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WO T AREFEREE O Y — REBERLEIT R D0, 20 L) R8BI FRRISERRE AL TH D,
Z 2 TBUEEDLIL T DO, LiF (0.5nm) +Al(H Y — R) & W 5 A G HE T 1997 4£12 Kodak 73
HLIELDOTHD 3, {RETHD LiF ZMEICEELZD LICAIR Ag e EDOH Y — REB LKL
T5 &, LIFO—HA LI aa A RETLII, ZHUCE > TEFEBEER TR S LWV I BT ADBREIN
TW5, MEIOBEAOHME TR T et 2KEOD, FEMEICZ LW EOBBEA LT\, F
7=« ZOMEHID Y — FZ& FICEE T 5 Inverted Structure TIIRNEPN B L TCLE S, D=, K
HAIZENL T DD, ZOBTEABREZ 2L 25720, ZNETIES VY — F& EEICE 9 % Normal
Structure ZERH SN TN 5, FiUL, EH D) 2003-4 2% L2 IGZO-TFT 23y 7 7 L—r &
LRI EL 7 L e RGP CELE Lood D, Bk TFT i3/ OLED OBEEhIZfEbi TWV 51K
ARV U2 TFT &£ 5720 | n-channel TLMEELRWOT, OLED OZEMESCBOBEE XD

15



21X Inverted Structure 238245
Inverted

LD, ZOXS RN, ARy 2 Anode(+) 4 hiaEmagl
N “ Cathode(-
7GR LT= a-C12AT-e % 7% gnose [ e ol

a-C12A7:e

© LCilHi OLED A/EM L7 9, % soovei %$3%;
Too B Y= R BRREE TET 2ES

BT s 0l L Sa T 'L T 7 AR 10" —New 4
{8 0k ZSO 2% Ui 99, M & pTROS ;? |
BAT L ST b LiF+AL £ AV 2 mg”n@ﬂ@Q;W@ﬁm@
T S A L%, b LRERME :
DRMEEFEBTE D Z L Em LTz, (%
BV &S < BT ALFINC L E TR
I CH A S I BB RATRE &\ D D T = :
— 7 IR b OMBIE LT, T4 AT § .
LATRRF TR, WAWALREFT A 10°F | 4

AN E 2 Hivb, 0 ' 5 ' 10 25 30
Voltage (V)

ITO

T 2
Luminance (cd/m®)
r.!

g

a

o

o

5

6. BZ

BT I E TR E O
REEI A DN TELD, R CIIWE A
ELTORVIEND Z SO ENRH LN
2720 0o bh 5, FEHIFTIREROETMHIIT LY T A4 RERD] &0 KB AT TV 5,
Tl EEDEAD T 50 THET 21 FOME 21520 > T LEWRIEZRET 5 72 ORI
BEIL, 3800 F 4 46T 2 DO TRE SRR L, $ik e ok ok ic 2 L4 < 72
b, EBHCEROFT N U AMSEEEZFHNT S & 20X REEEEENET, BH TERKOFTHN R
AT MU O LRICIER T 2 ERmES TS, 39

BAALMOWER YL LT, T=FVELRTF v RAVFIHFET D 1R, BLOBEMICFET S
2 WotE~, = L TR EIZEOMEAIR L, FiEax AL, 2oL o
OV ISHERF LT, BT OBIEIE, FEREE SRR ME L TR W H D | 2 DEERED
KFOWIELE LR BIEAWVWEE L TWNWD, APJ TIIHE LTI A MEaEREE T4~
AN RREUETTOT =T Akt OLED (27 4+ — W A& Sby CffEEiTo7=, =L 7 L7
A ROWERFER DR VR L2 T, HLWVIGHEBROFRENE S X TE2obh 5,

9. a-C12AT:e(BFIEANE) & ZSOFEFHtE) & v
7D OLED 7 /31 A & LiF+Al & /- IEA
TN ADFECHEME 32,

C. A. Kraus, J. Am. Chem. Soc., 36, 864 (1914).

dJ. C. Thompson, Electrons in liquid ammonia. Oxford Univ. Press, Oxford, 1976.

J. L. Dye, Acc. Chem. Res. 43, 1564 (2009).

S. Matsuishi et al., Science, 301, 626 (2003).

K. Hayahsi, M. Hirano, S. Matsuishi, H. Hosono, J. Am. Chem. Soc. 124, 738 (2002).
K. Hayashi, S. Matsuishi, T. Kamiya, M. Hirano, H. Hosono, Nature, 419, 462 (2002).
S. W. Kim et al., Nano Letters, 7, 1138 (2007).

No o W

16



8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.

M. Miyakawa et al., J. Am. Chem. Soc., 129, 7270 (2007).

MBI, afFe, SHGEIHE BROMSR, ¥ 7 F v 27(2007)

P. Sushko, A. Shluger, K. Hayashi, M. Hirano, H. Hosono, Phys. Rev. Lett., 91, 126401 (2003)
Y. Toda et al., Adv. Mat., 19, 3564 (2007).

Y. Toda et al., ACS NANO in press.

Y. Toda, Y. Kubota, H. Hirayama, H. Hosono, ACS NANO, 5, 1907 (2011).

M. Kitano et al., Nat. Chem., 4, 934 (2012).

M.Kitano et al., Nat. Commun., 6, 6731 (2015).

S. Kanbara et al., J. Am. Chem. Soc., 137, 14517 (2015).

K. Lee, S-W. Kim, Y. Toda, S. Matsuishi, and H Hosono, Nature, 494, 336 (2013).

T. Inoshita, S. Jeong, N. Hamada, and H. Hosono, Phys. Rev. X,4, 031023 (2014).

X. Zhang et al., Chem. Mater., 26, 6638 (2016).

M. Kitano et al., Chem. Sci., 7, 4036 (2016).

J. Medvedeva and A. J. Freeman, Appl. Phys. Lett., (2004), A. Facchetti and T. Marks,
Transparent Electronics, 2010, Wiley.

P-V. Ong, L. E. Johnson, H. Hosono and P. V. Sushko, J. Mater. Chem. A, 5, 5550 (2017).
P. Wang et al., Nat. Chem., 9, 64 (2017).

Y. Lu, et al., J. Am. Chem. Soc. 138, 3970 (2016).

J. Wang et al., J. Am. Chem. Soc., 139, 15668 (2017).

J. Wu et al., Adv. Mater., 29, 1700924 (2017)

Y. Gong et al., Nature Catalysis, in press.

T-N. Ye et al., J. Amer. Chem. Soc., 139, 17089(2017).

S-W. Kim et al., Science, 333, 71 (2011).

L. E. Johnson, et al., Proc. Natl. Acad. Sci. USA, 113, 10007 (2016).

L. S. Hung, C. W. Tang, and M. G. Mason, Appl. Phys. Lett., 70, 152 (1997).

H. Hosono et al., Proc. Natl. Acad. Sci. USA, 114(2), 233 (2017).

N. Nakamura, J. Kim, and H. Hosono, Adv. Elect. Mat., in press.

Y. Ma et al. Nature, 458, 182 (2009)

17



DIXHBHB OF ¥ LY
~F YA N7 =T RGN OEZERIZET T~

RGEEST
(D1E® BHB B 4h)
E-mail: s.kiba@tsubame-bhb.co.jp

2017 44 H, M4t (DIZHBHBME) (3] ST OMIKHAIENIHEEEACCEL =L v J
A ROWERFLIGHERM] WHEREE - MBHHE, 7077 A=Yy —  BULER) O—&L
L CHETERZOMBER O ZTLETHIN—FICLVED SN TWKR - KEICL D7 v E
=7 B EFEBT D EEE A2 ELT A, RSN, &L [0 ) TR T RO AL
V=7 THOVTHTITHTHDHZ L%, # L TBHBIZIX [Beyond Haber-Bosch] &9, B D
100 EEiR > THHIRE LTT VB =T AFEOIEEFIETH 5/ —3— « Ry ¥ 2B T 20E &

[EHICEDEA] EWIHBNZIAD THITFEIR O 2P0 LT 2HEANA U AN—=IZ KD ms S,

UBHOI vy g F bRoT L s NI A FIZE D8 Z AV, 5RO N—— - Ry T2y LD
KE - R O/ O RGEEEIC L 5 7 e =T fiEFEA o RICE Y T FETh D, Bz g
(Fo YA NTUR=TAFE] EEQ, K1 OA A—VOBYUERDT =T EETIFRHIY A/
V7 4 WERIZE > THEThH o7, RE - Bk A M2 KIRICHKCX 2F 4 H/HEL WD, L
L ZOEBUTIFE L O/— RV BB 2T UER 570,
ORE:30i1: 0L VASE 1P

P SRRND) Lo kT MR TE 2o TR ey
VTR B B L7 8 B 20, 72T 1852 s
LUV TOTERR TS & D X 9 72268 2R PO oo i AN %
FThbHL R ERED, A8 Ry vk :
& HEEEAMI A B RILT vE=7Th REIZ-ENR R bty
S OB TR LB b 5, it
@ Y754 Fz—2D/N—FK)L

s LAt
IR - RIS & L TEIc R s b0 &
D, {HNDHT =T OHRITHIE TR < A %
el D%, WHEFETA ROBMIINULEATH D,

INETORTAT 47 ANEL 12D W&
BIhD) LVWOBRTOREZYA N IR AR TH D,
@ MmN —FKIL

IRBR—FREV, =L 7 FTA R FE, RI-FEORWELRSEME, V774 F=— 2 Ok
B, 2L TT =7 -ET 100 FREDLRNWAZ VX — RPFE, [/ X—=a 0T~
DMAFITIH Y | YHPERICHRETEH 2 001T 19 E£4T07%00 ) LHEHSNZHENEL, Zhic
B2 nidze 6720,

K1: AoV A NT BT EEOAL A=Y

PLE=2oD— L&z, LFHEEC (oA VT o= T A OMELEATLENR
Herh, 2B HOF ¥ LI ThbH,

18



BEFCERLRZEZREE T 5Iew

KD, BPIERE, MRS T, 7R, AMAETR. . ARG, AL ek,
BRILEER, MEF A GO LERF IR %) |
D. Fredrickson (University of Wisconsin), AHZ&E, MH—&, KAZFER (KEK)

e-mail: mizoguchi@mces.titech.ac.jp

e A A T S B A LA WIE. S A NOBRVIALNBARETHY . ELF 2T ——F
RV FULAZREMSR EOERAICFHIHEN TS, EQOBEBMEFORA MEFIZED RV, FTH,
Wl ETARNE LTRYALYE, $72bb, =L 7 b 74 FIIIXSBIZENTHY, ZHET CaN
72 EDBBA A VBERR O AR RESN TV D, RIINHDOT LY N T A KT, ZOZERYA
MI BAF R o THERTWD, FAE BT, APIIZHEWT, FEBDFT FHREZHHH LT, 2o
DZERZ AR Lz, BAIEERWE., MBIORBEZ1T0> T& 7z, ZORER, ) waf ey
REDHMAHEEZ AT IWERICBWT, 7o/ I =) X— (Bp) OB IRIERE ), F222H
TITZERY A MIFBINAZ L2 RWE LT, ZNoD=-7 2WE OMBERK)IG~DE 72 &b &
DTHET S,

B 11z, HHAREHA TS MgSi i), EAMNEREEYE Lab,(b)DEFHEREZRT, &8
THEZH S ET (n-dope MgSi DAL, Fx U T7ET) BHLOERAE (Mg8 & 5\ T, HS fEIC
HERTZYA N (1)) #HF L, AA METAREE T OSBENERSIL, =L 27 F 74 FEL TS,
BEZRER T DA A2 L 22 A N OBGERFE BEEH OB, NS AREREREFO =LY N T A’
BOBRFHIAEH TH D, LaH O, 2B+ b & LasSde, #E & OILAREAMEMEERIC LY, 226
~OEFBERAELTEY, AWEIX, KR T v T4 REE 2D, T, BBA A B D
TVL7 FT7A RIIAEIZENTH Y, BLBREZEN,

KFEOFRIZ, =7 b7 A FMEORG A~ S5 5R%Z 5 25, La ld@E T FCC #i&E 2 LY |
ZNR W NRZ 7 F v 71 L, LaH, =L 27 b T4 R~EB6d 5, EFBEEO/NSWIEESR
Thd Lald, ZORBMAICHKT 28D T, RO EMIINETH D2, H WK T 5
KREMEHEHIICL Y, REBOKE 2, KEMHT L7 N T4 R EIMEONTZ, Lrb, HisDo
R =2 LY, Bpliffza 5 LTz Lasd uEix, (=xA¥—mic) ML EFon, =17k
T4 FBEOIEHEITE B ET 5, 226
YA NOEFETIE, SHRDLHENREIF .
v ZICEBATAETH Y | LaHow ZTER L 5 00—
%5, 2T, Fald, BONT LnHu R Gi%sf ]
(Ln:As LXEA A ) & B G HERREEAS ’
HERCTHLT vE=T O ~HH LT,
Ru2wt%tH#F LaHy« 3 A % VT, 340°C T,

Mgp- VHEER Lad- VHE%ER

% U= " ER p —@\

) 3.4mmol/glh DT F =T OHERL A it V 9 Mg

L, (a) (b)

[1]1J. L. Dye, Acc. Chem. Res. 42, 1564 (2009). &1. (a) Mg,Si¥ ik, RU(b) LaH,DESEENEFHE.
[2] K. Lee et al, Nature 494, 336 (2013). RAO9<T 57012, LaH, Tl cel DFRDZEREH A+ (V) D

BEFEEDHERTRL=,

19
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I. Introduction

JERI N RliIN=h AR DEF N RTHY ., NI DT T 774 MTBWTEDIFEN
O TS S, BEERLAY(GICs)S BN %2 G ieJl#im =0 AWEICB W THHER I TV D
[1], BRINY Rig =0 21O "R IGHRFESICHLEDL LT, L AICRE 20 Rya A L, %
7o, BIEIEBICHE R RS 2 R-T 2 e b2 OB FERICERBNEE > TWD[2], BRIV RO
B E LTIIA v Z— DL — L7 Li ° C SOMENRFRZINTWVAN, MHOETILTH /3L
I DTT7 74 M5 AL EOEMEREEZ AT HWEKCs FHITHB N TEBEANY RAFEET 5 2 & &6t
T2 Z L BNHEETH - 72[2,3]

I1. Results and discussion
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AFETREINTE DN, RIS ETHELNT
Wi, Fxld, FoREFEEHCT, BWETH D
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s EB 2 WK X BB T Lo TE LR R - 120068V =
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A Tl M2, AeAlSi OEEZWE T 5 LaCuSi 237 Binding energy (eV)
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(EEENC B LEIRZ LD, AHEEL (FREFE X A 4 — K, OLED)H DM « B 1EAMEE LTS
. BIHZREHENSOND Z ENG0 o723, LU 5, C12AT:e #EEO/ERIZIZ900°C LL_E D sk
WFREATIR ST, fdREGDH ZENNETH Y | BHFIIHN T AER EITER—INDT 4 AT LA 331
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Figure 2. HOMO-LUMO separation by multiple resonance effect
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Development of fundamentally new catalysts and catalytic processes necessitates detailed understanding of
atomic scale phenomena that underpin chemical transformations. Critical to this development are the discovery
and utilization of novel chemically active species and electronic and structural motifs that facilitate selective
reaction pathways, and understanding the relationships between their properties and preparation and processing
conditions.

The ability of electronic defects at surfaces of metal oxides to promote chemical reactions has long been
recognized. These studies entered a qualitatively new phase with the advance of electrides — materials in which
electrons behave as anions — where high concentrations of localized electrons can be realized. For example,
thermally stable inorganic electride [Cai2Al11403]*" - (2¢7) (C12A7:¢7) contains ~10%! cm™ electronic anions
that form a narrow band with work function of only 2.4 eV, which ensures that C12A7:e™ readily reacts with
molecular species adsorbed at its surface. For example, CO, adsorbed on C12A7:¢- decomposes at room
temperature [1], and C12A7:e” donates electrons to metal clusters adsorbed at the surface, thus increasing their
catalytic activity, as demonstrated by efficient low-pressure synthesis of NH3 on Ru/C12A7:¢™ [2]. To investigate
the relationship between the atomic-scale details of the C12A7:e” surfaces and the corresponding catalytic
activity we use ab initio simulations. The results of these calculations suggest that while the details of the local
atomic structure and the density of the electron anions in the near-surface region depend on the surface
orientation and termination, metal atoms adsorbed at these surfaces adopt nearly identical electronic
configurations. In turn, this suggests that in the absence of contamination all surfaces exhibit comparable
catalytic activity determined primarily by the low binding energy of the electron anions.

While low work function materials are beneficial for their high catalytic activity, interactions with unwanted
species during transportation and storage can irreversibly suppress this property. It is therefore essential to
develop catalytic supports that can be easily switched between inactive and active states. Our ab initio
simulations suggest that surfaces of CaH, can give rise to a high concentration of electron anions by releasing
hydrogen and forming electron-rich centers (¢7)Ca?*(e") at temperatures of 600-800 K [3]. As a result, the surface
work function lowers to ~2.7 eV (from ~5.2 eV for pristine surface) and can activate Ru/CaH catalysis in the
same way as Ru/C12A7:e".

Finally, we consider how binding of metal catalysts to the supporting surfaces can be affected by the
deposition conditions. Using ab initio simulations, we find that atom-by-atom Ru deposition on Ca(NH) leads
to Ru incorporating into the top atomic plane by forming Ru-N bonds or by breaking the anion N-H bond and
forming Ru-H bonds instead. Small Ru clusters bind by forming Ru-N bonds and adsorb substrate hydrogen,
which weakens Ru-Ru bonds and allows for the cluster deformation to make it commensurate with the substrate.
In contrast, large Ru particles with well-defined surfaces retain their structure and form stretched interfacial Ru-
N bonds which determine adhesion of the particles to the surface. These results suggest that (i) the character of
Ru/substrate bonding that the shape of the clusters can be controlled by controlling the deposition condition and
(i1) there is non-negligible hydrogen transfer from Ca(NH>), to adsorbed Ru which can give rise to additional
reaction pathways to ammonia synthesis.
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[1] H. Hosono, J. Kim, Y. Toda, T. Kamiya, and S. Watanabe.

"Transparent amorphous oxide semiconductors for organic electronics: Application to inverted OLEDs",

Proceedings of the National Academy of Sciences (2016): 201617186.
[2]J. Kim, S. Watanabe, E. Maztsuzaki, N. Nakamura, N. Miyakawa, Y. Toda, T. Kamiya and H. Hosono.

“Highly Efficient Inverted OLEDs using a New Transparent Amorphous Oxide Semiconductor”

SID Symposium Digest of Technical Papers 46 (2015) 1714.
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Stable electride and nano-alloy as selectivity regulators for hydrogenation
reactions of unsaturated aldehydes

Tian-Nan Ye,""” Jiang Li, "’ Masaaki Kitano, "’ Masato Sasase, "’ and Hideo Hosono!!?

(1) Materials Research Center for Element Strategy, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-
ku, Yokohama 226-8503, Japan.
(2) ACCEL, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan.
E-mail: ytn2015@mces.titech.ac.jp

Controlling the electronic structure of heterogeneous metal catalysts is considered an efficient method to
optimize catalytic activity. Here, we introduce a new electronic effect induced by the synergy of a stable electride
and bimetallic nanoparticles for a chemoselective reduction reaction. The electride [Caz4AlsOg4a]*"(e7)s, With
extremely low work function [1], promotes the superior activity and selectivity of a Ru—Fe nano-alloy for the
conversion of a,b-unsaturated aldehydes to unsaturated alcohols in a solvent-free system [2]. The catalyst is easily
separable from the product solution and reusable without notable deactivation. Mechanistic studies demonstrate that
electron injection from the electride to the Ru—Fe bimetallic nanoparticles promotes H, dissociation on the highly
charged active metal and preferential adsorption of C=0 bonds over C=Cs bond of the unsaturated aldehydes, to

obtain the thermodynamically unfavorable but industrially important product.

Table I Catalytic performance for the chemoselective Abs
hydrogenation of cinnamaldehyde.” ]:0 ]
Entry Catalyst Conv.  Sel.
%) (%) 12050 -
1 Ru/C12A7:¢" 329 822 TRu-FelC12A70
2 Fe/C12A7:e” - -
3 Ru/C12A7:e + Fe/C12A7:e” 48.8  89.9 52030 RUIC12AT 0
4 Ru-Fe/C12A7:e” 962  96.7
5 Ru/C12A7:0> 28.1 526 12020
6 Ru-Fe/C12A7:0> 91.9 723
7 Ru-Fe/AlLO; 843 743 i Ru-Fe/C12AT:e
8 CI2AT:e” 2200 2100 2000 1900 1800
9 Blank - - Wavenumber (cm™)
@ Typical conditions: 1 mL substrate, 100 mg catalyst (1wt% ) .
Ru, 1wt% Fe), Hy (2.0 MPa), 130 °C, 12 h, N, = 2.2x10%! Fig. 1 DRIFTS spectra for adsorption

cm™. b 2wt% Ru. ¢ 2wt% Fe. of CO.

[1] S. Matsuishi, Y. Toda, M. Miyakawa, K. Hayashi, T. Kamiya, M. Hirano, I. Tanaka and H. Hosono, Science 301
(2003), p.626.
[2] T. N. Ye, J. Li, M. Kitano, M. Sasase and H. Hosono, Chem. Sci. 7 (2016), p.5969.
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Electride Concept in RTX Intermetallic Compounds and Their Application to
Catalytic Ammonia Synthesis

(Materials Research Center for Element Strategy, Tokyo Institute of Technology, Japan)
Jiazhen Wu*, Yutong Gong, Takeshi Inoshita, Daniel C. Fredrickson,
Junjie Wang, Yangfan Lu, Masaaki Kitano, Hideo Hosono

E-mail: wujzphystu@gmail.com

INTRODUCTION

An electride is a compound in which electrons serve as anions. Due to the weakly bound nature of the anionic
electrons, electrides exhibit a variety of interesting properties, such as low work function, which enables electrides
to donate electron easily to materials with high work functions. Therefore, recently, these materials have been
successfully employed as promotors to catalysts for ammonia synthesis [1]. Importantly, the reaction bottleneck
was shifted from the sluggish N> dissociation to NHy formation, providing a route to synthesize ammonia efficiently
under a milder condition than the harsh condition of the industrial Haber-Bosch process. However only few
electrides have been discovered so far and most of them are chemically unstable in the presence of air and water, so
the exploration of new electrides and the concept of electride are urgent issues for both chemical interests and

catalytic applications in the chemical society.

RESULTS AND DISCUSSION

Herein, in the present presentation, we show that LaScSi, a member of the intermetallic RTX family (R = rare
earth, T = transition metal, X = p-block element), is a new electride candidate and shows robust chemical stability
in the presence of air and water [2]. It contains multiple types of symmetry-distinct interstitial voids accommodating
electrons with different energies, a new phenomenon, we refer to as tiered electron anions. When loaded with Ru,
it shows outstanding activity for ammonia synthesis under mild conditions (0.MPa, 400°C), as indicated by its

turnover frequency (TOF) of ~0.1 5™

, one or two orders of magnitude higher than those of oxide-based Ru catalysts.
As with other electrides, LaScSi’s ability to reversibly store hydrogen prevents the hydrogen poisoning of Ru
surfaces. The better performance of LaScSi, however, hints at the importance of the high concentration and tiered
nature of its anionic electrons. In addition, we also show that the electride concept might be applied to other RTX
compounds, which contain late transition metals (eg. Mn, Fe, Co), these materials show catalytic activity for

ammonia synthesis without loading expensive Ru [3].

Reference

[1] M. Kitano, Y. Inoue, Y. Yamazaki, F. Hayashi, S. Kanbara, S. Matsuishi, T. Yokoyama, S-W. Kim, M. Hara,
H. Hosono, Nature Chemistry, 4 (2012), p. 934.

[2]J. Wu, Y. Gong, T. Inoshita, D. C. Fredrickson, J. Wang, Y. Lu, M. Kitano, H. Hosono, Adv. Mater. 29
(2017), 1700924.

[3] Y. Gong, J. Wu, M. Kitano, J. Wang, T-N. Ye, J. Li, Y. Kobayashi, K. Kishida, H. Abe, Y. Niwa, H. Yang, T.
Tada, H. Hosono, Nature catalysis, Accepted.
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The rate-determining step (RDS) of catalytic ammonia synthesis has been acknowledged of N>
dissociation step due to the large bonding energy of N> (945 kJ/mol). Recently, our research group reported
that Ru catalysts supported by electrides, such as [Ca4Als064]*"(e7)4 (C12A7:¢7) and CaN:e” exhibit much
higher activities than conventional Ru catalysts. Since these electrides have a unique ability to donate
anionic electrons confided within them due to their low intrinsic work function, it was suggested that
electrons released from the electrides could effectively promote N> dissociation on the Ru surface. In this
work, kinetic analysis was conducted to examine the RDS of ammonia synthesis over electride- and non-
electride-supported Ru catalysts [1].

Each RDS for ammonia synthesis over Ru catalysts supported on electrides (C12A7:e”, Ca;N:e")
and non-electrides (C12A7:0%, Ca0O-Al,O3;, MgO, CaNH) was examined by fitting the model rate
equations to a set of experimental reaction rates to determine which equations best described the data. The
model equations were expressed by the Langmuir-Hinshelwood mechanism, and it was assumed that the
catalytic ammonia synthesis reaction can be divided into 8 elementary steps and that any steps of N>
dissociation adsorption and NHy formation controls the overall rate of reaction due to the large E, barrier.

Table 1 summarizes the R? values obtained by fitting each model equation to a set of experimental
data over various Ru catalysts. As the results, the model rates derived from the RDS assumptions of NHyx
formation give better fits to the experimental rates than that for N> dissociation adsorption for Ru/C12A7:e
and Ru/Ca;N:e’, whereas, for the non-electride-supported catalysts, the best fits to the model rates were
derived from the conventional RDS of N, dissociation adsorption. These results kinetically revealed that
the RDS for ammonia synthesis over Ru catalysts supported by electrides is not the N dissociation step but

subsequent surface reactions of N and H adatoms.

Table 1 R? values obtained from best-fit results

Coefficient of determination, R? [-]
Sample
N, dis ads NH formation | NH, formation | NH; formation

RWCI12A7:¢” 0.514 0.873 0.977 0.981
Ru/C12A7:0% 0.967 0.796 0.752 0.797
Rw/Ca0-AlO; 0.986 0.818 0.808 0.807
Ru/MgO 0,989 0.846 0.765 0.812
Ru-Cs/MgO 0.994 0.850 0.850 0.844
Ru/Ca;N:e” 0.548 0.886 0.955 0.954
Ru/CaNH 0.838 0.593 0.596 0.569

[1] Y. Kobayashi et al., Catalysis Science & Technology, 7, (2017), p. 47.
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[1] L. Inoue, M. Kitano, K. Kishida, H. Abe, Y. Niwa, M. Sasase,
Y. Fujita, H. Ishikawa, T. Yokoyama, M. Hara, H. Hosono, ACS
Catal., 6 (11) (2016), p. 7577.
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A Chlorine-tolerant Ruthenium Catalyst Derived from Unique Anion-exchange
Properties of 12Ca0-7A1:03; for Ammonia Synthesis

(Materials Research Center for Element Strategy, Tokyo Institute of Technology, Japan) “Jiang Li, Masaaki
Kitano,Tian-Nan Ye, Masato Sasase, and Hideo Hosono
(ACCEL, Japan Science and Technology Agency, Japan)Toshiharu Yokoyama

e-mail: hosono@msl.titech.ac.jp

INTRODUCTION

Ammonia synthesis is one of the most important processes in the chemical industry. Ruthenium based catalysts
which function under milder conditions than conventional iron-based catalysts (Haber-Bosch process) are attractive
and have been widely investigated in the last three decades [1,2]. RuCl; is the least expensive, in addition to being
stable and commercially available Ru precursor among various Ru precursors. However, small amounts of chlorine
contaminations work as strong inhibitors of Ru catalysts for ammonia synthesis because of its electron-withdrawing
property [3,4]. The development of highly efficient support materials that can avoid chlorine poisoning is important

for both fundamental science and the industrial application of RuCls.

RESULTS

We demonstrate that 12Ca0-7A10; (C12A7) with subnanometer-sized cages prevents the poisoning of Ru
catalyst by chlorine ions in ammonia synthesis. The catalytic activity of Ru/HT-C12A7 is not influenced by chlorine
ions even the amount of chlorine in Ru/HT-C12A7 is up to 2wt%. In contrast, conventional supported Ru catalysts
with 0.2wt% residue chlorine exhibit much lower activity than chlorine-free catalysts. The chlorine resistance of
Ru/HT-C12A7 is attributed to the unique anion-exchange properties of C12A7; i.e., the chlorine ions are
preferentially trapped in the positively charged sub-nanometer-sized cages of C12A7 instead of OH™ ions under

ammonia synthesis conditions.

References

[1] K. Aika, H. Hori and A. Ozaki, J. Catal., 27 (1972), p. 424.

[2] M. Kitano, Y. Inoue, Y. Yamazaki, F. Hayashi, S. Kanbara, S. Matsuishi, T. Yokoyama, S. W. Kim, M. Hara and H.
Hosono, Nat. Chem., 4 (2012), p. 934.

[3] S. Murata and K. Aika, Appl. Catal. A, 82 (1992), p. 1.

[4] S. F. Yin, B. Q. Xu, X. P. Zhou and C. T. Au, Appl. Catal. A, 277 (2004), p. 1.

Fig. 1 Schemetic diagram for the plausible formation of Ru(CI)/HT-C12A7 catalyst and the ammonia formation process
over the Ru catalyst.
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