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カーボン触媒で国際的にリード
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Sci.Rep.(2015),  Science (2016)

燃料電池の普及に貢献
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電池材料
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The most promising catalytic conversion of CO2 : CH3OH synthesis
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250°C, 5 MPa
ΔH= -49.4 kJ/mol

CO2 hydrogenation to methanol is a hot topic
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J. Nakamura, et al., Topics in Catalysis, 22 (2003) 277.

Formate synthesis is the initial step of CO2 hydrogenation

Low temp is favored because of high equilibrium yield



High pressure kinetic measurements (760 Torr) 

Suggestions for 
Langmuir-Hinshelwood mechanism

1) Formate synthesis reaction rate 
H. Nakano, J. Nakamura, J. Phys. Chem. B 2001, 105, 1355

Ha does not hinder 
CO2 adsorption

2) Surface structure insensitivity 3) Organometallic chemistry
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Hydrogen covered Cu(111) or Cu(110)

Supersonic CO2 molecular beam

Cold Cu surface

Hot CO2

Objective
To prove the ER type mechanism for formate 

synthesis on Cu using CO2 molecular beam

CO2 + Ha → HCOOa

Tgas= Tsurf

We can realize

UHV
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Heated 
Tungsten

Pre-adsorption of 
atomic hydrogen 
（200 K，10 L）H2 → 2Ha

Experiments

Exposure of CO2

Ha + CO2 → HCOOa

Cu (111)
or

Cu(110)

TPD （2 K/sec）
HCOOa → CO2(g) + ½ H2(g)

Supersonic
CO2 molecular beam

Surface Temp.
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Results : TPD after 2.98x104 L CO2 exposure

TS = 170 K

Ha + Ha → H2

Tnozzle = 298 K, Ei = 0.37 eV
310 K : Associative desorption of H2 from Cu

2HCOOa → 2CO2(g) + H2(g)

Tnozzle = 1050 K, Ei = 1.3 eV

410 K : Simultaneous desorption CO2 : H2 = 2:1

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

Formate is synthesized on Cu by hot CO2 beam
at Ts=170 K in UHV !

H/Cu(111)

Tnozzle



CO2 exposure :3.36x104 L, Ts = 215 K
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TS=180 K

TS=160 K

Thermal non-equilibrium dynamics    
and

Eley-Rideal type mechanism
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Results : Surface temperature dependence on Cu(110)
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No surface temperature 
dependence !!

No thermal trapping
or direct reaction without precursor 



Initial reaction probability 
of formate synthesis
is derived as p = 2.2x10-4
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CO2 exposure : 2.75x104 L

Results: Reaction probability on Cu(111)

Cu(111), TS = 170 K

Tnozzle = 1050 K

Molecular beam

UHV



Initial reaction probability 
of formate synthesis
is derived as p = 2.2x10-4

CO2 exposure : 2.75x104 L

Results: Reaction probability on Cu(111)

Cu(111), TS = 170 K

Tnozzle = 1050 K

Molecular beam High pressure cell

Ts = 350 K
Tgas = 350 K

760 Torr
J. Nakamura, et al., J. Phys. Chem. B 2001, 105, 1355.

UHV



Comparison with the high-pressure experiment

J. Nakamura, et al., J. Phys. Chem. B 2001, 105, 1355.

Cu temperature ~ 350 K
CO2 temperature ~ 350 K

Reaction probability~ 𝟐 × 10-12

Cu temperature ~ 1050 K
CO2 temperature ~ 1050 K

Reaction probability ~8.6 × 10-7

If we extraporate

1
5´1011 = 2 ´10-12

Initial reaction probability 
of formate synthesis
is derived as p = 2.2x10-4

CO2 exposure : 2.75x104 L

Cu(111), TS = 170 K

Tnozzle = 1050 K

Molecular beam
High pressure cell

UHV



Pauli repulsion

(Transition State)

(Eley-Rideal type mechanism)

DFT also shows Eley-Rideal type mechanism

(1) CO2 need to approach against Pauli repulsion by Cu s electrons

(2) OCO angle is need to bend to make sp2-like configuration

Translational energy is required

Vibrational energy is required

OCO bending



H atom

C atom

O atom

Cu atom

Walsh diagram of CO2

LUMO level goes down upon O-C-O bending 

CO2 is acid molecule (acceptor of electron pair)

LUMO level goes down 
upon bending significantly

LUMO level determines 
the reactivity of acidic CO2 molecules

Reactivity may be changed by
vibration energy of CO2

2π*
LUMO



Conclusion

(2) Reaction mechanism:
Eley-Rideal typed mechanism

Formate synthesis on Cu surfaces 

H2 + 2CO2 2HCOOa

(1) Reaction dynamics:
Thermal non-equilibrium process



Nitrogen-doped HOPG model catalysts

Measuring catalytic activity of ORR (oxygen reduction 
reaction) 

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



Conventional nitrogen doping method

Graphite

(Ion energy：200 eV)
N2

+

Difficult to prepare a pyridinic nitrogen dominant surface 

The majority is graphitic nitrogen in N2
+ bombardment 

Minority (10~50 %)

Pyridinic nitrogen

Majority (50~90 %)

Graphitic nitrogen



マスク部分
マスク部分マスク開口部

N2
+

Sample Preparation of N doped Graphite

N2
+ bombardment

（Introducing N and edge）
Ion energy：500 eV

N2 pressure: 1.0 x 10 -4 Torr

HOPG
(Highly Oriented 

Pyrolytic Graphite)

Mask region
Mask region

exposed regionSometimes pyridinic N is 
prepared by NH3 treatments 

Pyridinic-N dominant HOPG (pyrN-HOPG) preparation

Doping pyridinic nitrogen at edges

Overlaying 
Covered mask with hole

Overlaying
Ni patterned mask



Pyridinic nitrogen is doped at the edges of HOPG  

50.00100.00150.00

0.00 [μm]

c

Edges patterned HOPG
Optical microscopy AFM

AFM Line profile
1.50

0.00
100.00

50.00

d

D
epth (μm

)

Distance (μm)

ba

100μ
m

-1.2

-0.8

-0.4

0.0

150 100 50 0



e

clean-HOPG

edge-HOPG

grap-HOPG

pyri-HOPG

XPS N1s

404 400 396 392
 Binding energy (eV)

In
te

ns
ity

 (a
rb

. U
nt

is
)

Edges + NH3

Edges

N+ implanted

no pattern

Series of HOPG model catalysts & CO2 adsorption

Basic sites are created on pyridinic N-HOPG

2.5

2.0

1.5

1.0

0.5
M

as
s 

44
 In

te
ns

ity
 (x

10
-1

2  a
rb

.u
ni

ts
)

550500450400350300
Temperature (K) 

 pyri-HOPG (2.4 at%)

grap-HOPG (1.2 at%)

edge-HOPG

clean-HOPG

CO2 TPD

CO2-TPD



-0.010

-0.008

-0.006

-0.004

-0.002

0.000

C
ur

re
nt

 d
en

si
ty

 (m
Ac

m
-2

)

0.40.20.0
 Potential (V vs. RHE)

0.1 M H2SO4
Room Temp.

e ORR

clean-

HOPG

edge-
HOPG
grap-

HOPG
pyri-

HOPG

clean-HOPG

edge-HOPG

grap-HOPG

pyri-HOPG
fXPS N1s

404 400 396 392
 Binding energy (eV)

In
te

ns
ity

 (a
rb

. U
nt

is
)

Edges + NH3

Edges

N+ implanted
no pattern

no pattern

ORR activity of HOPG model catalysts

High catalytic activity for pyridinic N-HOPG

0.6 at%

0.73 at%



-0.020

-0.015

-0.010

-0.005

0.000
C

ur
re

nt
 d

en
si

ty
 (m

Ac
m

-2
)

0.80.60.40.20.0
Potential (V vs. RHE)

 
 
 
 
 
 
 
 

a

(i) 

(ii)

(iii)           

(iv) 

(v)
(vi)    
(vii)
(viii) 

N+-HOPG
NH3-edge-HOPG
edge-N+-HOPG

1

2 3 4 5 6 7 8

Model catalysts

ORR

ORR current density of N-HOPG model depends on Pyridinic N in 1st order.
ORR of different N-HOPG with different N concentration.

N+-HOPG
NH3-edge-HOPG
edge-N+-HOPG

b
j at different V with pyridinic N concentration

c

N+-HOPG
NH3-edge-HOPG
edge-N+-HOPG

0.5

0.4

0.3

0.2

0.1

0.0

O
ns

et
 p

ot
en

tia
l

(V
 v

s.
 R

H
E

)

76543210
Pyri-N (at%)

Onset potential with pyridinic N concentration

Further indicates that active site is created by pyridinic N!



4 e- process

2 e- process

pyri-N
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ORR mechanism on nitrogen doped carbon materials



Why pyridinic nitrogen?

Pyridinic nitrogen creates basic sites?

Where are acid/base sites in graphitic materials?

Acid： Accept lone pair

Base： Donate lone pair

Non-bonding state & acid/base  
properties



Energy levels & band structure for π conjugative system
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Graphene(2D) 

Graphite(3D)

Density of states
(Number of orbital)

π* band
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Zigzag edge Chemical 
interaction?

Edge state may be responsible for 
chemical reactivity of graphitic materials 

Graphite

Electronic structure of  zigzag edge

Localized pz electronic states (Edge states)

H

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

Mitsutaka Fujita, et al, J. Phys.Soc. Japan 65, 1920 (1996).



Graphene(2D) 

Density of states
(Number of orbital)

EF
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Graphite density of states 

Near doped nitrogen
Localized pz electronic states (Edge states)

Chemical 
interaction?

Localized states appear at carbon near doped nitrogen

Nitrogen doped graphite

T. Kondo J. Nakamura et al., Phys. Rev. B 86 (2012) 035436
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N

Carbon atoms around graphitic nitrogen shows localized 
states at occupied region !
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states at occupied region !
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Conclusions

1. Pyridinic-N creates active sites of ORR at which O2
adsorption may take place as the initial step of 
ORR.

2. Pyridinic-N creates basic sites. 

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

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


