best ORR catalyst in acidic electrolyte 

How to introduce nitrogen into the carbon 
nanomaterials: in situ 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrochemical setup 

Potentiostat: BioLogic VMP3 multipotentiostat  

 

 

Three-cell electrode setup 

- Reference Electrode: RHE 

- Counter Electrode: Pt-foil 

- Working electrode: catalyst on GC-RRDE 

- Electrolyte: 0.5M H2SO4  

 

 

ORR-activity : Linear sweep voltammetry 

- Oxygen saturated 0.5M H2SO4 

- Potential from 1.1V to 0.01V 

- Scan rate: 5mV/s 

 

ORR-testing 
Autolab (PGSTAT302N) 



Upscaling: FC stack platform 

• liquid thermal conditioning 
• active area: 75 cm2 

↑ 10 cell 
stack 

↑ single cell stack & MEA 
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Optimization of cathode catalytic layers featuring 
metal-free catalyst for PEM fuel cell 
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CURRENT DENSITY, A/CM2 

Summary plot: improving cell performance: porosity modification 

NTNU#2-1:1-#1-16-10.2014 (2,24
mg/cm2 - PS microspheres) [80°C -
0mbarg,0 dP]-[17.10.14- v5]
NTNU#2-1:1-#1-5.11.2014 (2,012
mg/cm2 -  (NH4)2CO3)) [80°C -
0mbarg,0 dP]-[6.11.14- v5]
NTNU#2-1:1-#1-10.11.2014 (1,893
mg/cm2- Li2CO3) [80°C - 0mbarg,0
dP]-[10.11.14- v3]
NTNU#2-1:1-#1-2-10.2014 (1,055
mg/cm2, no PF) [80°C - 0mbarg,0 dP]-
[6.10.14- v1] (best no PF)
NTNU#2-1:1-#1-25-9.2014 (2,32
mg/cm2 - no PF) [80°C - 0mbarg,0 dP]-
[29.9.14- v3]
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Single cell performance improvement 
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Current density, A/cm2 

Summary plot: modified catalysts compared to reference Pt/C 

NTNU#2-1:1-#1-16-10.2014 (2,24
mg/cm2 - PS microspheres) [80°C -
0mbarg,0 dP]-[17.10.14- v5]

NTNU#2-1:1-#1-5.11.2014 (2,012
mg/cm2 -  (NH4)2CO3)) [80°C -
0mbarg,0 dP]-[6.11.14- v5]

NTNU#2-1:1-#1-25-9.2014 (2,32
mg/cm2 - no PF) [80°C - 0mbarg,0 dP]-
[29.9.14- v3]

Ref. Pt/C catalyst

NTNU#2-1:1-#2-12.11.2014 (2,012
mg/cm2 - (NH4)2CO3) [air - 80°C -
0mbarg,0 dP]-[12.11.14- v5]



Panel of β-SiC foams that SICAT can produce 

Typical 30PPI β-SiC foam 
tested in AOPs 

13, 20 and 30PPI β-SiC foams 
produced for simulation studies 

3D catalyst composites: SiC foam 



DNS simulation of the flow through foam is performed in the real microscale geometry 
3D foam is scanned with x-ray Computer Tomography 

Parameters derived from DNS: 
  Lateral and streamwise dispersion 
  Residence time distribution 
  Lateral diffusion 
  Mixing 

Computed flow fields will be used for  
kinetics simulation 



Experiment: code validation and data at high Reynolds numbers when CFD fails 

Lasersheet 
Position in 
experiment 

ink cloud 

Re=70 Re = 170 

Selectivity: Residence time 
Heat transport: lateral diffusion 
Selectivity: fine-scale mixing 

Laser-Induced 
Fluorescence 
visualisation 

Ink injection location 

foam 

flow 

foam 

Ink 
injection 



Preparation of a layer of N-doped carbon nanofibers 

on the walls of cordierite monolith: 

 

• Well adhered 

• Uniform thickness (5-10 µm) 

• Complete coverage 

• 3 wt% nitrogen content 

• Active as metal-free catalyst in ozonation and 

CWAO of water pollutants 
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3D catalyst composites: C-containing 
monoliths 



CNTs with tailored surface chemistry | AOPs 

Appl. Catalysis B: Environ. 104 (2011) 330 

Catalytic Wet Air Oxidation Oxalic Acid 

 The catalytic activity increases with the decrease of the acidity 
 The presence of N-containing groups additionally contributed to the 

higher catalytic activity of the materials. 

Catalysis Today 241 (2014) 73 



Macrostrutured Catalysts| AOPs 
Continuous Catalytic Ozonation 
CNF covered honeycomb monoliths 

 Nanocarbon materials on a structured support is shown to 
be a potential solution for real situations; 

 The use of a metal free catalyst prevents metal leaching 
 The catalysts were shown  to be stable in long term 

experiments (100 h of operation); 
 This technology (use of structured catalysts) can be easily 

scaled-up 

J. Haz. Mat. 239-240 (2012) 249 



Adventech 21 

Scale-up of AOP Pilot Reactors 

Scale-Up of CWAO lab pilot: Industrial Reactor Design 

• Heat Exchanger and Electric Heater for temperature control 

• Volume: 0.25 m3 

• Internal Diameter: 159mm 

• Height: 12m (3x 4m or 2x6m) 

• Temperature =  160ºC 

• P(O2) = 7-8 bar 

• P(air) = 33 – 38 bar  

• Volumetric Flow Rate = 0.5 m3/h 

• Residence Time in the catalytic media = 30 min 

• Catalytic media: Monolith 

 

• Operation Type: continuous 

 



Oxidative dehydrogenation propane:  
doping of CNF with P increases selectivity 20 

percentage units at iso-conversion 

Selectivities Conversion 

X CNFs 1.5%B-CNFs 1.5%PTPP-CNFs 1.5%Pphosphate-CNFs N-CNFs 
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 ChemSusChem 2014, 7(9), 2496-2504. 




