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-Catalysis 

(1) Homogeneous catalysis

(2) Heterogeneous catalysis

(3) Enzymatic reaction

-Definition: substances which alter the rate of a reaction, and are 

recoverable, essentially unchanged, after the reaction. They do not 

contribute energy to the reaction, nor initiate reactions, nor change the 

equilibrium point of reversible reactions

-Function: they do accelerate the reaction and may direct the course of the 

reaction be selectivity. Small amounts of catalysts are able to transform 

large amounts reacting substances by virtue of their self-regeneration

Catalysis



Surface science & catalysis

• Catalysis: basis of chemical industry → billions of dollars of economic 

activity

• “Catalysis”, Greek “wholly loosening” (κατα + λνσις): it takes part in a 

reaction but is not consumed → changing activation barrier → speed 

up a reaction (but, not change equilibrated state) & perform 

selectively for the desired product

Fig.1.2. 

Kolasinski



-Chemical industry: transformation of carbon containing molecules → all 

derived from petroleum. Benzene, toluene, xylene, ethylene, propylene, 

1,3-butadiene, methanol 

-Table 6.1: refinery of petroleum and the production of petrochemicals are 

not possible without the use of catalysis

-Heterogeneous reactions occur at the g/l, l/s interface → maximum 

surface area in order to maximize the number of reactive sites: dispersion↑ 

by decreasing size

e.g., spherical particles: radius r, mass m, density ρ, composed of N 

spherical atoms

D = 0.55 for r = 1 nm, D = 0.11 for r = 5 nm

Heterogeneous reactions



Heterogeneous 

reactions





Measurement of surface kinetics & reaction mechanism

TPRS (temperature programmed reaction spectrometry)

CO + O2

Langmuir-Hinshelwood reactions of CO(a) + O(a)

* empty site



Haber-Bosch process

Ammonia: nitrogen fertilizers, nitrogen-containing chemicals, 

hydrogen storage

→ the production of ammonia consumes more than 3 x 1017 J which 

represents >1% of global energy consumption

N≡N bond is so strong → N2 is practically inert → catalyst needed

→ Haber-Bosch process: breaking N≡N triple bond 

N2 dissociation is the rate-determining step in ammonia synthesis



Haber-Bosch Process

From Wikipedia



Mechanism vs. experimental



Kolasinski

NH3: a carbon 

neutral energy 

carrier

• Ammonia synthesis



Fischer-Tropsch synthesis and related chemistry

-Fischer-Tropsch(FT) synthesis: the production of hydrocarbons and 

oxygenated hydrocarbon from synthesis gas(or syngas, a mixture of CO + 

H2)

-Closely related reaction with FT: methanation reaction (CH4), methanol 

synthesis, Mobil process (convert methanol into transportation fuels)

-Syngas is produced from oil, natural gas, shale gas, coal or other 

carbonaceous mineralogical deposits by steam reforming. Carbon can 

also be supplied in a renewable form by the use of biomass 



-Steam reforming: reaction of hydrocarbons with water to form CO and H2

-Water gas shift reaction: the reaction of water gas(CO + H2O) to form CO2

and H2

-Methanol synthesis





Fischer-Tropsch chemistry





• Gas-to-liquids: Fischer-Tropsch synthesis, C1 chemistry, artificial 

photosynthesis

-Transforming natural gas & coal

-Biomass

-Artificial photosynthesis: a branch of photocatalysis, H2 production, 

CO2 conversion, solar fuels



Three-way automotive catalyst

-To achieve clean burning internal combustion engines

→ hydrocarbon(HC)↓ nitrogen oxides(NOx)↓ CO↓ (sulfur comp’ds ↓) in 

automotive emissions → automotive catalyst

-Automotive catalyst must efficiently oxidize CO, HC, and reduce NOx

→ three-way automotive catalyst (it removes the three unwanted products 

of CO, HC, and NOx)

-General composition of Rh, Pt, Pd dispersed on Al2O3 with CeO2 added 

as a type of promoter

Rh: NOx reduction to N2

Pt, Pd: CO, HC oxidation

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjoqLjXvr7iAhX2HjQIHccHDl8QjRx6BAgBEAU&url=https%3A%2F%2Fforcegmbh24.com%2Fabout-us%2Finformation%2Fautomotive-catalyst%2F&psig=AOvVaw1uFgVyaqpeJ6vs5uV4Y4ay&ust=1559141919409525




• Clean propulsion: three-way catalyst, batteries, fuel cells

-reduce pollution, (ultra)fine particle (PM 2.5, particulate matter)

-batteries, photovoltaics, fuel cells, thermoelectrics: surface, 

interface, pores 



Promoters & poisons

-Promoter: to promote catalysis → increasing the activity of the catalyst

→ it lowers the barrier to reaction: it facilitates charge transfer (electronic 

promoter)

-Promoter stabilize the transition state → it lowers the activation barrier

-Ammonia synthesis: Al2O3 and CaO as structural promoters → enhance 

surface area of dispersed Fe particle

-Fischer-Tropsch synthesis: K promoter → increase selectivity

-Poisons: to poison catalysis → adsorbed species that lower the activity of 

a catalyst

CO, S…



Bimetallic & bifunctional catalysts

-Each metal contributes a function to the overall chemical mechanism, 

which is the sum of at least two parallel steps that occur at different sites

CO oxidation on PtRu catalyst



• Water splitting

Electrocatalysis



Hydrogen evolution reaction(HER) & H2 oxidation reaction (HOR)



Oxygen evolution reaction(OER) & O2 reduction reaction (ORR)



Water splitting in photosystem

https://phys.org/news/2017-06-scientists-molecular-artificial-photosynthesis.html



Optimal catalyst selection

-Correlation between activation energy for a reaction (Ea) and the energy 

released during reaction (∆E) 

(6.11.1)

for C-H bond breaking 

& dissociation of

N2, CO, NO, O2 on transition metals

Relation between 

barrier height vs. enthalpy →

Linear relationship is directly

responsible for a volcano plot

→ low Ea: strong binding..



-A volcano plot: reactivity

(reaction rate) vs. group number of transition metal

-A good catalyst → low Ea, not so tightly binding to the surface → 

intermediately strong interactions with the species involved in the 

reaction

-Sabatier principle       

If we can identify reactions for which the dissociation of a molecule such 

as N2, CO, NO, O2 is rate determining, eq. 6.11.1 allows to identify the 

optimal catalyst because eq. 6.11.1 help us determine which material 

has the most favorable rate for the reaction

reactivity↑ up to a plateau, then decrease 



Summary


