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Suggestions for Eley-Rideal (E-R) type mechanism

High pressure kinetic measurements (760 Torr)

H. Nakano, J. Nakamura, J. Phys. Chem. B 2001, 105, 1355

1) Formate synthesis reaction rate
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2) Surface structure insensitivity

The activation energy of
Cu(110): 59.8 + 4.1 kJ mol';
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Objective
To prove the ER type mechanism for formate
synthesis on Cu using CO, molecular beam

Supersonic CO, molecular beam

UHV

Cold Cu surface Hydrogen covered Cu(111) or Cu(110)




Supe Translational and vibrational energy of CO,

mOIE (X:portion of gas. Cp: specific heat)

CO, in He
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Supersonic molecular beam Supersonic He beam
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T. Kondo, et al. Eur. Phys. J D 38 (2006) 129. . o
T. Kondo et al., J. Chem. Phys. 127 (2007) 094703 Detector chamber  : <9x10 - Torr



Experiments Supersonic To examine

== CO, molecular beam HCOO formation
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Results : TPD after 2.98x10% L CO, exposure
H/Cu(111)

Thozze = 1090 K, E; =1.3 eV

410 K : Simultaneous desorption CO, : H, = 2:1

(1) The formate decomposition Temp. on Cu(111)
(2) Corresponds to the decomposition stoichiometry

2HCOO, — 2C0,(g) + Hy(9)

Intensity (arb. units)

Tropte = 298 K, E. = 0.37 eV
310 K : Associative desorption of H, from Cu
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Formate is synthesized on Cu by hot CO, beam
at T =170 Kin UHV !




Results : Nozzle temperature dependence on Cu(110)
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Results : Surface temperature dependence on Cu(110)

Intensity (arb. units.)
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Results: Reaction probability on Cu(111)
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Results: Reaction probability on Cu(111)

/ Molecular beam

CO, exposure : 2.75x10% L
7

nozzle

= 1050 K &
»

UHV

\ / High pressure cell \

® T. =350 K
» @  Te=350K

o 760 Torr

/

KCu(lll), T,=170 K

Initial reaction probability

of formate synthesis

is derived as p = 2.2x10*4

Qakamura, et al., J. Phys. Chem. B 2001, 105, 135y




Comparison with the high-pressure experiment

/ Molecular beam
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Cu temperature ~ 350 K

CO, temperature ~ 350 K
@ction probability~ 2 x 1012

Cu temperature ~ 1050 K
CO, temperature ~ 1050 K

Reaction probability ~8.6 x 107




DFT also shows Eley-Rideal type mechanism
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Reaction coordination
(1) CO, need to approach against Pauli repulsion by Cu s electrons
Translational energy is required

(2) OCO angle is need to bend to make sp?-like configuration

Vibrational energy is required




Walsh diagram of CO,
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Conclusion

Formate synthesis on Cu surfaces

H, + 2CO, » 2HCOO,

(1) Reaction dynamics:
Thermal non-equilibrium process

(2) Reaction mechanism:
Eley-Rideal typed mechanism



Nitrogen-doped HOPG model catalysts

Measuring catalytic activity of ORR (oxygen reduction

reaction
) 02+4H++4e_—>2H20

Guo, Kondo, Shibuya, Akiba, Saji, JN, Science, in press



The majority is graphitic nitrogen in N,* bombardment
@

Conventional nitrogen doping method

Graphitic nitrogen Pyridinic nitrogen

Majority (50~90 %) Minority (10~50 %)

Difficult to prepare a pyridinic nitrogen dominant surface



Sample Preparation of N doped Graphite

Pyridinic-N dominant HOPG (pyrN-HOPG) preparation

@ Oy

HOPG .
(Highly Oriented Overlaying Overlaying N, bombardment
Pyrolytic Graphite)  Ni patterned mask ~ Covered mask with hole  (Introducing Nand edge)

Ion energy: 500 eV
\\oo N,* N, pressure: 1.0 x 10 “Torr

Doping pyridinic nitrogen at edges
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Sometimes pyridinic N is
prepared by NH; treatments

Mask region exposed region



Pyridinic nitrogen is doped at the edges of HOPG

Edges patterned HOPG
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Series of HOPG model catalysts & CO, adsorption
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ORR activity of HOPG model catalysts
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ORR current density of N-HOPG model depends on Pyridinic N in 1st order.
ORR of different N-HOPG with different N concentratio
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ORR mechanism on nitrogen doped carbon materials
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Non-bonding state & acid/base
properties

Why pyridinic nitrogen?
Pyridinic nitrogen creates basic sites?
Where are acid/base sites in graphitic materials?

Acid: Accept lone pair
Base: Donate lone pair



Energy levels & band structure for @ conjugative system

Ethylene
(2 carbon atoms)

Anti-bonding
4 orbital

H

Bonding
orbital

Energy

Aryl radical
(3 carbon atoms) (4 carbon atoms)

0 0
?@? 0000

Butadiene

Graphite
(10?3 carbon atoms)

Edge state
(non-bonding
p,orbital)

Edge states are equivalent with non-bonding states



Electronic structure of zigzag edge

Graphite Zigzag edge
DOS

* band

Unoccupied region
(Empty states)

Er

Localized pz electronic states (Edge states)

Chemical
interaction?

Energy (eV)

Zigzag edge

Occupied region
(Filled states)

Density of states
Mitsutaka Fujita, et al, J. Phys.Soc. Japan 65, 1920 (1996). (Numb er Of Ol'bital)

Y. Kobayashi, et al., Phys. Rev. B 71, 193406 (2005).

Edge state may be responsible for
chemical reactivity of graphitic materials



Electronic structure of zigzag edge

Nitrogen doped graphite Graphite density of states
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Chemical
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(Filled states)
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Localized pz electronic states (Edge states)

Energy (eV)
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(Number of orbital)

Localized states appear at carbon near doped nitrogen
T. Kondo J. Nakamura et al., Phys. Rev. B 86 (2012) 035436
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Photoelectron intensity [cps]
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Conclusions

. Pyridinic-N creates active sites of ORR at which O,
adsorption may take place as the initial step of
ORR.

. Pyridinic-N creates basic sites.

. Acid/base properties are originated from non-
bonding states.

. The non-bonding state becomes occupied or
unoccupied state depending on the charge of
carbon.



