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Theoretical Investigation of the Oxygen Reduction Reaction
on h-BN Monolayer

(Hokkaido University) OLyalin Andrey, Taketsugu Tetsuya

The oxygen reduction reaction (ORR) is a key reaction for the environment
related catalysis and energy technology that allows polymer-electrolyte fuel cell
(PEFC) to operate. Currently the most efficient catalysts for ORR are based on
precious metals, such as platinum [1]. The high cost and limited resources of Pt
prevent the wide use of PEFCs in practical applications. Therefore extensive efforts
are currently devoted to search for non-precious Pt-free catalysts for ORR. Recently,
it has been reported that carbon-based nanomaterials, such as graphene clusters, doped
with nitrogen and boron (carbon alloy catalyst) demonstrate high ORR activity [2,3].
It was shown that B-N pair defect at the edge of graphene sheet serves as an active
center for ORR [3]. Such materials can be considered as a good candidate for cathode
catalyst of fuel cell. However, the concentration of N or N-B impurities in carbon

alloy materials is relatively low. Therefore, the overall ORR rate can be limited.

In the present work we study theoretically whether or not nanomaterials mainly
consisting of B and N atoms, such as, for example, hexagonal boron nitride (h-BN)
can demonstrate activity for ORR. The binding preference and energetics of the ORR
intermediates, such as O,, O, OOH, OH, H,0, and H,O adsorbed on the N impurity
defect on free and Ni(111) supported h-BN monolayer are studied using methods of
density functional theory (DFT) at the generalized gradient approximation level with
the WC functional by Wu and Cohen [4]. Adsorption and catalytic activation of O, on
various adsorption sites located on the surface of h-BN monolayer, including B and N
impurity and vacancy point defects as well as adsorption sites at the H-terminated
edges of h-BN nanoribbons are studied. It is shown that among all considered
adsorption cites only N impurity defect on the surface of h-BN monolayer can be a
good candidate for an active center of ORR. Therefore, for the case of N impurity
defect we have calculated the optimized geometries and adsorption energies of O, and
a list of intermediates of ORR on the reaction pathway (see Figs.1 and 2). The results
of calculations demonstrate that adsorption energies of O,, O, OOH, OH and H,O on

the N impurity defect in h-BN monolayer are similar to those known for Pt(111)
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Fig. 1 Optimized geometries of O,, OOH,
O and OH adsorbed on N doped h-BN

monolayer.

Energy (eV)

Fig. 2 Reaction energies calculated
for the OOH association mechanism
of ORR on N doped h-BN
monolayer. Adsorbed configurations
are marked by @ upper index.

surface. We have also investigated the influence of the water solvent on binding of

ORR intermediates on the h-BN monolayer with N impurity. We have demonstrated

that water considerably stabilizes adsorption of O, and OH. It is well known that h-BN

is an insulator with a large energy gap. Therefore, the problem of electron transport to

the active center of ORR on the surface of h-BN monolayer is discussed. It is

suggested, that electron transport can be promoted in the h-BN monolayer deposited

on the surface of some transition metals. Modification of the electronic structure of

the h-BN monolayer, that occurs after its deposition on Ni(111) surface, possible

transition to metallicity and change in adsorption energies of ORR intermediates are

analyzed.

References

[1] N.P. Brandon, S. Skinner, B.C.H. Steele, Ann. Rev. Mater. Res. 33, 183 (2003).

[2] S.-F. Huang, K. Terakura, T. Ozaki, T. Ikeda et al, Phys. Rev. B 80, 235410 (2009).

[3] T. Ikeda, M. Boero, S.-F. Huang, K. Terakura, et al, J. Phys. Chem. C 114, 8933 (2010).
[4] Z. Wu and R. E. Cohen, Phys. Rev. B 73, 235116 (2006).



3B04
REAFSVTREBBERNEREDHFSR
(RIKIE) ZFA BE. /MR #.BE thE. O H&H

(7]

A F v OFFBEREREIXZFA T DA 4 OFES T OE# &2 WET DR EFIET
HU | HEICEETAHERPEOLND Z LB TH H[1,2], EROFIETITA 4> DOXKAH
HCOIERERET D 2 N TET, DL RENE bR &, Fxld, A4 T
Yy RIEM LT, ZOKMETOIBEZINS 2, @ofee L RFMHEELEBL L7Z[3), Z0OF
B CII R KA B 7 O RRFRIAE ©, BB KREK T DK Z RIS 5 Z & CHRRE
B D 2 ERRE T2 2 & TLABICHAT D 2 EBRHL NS o7, 2 ORIE O RS,
T FECRL 1 DM 2 E L TV RN DX KR E SERETERNWEZATH D, 4lH
BRI L 2BBEREICMZ, WEMFOENCLDBHE FERIICHET S Z &Ik
D, MERIHZR R E S EBMEARGE Lz, 512, BEIEREIE L AM%E THRIEORKE & RE
Z i) b &5 IO KA D E & 8 CBA% L7z,

3

SRR BERE & 1 v FHIE %
FRLCAT 5 WIS, [ 1 oRT A A T e s | .
y TREBBERE S AT L ThHDH, DOV - KLQHfgii
AT NAHEMEL T RAES AT A, BB sty o | ]
SRERA A2 15 5T BEOREE gz ] = I
(RF)3 L OBBENEERLOIC L - Tl 1, ST _"
ShTWa, FEEERF)E LT 20 kHz, 600 *égflgﬁﬁ l%fi: 5wm’1:V

Vpp % . BEVEHIEH(LF)IZ 10~20V, 1~100

Hz % 72, MR T34V AT AT A A

VAT V=D X REE=— RS T

BEZHM U ECTHRMABHEAKZEAL, =7 707 —(CLX-TEZETIHLDOTHH[4], &
JE &R RRICHE o THBENZET D[4], ARk Lo Bkl 7-CREB~ M Eum)ix, 1 4
N7y FITEANEND, A4 FT v FITHAE NS ORI, RF BHIC K-> TS
No 7y TRT xR U o ZREMPMHEEIZ T y T ER, S HIZLF BRI
FDZEFNZEY N7 v NI E L NI EER TS, ZoEENL. Ty TR R TS
L—W—CHiEMR 2B L, 2200 DOHENET VA NIAT TE=F—FT 52 LT,
T=HX—HRETHY, BEENIETE D, 204 b7 v 7REBEERTEICNZ, 4
FIXLF EEZFET L LT, bT7 v 7 BEICHEMRR 286 B, 2275 RFBLW
LF N &AFIE S5 2 & T, Bk O RKH O H ByE FEThZ201E L, % FlE Tk
THROEFIRIZHBIT D2 LM, KT ORBRD b, S HIZKHEBENERIED HHI
TOBEMPBPETE D,

X1 HIES AT A



[#ER & EE]
B 2 123k BT far BEORL 1~ D
L B R T, AR R
KT 21F EEMENSHE KT HE M 155
iz, LinL, FCEEOR T TH R
LEMB ARSI END ., TRk
BAZIE T v F LIREBEDFEL T D &
BERZOND, ki 7 O 8 & BT
NHRAE SN D HEELEITE AL &
720 HIIILTWD 10 kV (2 E~Hilied T
INE L ERRFIC AT R S DR
WD LN RBIND, SLIZIESR
JEVZ ST DB OARREIT X 72 B 720,
Tar EEARCRL 7 D A R N IR E A Th 5
AREE L B D,
INHOBEEHNE S B R THEZ
THOECT. M1 oZnFETHE-TEY
AT KMIBENEHES /NS < L bigy
WLHENTERWVWREND DT, Bl
X 3R d, KBS A T v 75
FERE S AT L2 8ELTW5, B
FEREAS 500mm & BER D 200 f5LL RIZ72 5
el ZHOBMAEHNZARED S
WEMEDRT R D7D, R EEm I
EREEN ENHRIAD D, FERETIEY A
T LDOFER EFERICONWTELET D,

[Z2%&3Ci#k]

[1] P. Dugard et al., Rev. Sci. Instrum. 69, 1122 (1997).

7
6 O-
g st
M
o 4r
i
~ o °
g 3F o
= o
o
c 2 o
O
1
0 1 1 1 1 1 1
5 6 7 8 9 10 11 12
Radius / pm

] 2 faf FEAORL - D 48 & FB R D PSR

|/_

RN T
2CYN

AA>

T7>2x) =

KowT
SINERIF

2
N
L

)
g
I

il

I

[2] T. Sugai et al., J. Am. Chem. Soc. 123, 6427 (2001).

(3] FEUHEEES | IEEM . HMUESY TRRERS

4D14.

g

B

o o©

(o]
1174
o0 ©
OOO o
(0]
||||I|

NN EEEEEEEEEEE NN I“l

OO EA e e

(]

_ ..
l
‘

500 mm

3 REAF 2+ Ty FRARRERE S AT A

[4]F0EE—RE, TPaul TraplZ K 2D s 7 v 7| SER IV B T¥ERTE B

GRS



3B07 T Una= kU T RAE—EA T DRI CIREE S
~ HEA ISR ORE SR E

(BRAF « $aAMLSEROS Y. BORERER 2, R ARBZER )
O KF BEWERL, 84K ByEY2, Jho ARk, g %28

[FF]  whicsnT, 727U a=1kU /1 (AN; CH,=CHCN) IZETFR/(ET D LT =F
VHEHARISHNEEDL ZENMLNTNWD, —FH, K[ABINLRTIE, AN 7 T 2% —BA 4
(AN), DE B AT N UIZEIT 5 magic number OBIFE R 2S5, (AN), TlE7 7 A X —NE
AROG I & 2 & ffam S A1), EZERh AR, PTHDLRREE, RE T ORI LD
(AN); CIXFFRMICLEREBIR 3D TEHAER (V7 e~V B8R NAEKRTHIEBEZL
TN D[2-4), RIMIIEIZE D (AN), DiiEZB OGN ET 572012, COp L—H—ZH T
(AN), D ARSI SEARIEE Y e 233 A B 7228, 925-1090 cm™ O FEIE T AR AREE I B S 7e
Mo 712[5), AHFFETIL, 1200-3200 cm ™ o L BEIR LT 35 W THRAMIEAREE Y Y IEIZ X 0 (AN),”
(n=3-7) OFRHNBUXAT FLZRIE L, B LFEHEORRE KT HZ LI1I2L D, AN
7 T AL —BA FATBT DEE ISR OREEIZ OV TiEam T 5.

[E8k - BHE FIE]  EBUILBRFOEEZ AW TIT-72[6], AN &7 /LI OIRA T A
TSIV ASNIVT NG EIERAES L, ETEBIZE D (AN), 7 T AY—BA B ST, &
RLTm7 FAX—BAA A2 7V 7 ba  WEESHTHZH O TEERN L CTHRE LT,
TRONICAREE S E DOME TIX, 1 B H O TOF-MS CH &) o
SNTHA A TR OPO L —H —Z MBI L. ARAMCAREE = (a) (AN),,
THARK L2 A 4 % 2 BEH O TOF-MS THEE5&5] L T#l e
M U7z, 728, (AN)s OFRINSEARREA 7 MV ORIEITIE, 0.4
Ar-tagging i£4 H\ o, & HIZEMF RICC & W T, -
Gaussian 09 12 & %5 (AN), Offis S L, BB A~ F Lo i
BbFE 5 21T - 72(M062X/aug-cc-pVDZ), 0.0

4 - e, o _ (b) [(AN),-H]
[RERLEER]  HEALT FVITIEAN), (=2-8)& & ¢ 0.6

[y (AN), 2256 1T E 721X 2 HOKFZIRFDBWBEL 7227 &
Z —A F U[(AN)-H], [(AN)y-Ho] ORI BRI S iz, S5
(2 ANJAr JBA T AZH 1T 5 AN OFEFE % 0.005% £ T < 4
5E. (AN IS Ar LTI LTS 5 A8 — A o
(AN),"Ar H 8L S 7z, LICEEANRY ML THERIS
7D T A —DA T VREDOY A A o5Hi%k LT, la-c
DiEY . (AN),, [(AN)-H], [(AN)y-H,] Tl n=3 d 1 4 ik
EREET LA XD 522 —1 ) i<, n=3 7% magic
number TH 5 Z Lo o7, ZiUTBEDOHIE[L] L —
T5, —H. (AN} AT DA FUBETYA AHINE & bic gt I e
BT 5 0MmERr Lz (K1d) . 97206, (AN), Ar (d) (AN);-Ar
(233 T n=3 X magic number TiX72WZ &N o72, e
2a [Z(AN)s Ar DIRANEIRBEA~2 F vz R LTz, 22
TIXSEAREEC L2 Ar OBLEETAE U= iR A 4 2 (AN)y DI E: 0.04
Z7m v kL7, 2080 cm™ £FITIC CN ffEIRENCIRE S h —l 1
Z BRI, 2900-3100 cm™ (& CH fEHRENIC L 2 59V I L S R A l_l_l_
PMBHR STz, B 2b-d ISR T B IV (AN)g DARSR A Kb AN oot
7 "VEIR LT, ZOFETIE Y 7 A X —NESKIETER
THREEMERH D TEH 3o TEAKE] [RIR3HTFHA 1 HEAZ MLTHEIRNESH
R o2fEE., RGOV TAF—| OREMEMR DN 1207 F AKX — A I U BEBEDOY A
RHNANRT MV ERDT-, S HIT, BHHEAN) LOBRIR R45AR

0.4+

0.2+ —t

0.0 |7|_l—|

124 [ (¢) [(AN),-Ha]

lon Intensity

0.8 —

0.4 —




(AN); & Ar L DFEG T FLX—ZROIZEZAH, ThEN630ecm L 96em™ LR S
7o Ko TAREBROWHBEIRTIZ, ELODOERMED 1T L 2MEENE X 5 & %
Hid, FEHEFEDOARY ML ERKT 5 & ERIXEH 3 5 T EAEROHFEMKE (X
2b) L RE< ﬁbto_hiUMMﬂvTi?7X5 NEAKISPES, B3 THA
RKPAERT D EfEim Lz, ZOfEEIZ. (AN),Ar (23T magic number 23] S 722
&L Thb bR ﬁﬁ&77x& YA XPFELRNZ ED RSN D,

(AN),” (N=4-7) DRI SEFRBETITBLA A D50 AN 1 3 OB BLII <=, AN1 %3

T Ol Z € =% — L TR O IVZARCIRBEAR <7 M2 31277, SRR R
(AN);Ar D 27 kL ([ 2a) EHRLLTWAP, (AN), Tl 2500 cm  AHTIc 7 o — K72
NVFﬁﬁwéhtoitCHEW@XmﬁFwin57T%Lﬂﬁﬂfw5® SRR
n=4 TlI7r— R Tholo, il TIEEHLFFE L DHRRIC . (AN), (n=4-7)DHEIEIC
DN Tikim 1 Do
R BRI A B A B U B S A ) . L TR UL R T

(a) Obsd. (AN)E'AT (AN)4

W

(b) Calcd. AE = 807 cm™ |

Fans

& _

c

2

L=

[ =

= M

=

Q

E

IS

o

= _
5

(AN)

8001 (Linear oligomer) >
. =
400} § WV M,\M
| =
200}~ 5 (AN)g
5
° s
= () Calcd. AE=0cm! 1 &
€ | (Cyclic oligomer) N W"‘
£
vy
> 200 - (AN)7
g ﬁﬁfoo
S |
E
€ o A WWN/-N‘&”\__
(d) Calcd. AE = 13802 cm™ '
2000 (Cluster) _— 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
1500 2000 2500 3000

IR Wavenumber / cm™!

X 3 (AN)y DO(n=4-T)DFRIAREEA T L

%,
1000 | df
0P
o 1 10 1L | Reference
1500 2000 2500 A 3000 [1] T. Tsukuda and T. Kondow, J. Am. Chem. Soc.
IR Wavenumber / cm 116, 9555 (1994)
2 (@) (A_N)e;p,‘fk@i@”j%%tﬁ%ﬁxf\i b [2] M. Ichihashi, T. Tsukuda, S. Nonose, and T.
(b-d) (AN)s DFHCRE D LT STRIOMIEIRE 1 onow, J. Phys. Chem. 99, 17354 (1995).
RDIRIN AT B v, IREILO scaling factor X [3] Y. Fukuda, T. Tsukuda, A. Terasaki, and T.
0.934 Z v /=, AE (ZBRIR 30 FHEHAME DT Kondow, Chem. Phys. Lett. 242, 121 (1995),
FIVF—E, Chem. Phys. Lett. 260, 423 (1996).
[4] Y. Fukuda, M. Ichihashi, A. Terasaki, T.
Kondow, K. Osoda, and K. Narasaka, J. Phys. Chem. A 105, 7180 (2001).
[5] M. Ichihashi, Y. Sadanaga, and T. Kondow, J. Phys. Chem. A 102, 8287 (1998).
[6] Y. Kobayashi, Y. Inokuchi, and T. Ebata, J. Chem. Phys. 128, 164319 (2008).




3B08
KBEBRFTOBBHEEFFAFIVR VI MHz TOFREF K
(UK, JST) O$aAR#EE, BB, SHEN Huan, KEFFT 27 {20
"5l KEK

SR EIRAR DA P SO 03 B 72 DAR TR A 72 B RN TR SN R Cdo D, Ve (eI AR PR A )
IXIRE OB IRBICRE B EE 5 2| R 252G MR Ty VIR IR %
TALSE D, FRBEO BRI (B 213K Rt & D ZEA0) 13R T oo v LR B D
WA —NEIEZ D, Fox 1 d, WAL FORE A BRIR$ D702, Wi 53 ff -5 e
BILWGEIE N & B2 58 2 2O ikma gL &, HEFmIc L bFRIS
(B 5T 2B IRIEAEEE N T2 LN TE O TIRE R TERV ZHIFREA LR
ZGBPRCED, o, AAEZ RN =D DR = X — D R A BN T
x| BERERE(RISM, MDE) S s L TN DO B2 A7 A4 B C& 5,

LA TITE 20 2 22\ IR B OB ) AR T 272D12 KB OB HK~
DO EBENS(CTTS: charge transfer to solvent)IZ{FE B L7~ IWE &R A A NESD
ETIEEWNERO B R (0K ED) 2 DA U S EMES A RBBEL | T8 (6§ DAL
INETZ T E 5, ZOBFB ) ETIEE — KR DK 5y DS (W0 [E]HR) 23,
S FIRB) R U L5 70 B B et B2 B LR s s, K112, 0.14 MONalKIEHR % B
B25 7/ u OIRIRE — LU THZE P HL ., 225 nmD A EE B L T (ag) &t )Eh
FLL7=%% . 260 nmDEESNETE T2 S EBROK e m 4, WS RHEN5E
F O AEIRIERF ] OREE L Ty NLIeb DO Th D, BKEE /K TH L2205 B CH
NDo BOG S WNTE KD ST HME 75 58 EE OFGZDIENDY, # IR D J5 D3R 03 EH L 72 -
TWD, HEFRIRET VAL T, BT AT NV ORERURAFE (77— 2 134 0 B4R
THEIE) 27 a— V7 o NUTCRE R 2D IO 7 BUSHEE A R R L7,

SEIHAL ST T 56 O HELE TE IR AR kS
(contact pair))>6H D I % 38 B & E LK &
H/K TR —THDHMN., D,ODIRBEISE 7 H,0
FOHIBNTZHIZCTTSD> CPYSSD A L i A
Ty RBOHL BV RITHESND
PR L2 TNVD, SIRDE Tl
D,0D 77 HH,0 L0 E FHfli & DO ILERIMEW,

photoelectron signal (arb. unit)

. | | 7 eI T AL R A S D B 22T 4
delay time (ps) Y65 70 e TRl TR RSN, X

SR DRI LI PORECTEDORE
HK BN ENB DDA ONN o722k
WIERERBERDLHD,

X1 0.14 MDONal/K ¥ P pump-probe
WBF I THLNIZEE T8
FEDRERIZAL



CTTS(2P3p,)

CcP
[

S:f;f04PS(H20) S SSP@) ¢
I ¥ 06050200 @ ¥ 9 17ps0) B e T
h‘.k—'q - {I el.-q 25ps(D§O)8: { \?‘i o Pee
¥y PN T U 2

Ta2]0.6 ps r
(H20, D20)
80 ps (H20)
30 ps (H20), Te11130 ps (D,0)
50 ps (D20)
 J
I"(aq) I(aq) % e\\
£q
& 1" Lg &
2 8
iy a ;

X2 CTTSEIGDE AT v 7 O E EH & ko BEk FE b h 5

i WRUBHE BE 2 A3 DIRIR O JLE 43 6 Tl d;ﬁernJ/pulse@l/—*f SR T
DCHD, WTETED NIV AT R VX — X ZE M E M 25 A Loy el sy, Fx ik
INFEFTHWTEZ1kHZzO Ti:SL—H — gﬁﬁﬁljﬁ/wxw/ytﬁw””@;’z/)%"%f vavd
MHz®DTi:SL—% — & B AEDIFEMAIGIRIR I H L7z, ZHIUC KD (5 SRR R 1T
FFHR TL004y D LIZELMEES I, FEM 2 RERIZSE MmO bz, EHIT, Tk i#ﬁﬂ%ﬂ‘”@
TRF — WD D TOFRL Sy W #a & i T A 2% it - BB L 7=, ZOTOFRL 347 8
MBS TEMATOF B LUK A ML TOREL THWAZ LN TE, Eﬁﬁﬁ’%ﬁa 320
meV T D, WRAMLTOFDA | MIE R ZRITHHR TH MO 100512Emd b bz
BrLWS AT AIVEESRAS U2 B 2 CR4MHE B E NS ES VD,

ik

1. Phys. Chem. Chem. Phys. 12, 3653-3655 (2010).
2. Chem. Phys. Lett. 494, 111-116 (2010).

3. Chem. Lett. 39, 668-670 (2010).

4. Chemical Science 2, 1094-1102 (2011).
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