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Table 1  Experimental details of the data used for Fig.1 and 2.
Py 0.7538 A
Temperature RT
Chemical formula Y Mn,O,
Spacegroup Pbam
Number of reflections all / independent

allowed 1080 /305
a-glide extinc. 68 /28
b-glide extinc. 79 /24
Completeness 1.0
Measured space 4 octants
(-, A+, -+, )
Redundancy 3.45
20,0x 50.5°
Npa:ameters 45
Refinement Software JANA2006
1N:"W"1'”V'?"! T
I llowed = Pl
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o i i s > &
5 ]
¢ 10" | .
g ]
8 43
5 107 ¢ ;
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o 105 F E
5 8
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Difference of LP-corrected intensities between multiple-
diffraction (MD) avoided measurement and no MD avoided
one for YMn,Oj single crystal.
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Figure 2 Residual electron density maps of YMn,O; for (a) MD-
avoided measurement and (b) no MD-avoided one. Isosurfaces
in yellow is +0.3 eA™ and in sky blue is -0.3 eA~. Atoms are
shown as 90% probability density surface and Mn-O bonds
are illustrated as sticks. Highest peaks are +0.35 eA™ for (a)
and +0.70 eA~ for (b), and deepest holes are -0.42 eA™ for (a)
and -0.56 eA™ for (b).
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(b)

Figure 3 Residual electron density maps of (a) KNiF; and (b) Si. The
both maps are calculated after a refinement using neutral and
spherical atomic model. The central atom in (a) is Ni and Ni-F
bonds are shown as sticks. For (b), Si-Si bonds are illustrated
as sticks. Isosurfaces are +0.4 eA~ (yellow) and -0.4 eA”
(sky blue) for (a) and +0.1 eA~ (yellow) for (b). Negative
isosurfaces are omitted in (b).
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Figure 4 Electron density distribution of orbitally ordered Ti-3d" in
YTiO; calculated from the experimentally determined orbital
wavefunction. Isosurfaces are +1.0 eA™ (red), +0.6 eA™
(yellow), and +0.2 eA~ (sky blue).
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Abstract

BSOS MG R T IBFEEYOBA DT, BAIIIEBURTE Cs ZI0E LT BILRERICH LT VA VIEZERML
TIREMBLHEZ TV, HEkE D E 300°C 1 EEKV 650 ~ 700°C T 100% D Cs BRZE: & @i (augite) NOFHZEHE T
5T EERVELRE, TNSDORRICHEDIWTEY Y LT =Mtk e WS Fifc mbRRiE 28R 9 % &I, PF TOMK
HESER T 5 S 7z o T2 RS HIHTBERLC 513 % Cl DL #FESIREBIC DOV THE T %,
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HEINTVS 2] KiL8EY & Cs & DHHEEHIC DOV T BRI ZHAHT A e ZARL TV, TTTART
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21C/RT K DI 780°C fHTIC B Y — 7 WM E Nz, T
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Figure 1 TG (black) and DTG (red) curves of a Cs-sorbed WB. Top

and bottom panels correspond to the results obtained in air
and under low-pressure conditions, respectively.
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TDS spectra of '**Cs of the Cs-sorbed WB. Blue and red
curves correspond to the results without and with NaCl-CaCl,
mixed salt, respectively.

Figure 2
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Cs/Si molar ratio of the Cs-sorbed WB after heating
treatments from 400 to 700°C and rinsing with water. White
and blue bars correspond to the results for the heating
treatments without and with the mixed salt, respectively.
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Figure 4 XRD patterns of the Cs-sorbed WB after the heating
treatments and rinsing with water. Right and left panels show
the results for the heating treatments without and with the
mixed salt, respectively.
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STESIEDEZVWENDERDZ I ENDMoT, T C
TRUETTEMINCE Al Mg, Fe, Ti & E1E & A EHKE
MERLEBEVILREEENSH XRD & XRF OFEHRIE &
B 5 &I - 700°C AR IIEIC & DR -8R 2 < Bk
B A RSN LIz E 2 R LTV 5,

INEAVILERIC & © 25k L7z XRD /8% — V3B O E
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Figure S Composition changes of the Cs-sorbed WB caused by the
heating treatments with the mixed salt. From top to bottom,
panels show results of K/Si, Na/Si, Ca/Si, and Cl/Si molar
ratio, respectively.
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Figure 6 (a) TEM image of a microcrystal formed after the heating
treatment with the mixed salt at 700°C under low-pressure
condition. (b) X-ray fluorescence spectrum of the microcrystal
measured by TEM-EDS. (c) Selected area electron diffraction
pattern of the microcrystal. (d) Simulated diffraction pattern
of augite in terms of [101] plane.
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Figure 7 Left shows schematic crystal structure of augite in terms of
[001] plane, and right shows Pauling ionic radii of various
cations.

Untreated NaCl-CaCl, NaCl-CaCl, Salt free Salt free
Soil 13 Pa atmosphere atmosphere 13 Pa
700°C 700°C 700°C 700°C

Figure 8 Color difference of contaminated soil before and after heating
treatments at 700°C. The left sample shows untreated soil.
The second and third from the left show samples heated
with the mixed salt under low-pressure condition and in air,
respectively. The fourth and fifth show samples heated without
the mixed salt in air and under low-pressure condition,
respectively.
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Figure 9 Result of differential thermal analysis of the Cs-sorbed WB
with the mixed salt. Red and blue curves show the results
obtained in air and under low-pressure condition, respectively.
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Figure 10 Left shows Cl K-edge NEXAFS spectra of the Cs-sorbed WB
after the heating treatments with the mixed salt. Treatment
temperature is shown as graph legend. Right shows Cl
K-edge NEXAFS spectra of three chlorine oxoacids.
Molecular formulas of the standard samples are shown as
graph legend.
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Figure 11 Polarization dependence of Cl K-edge NEXAFS spectra

of artificially synthesized phlogopite single crystal (10x10
mm) after heating treatment with CaCl, at 650°C under low-
pressure condition. Incidence angles @ of X-ray, defined as
the angle between surface normal and polarization vector of
the X-ray, are shown as graph legend.
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Ammonia Synthesis by Self-Organized Flat Ru Nanoparticles on Calcium Amide
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Abstract

AV LT 2R (Ca(NH,),) HF Ru filili (Ru/Ca(NH,),) ZF#HE L, NH; SISV Z & T A 300°C OIKIRFEEKICE
WTERIFER NH, ZEKT 52 2R Uz, RIGED Ru/Ca(NH,), D TEM (Transmission Electron Microscope/ 8%
EFHMED B 51 1-3 nm BBEOFEIZWOHIRD Ru F /R FOBERE N, KIMEOME % XAFS (X-ray Absorption Fine
Structure/ X FRTRUNHIAEE) IS X DT L7z & T A Ru-NICHKRT % 7 FIIVDVEIIE Nz, THid Ru & Ca(NH,), & D

ITHEOVHEFAMFELTWA T 2R L THD, O Ru-NMEDIFIEDN RuDEHILE 7Ty M EIRDIERK

WKRELFELTWELEEZBNS,

1. IFLCsIC

NH, (3R 7% EDLAARI D R & 75 % 7200 Cx < Bk
HRETHERE LTHEEOEMEFEEFOERICE R T &
DTERVEB(CEYETH S, Tz, B TIIIKEF
YUTELTEHHEEDBIYELZ->TETWVS, A
DL & BT NH, OEFERITELENEAICH D, B
TEICBWVTE NH, 5 ORIV E B I BB EZ LA
5 L CREEEBICE S, i£> T NH, 2% E < REAE
TR LIFSBBERERFELIZ->TL %,

NH, ARG (N, + 3H, = 2NH, AH 05 = —92.4 kI mol™) 1
PG TH O, BITPEICIER - SELMFTIS C
MNH, ZEREEZITE K0T L, i NH; 4K
FOSHREBIETH D, NHy HVEKT % T & TRIEOAH
BDdT 272D TH5, LHL NH, DERBSEZAKZL
T %728, @EE I 500-600°C, 15-40 MPa D ik « S
HFRTHHDNTWVS [1]o NH, &R TT > M&, KARHA
DIGRANE N HIKERSZDDOEIES v LEfEE
THED, TOKEES AV EDFENEEEIBT % 5 MPa
TRETE < BN MENRD SN TN S 2]

SEATIHZED 5 N, OFRBER S EHE & & % 5 FRIEER]
ELTTIIVAY BRBAEEYIZTINT 2 Ru RN LLELHY
IRAN7R 56 C NH, 2T E B 5 e LTSS N
T35 [3le A DTIN—TTld T OBETFHHLESRNICED
MR LTCEAEY (L7 F5 4 R) MRIcEBE L,
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T IUC Ru Z4HFF U7z Ru/C12A7:¢ ! 59 Ru/Ca,N:e 2 fiftit/®
METHENZEE 2RI A THZ L ERBLTE
[4l LAL, TNhHZL 7 bT4 RERAOWZMEED R
AL 1-3 m’ g /NS L, HATER YT O OffiETE I
PERDMEEIC LERE N E WS RS2 H L TWiz, 2T T,
CNETOMRZRICN, » T \OEBTHE58ELTZHAL, H
DRuNDN, DREZHET Z/KEHEZ LI TS
HRZERGE Uiz 2 A, VYT L7 2R (Ca(NH,),)
Z4ER & U T U7z Ru fltfiE Ay 300°C DUT OARIE A T
PEHRD Ru FfilE o 10 £5LL EOIEEZ /R I EN il T
HBHTERREHUK([5] (Fig. Do #Ht5 SN TS [E{Afil
D W CARMRE OTE I A R & LV OTERIC R 5, A
R Tld, Ru/Ca(NH,), il NH, & ki%ME & XAFS IC K %
WG OFRERZ AN T 5,

Figure 1 Schematic illustration of ammonia synthesis over Ru/
Ca(NH,),.
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2. =R

Ca(NH,), I Ca 42 J@ % —50°C O NH, i Z B L, 7
D% 100°C ITINEAT % T & TEK L T2. Ru ld Ruy(CO),,
ZIFERIE LT CVDIEIC X D Ca(NH,), NEFF & 872, NH,
B B G B E R UK IS FR I T 200-340°C, HyN, = 3,
60 mL min™', 0.1-0.9 MPa D&M Ti7o 7z, XAFS JlEH D
Y TIVEFTERD BN & K% D Ru/Ca(NH,), filtif 2 Ar
Jua—TRy 7 ANTRG L, B - BEAQEZITS C
THREL L 7z JIE I & T 3V F—NEIRT 7R NW10A
I Tiro Tz,

3. Ca(NH,), 18%F Ru il NH, S REHE

Fig. 2a IZ Ca(NH,), & Ru/Ca(NH,), D NH, 7 i 1% P LE#ig
DX %RT . Ca(NH,), DI DI FEHSE RIS FIAIC NH, 7 8
HL7ZEDD, 20 BETHKIEL TV BHEFADNS, T
N3, ARISFHICHBNT,

Ca(NH,), = CaNH + NH, (1)
CORIHDET 5Tz TH B [6]e LB ARISEA R
T Ca(NH,), " SRAELNH, Z2ER NS )DL ED
B DM TH o720 — 77 T Rw/Ca(NH,), 1&, [ JnRERE
M20h &> THEEDETRBRDHENT, kL LT
W7z Ca(NH,), ' B0 U THAET % NH, =7z Kigic b
mlofzC &, "N, Z@ERFEE UTHWIEZERER (5 &h
5 Ru/Ca(NH,), (& EAflEE & UCTHAREST S 2 &b b o
Teo EHITHNZALITHT 2 SO Z L ZdiNTz & T
A, Ru/Ca(NH,), X3RN ODTJIHENMC £ NH, A2 BOR & A
BiNU7z, TDT &M SHEKD Ru RO R TH 7K
FHHERKBICEEL TWEETHE T Ebh ok
(Fig. 2b),

Table 1 I IEAMIE D 300°C, 0.8 MPa IZ 1) % NH, 5K,
B K U ISR OMEIOSEF ¥ 5 7 2 P— 3
VDREREF LTz, Ru/Ca(NH,), DH M DIEMELT
JVF— IR DMK D N FEETH D, Ru/CI2AT:e &1
FEFREOMHEZRL TS, FRIGRESRMICE T S N,

30 Ru/Ca(NH,)
Ru/Ca(NH,),

8.0
20
6.0
4.0 10 O/O\o——olwgo

Ca(NH,),

NHj; synthesis rate (mmol g~ h~1)
NH; synthesis rate (mmol g=' h")
o

5
0

00 02 04 06 08 1.0 12
Pressure (MPa)

0 10 20 30 40 50
Time on stream (h)

Figure 2 (a) Time course of ammonia synthesis over Ca(NH,), and
8 wt% Ru/Ca(NH,), at 340°C and 0.1 MPa. (b) Ammonia
synthesis rate at 340°C over 10 wt% Ru/Ca(NH,), and 10 wt%
Ru—Cs/MgO as a function of reaction pressure.

FINARSZIRS G (PN, + N, = 2°N"N) % Ru/Ca(NH,), I3
LT Lz 2 A, b R VF—DfElE 75 kI mol ™!
ZRU[5]e UEDFERN S, KISH O Ca(NH,), I Ru
FICWREE U7z N, 73 e it U C R s 72 it 5 % 3 it
HEND B EHMHLNE o T,

F7z, Ru/Ca(NH,), DR AT —2 & LT, TEM {%&
COBZEMAETIED S RS 5N % Ru S BUZEDEA 2 D
DWEFHETRKEL RSB L TH%, STEM (Scanning
TEM/ EE RS M E FHEMEE) BRI KD 10 wi%Rw/
Ca(NH,), ® Ru DRiEY A X1 d=2.1¢1.1 nm & AFEE 5
N, RuPEZEIC CalNH), NEHEFENTWVWB T 2D
Dhofee UL, COLZEWEDHRIE TIE Ru/Ca(NHy),
D RuBLTFNDWENIEA LR BN EWS ERES
2o TNEDFERMN S Ca(NH,), LD Rubi ik, ZDFE
HETHHBRHLTEST, —HD RuRHY A FTNH; &
RS EITL TS EEZ 5N, FEEIC STEM-EDX
(Energy Dispersive X-ray spectroscopy/ I )L F—43 B X
B OMETIE, Ca(NH,), H12E0D Ca—N A Ru ki
FORDICERENTED [5], RuldiEfkic k> T4
BbHbN T3 ETHEINZ, TDXD KHSRIE SMSI R
(Strong Metal-Support Interaction) % & Dfjlili & JFLL L T

Table 1 Catalytic performance of various Ru catalysts®.

NH; syn. rate

D
Catalyst Ru content (wt%) Sper (M* g7) %) d’ (nm) TOF (s (mmol g h") E (kJ mol™)
61" 0.0074"
Ru/Ca(NH,), 10 50-60 2.1+ 1.1 15.8 59
2.7° 0.17°
Ru/C12A7:¢ 1.2 1-2 3.2¢ 41 0.025¢ 0.34 51
Ru-Cs/MgO 25" 0.0015"
10 20-30 52+£22 1.28 113
(Ru/Cs=1) 24° 0.0015°

“Reaction conditions: catalyst weight 0.1 g, flow rate 60 mL min~' (H,/N, = 3), pressure 0.8 MPa, temperature 300°C. “The mean size

of Ru particles (d), the Ru particle dispersion (D), and TOF were estimated by averaging the particle size distribution measured using

STEM. ‘These values were evaluated using active site numbers determined by the CO pulse chemisorption method (Ru/CO = 1.0).

‘Apparent activation energies (E,) are derived from Arrhenius plots in the given temperature range using a total flow of 60 mL min™'

(H/N, = 3).
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% [7le Z T T, Ru/Ca(NH,), filtlic 3515 % Ru D &7 #k
3 Ru &HE L DEWHE AR OFAEICER T 5 O Tldk
WhEEZ, RuDFATHEEZI S MICT % 728 Ru-K i
D XAFS fIEZ1T - 72,

4. NH; RF5#D Ru/Ca(NH,), ® XAFS jIE =ER

Ru DHFFE & Z (L X 8 72 Ru/Ca(NH,), Dl 5 bt D
Ru-K i EXAFS (Extended X-ray Absorption Fine Structure/
JEAE X AR AR S ) 7 — ) A BN & Fig. 3a 1R
o WINDIEHT BV TS 2.3 A hiTic ¥— 7 HEN
TN, TOY—JIF RuRuESICHNRKTZV T FIVTH
lREE NI, LETADI, 2 wt% D Ru ZHHFFL 725
Bhcid, 13 AfhRict =2 EllcNhTVw3, TD
¥'— 713 RuO, D Ru-0 FEADE—F (il L WNiEICTF
3 %5, 18X T2 wt%Ruw/Ca(NH,), © XANES (X-ray
Absorption Near-Edge Structure/X Hp i3 G5 1E) A X
7 P IViE RuO, D ARYT ML IE—HE T, RudEO
INEIC — 3T B AR E 1S (510 UL EOMREZEEL, &
—7‘7 4T 4 V7% 2 wit%Ru/Ca(NH,), I L TiT- 7z

FERD Fig. 3b 175 %, 1.3 AHED Y —2 13 Ru-N F5EH

(b)
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Figure 3 (a) FTs of the k*-weighted EXAFS oscillations for various
amounts of Ru-loaded Ca(NH,), after ammonia synthesis.
(note these spectra are not corrected for phase shift) (b) FT of
the 2 wt%Ru/Ca(NH,), (filled circle) and fitting curve for Ru-
N, Ru-Ru and Ru-O interactions. The EXAFS data show the
Ru catalyst is strongly bonded to the N atoms of the support.
A Ru-O path was not yielded by the fitting result.

(b).
10 wt% RuICa(NHz)z after

\

I
1
1
I
1
1
1
1
~

5D FIVEREEN (R factor = 0.04057), Ru-O Fi&
WKBENE T v T 0 YV ITRREIESN G > Tz, I
- T NH, & k%D Ru/Ca(NH,), IZ & Ru & EAD N JHi+ &
DENC Ru-NFEEDIFEDRBE Nz, T DREDIFEIC
&9, RukiFhes < H1AD Ca(NH,), EHELEH LTz728
RuNEZBEICHfFENizeDEEZ SN,

5. NH; 8B RIGAI#%£D Ru/Ca(NH,), ® STEM &

NH, &SGR D Ca(NH,), IZiBiF & Nz Ru bi 7%
FEMSHIC CEHEES U MR, Fig 4 ICE & DT, Kb
IO Ru IR YA RZKANTH N TEENEEED
BUC Ca(NH,), ICHHEFENTWVWB T ebhot, — /T,
NH; & GED Ru (&, FHIREY A X 2.0 nm D75
M RuKBIFIKELTWA T ERRTHENS, N, fiRBER
JoAEHET BIEMEY A M & Ru LR D step VA FTHB &
WbNTHED, ZOMRAL RS RubifEY A X 2.0-
250m & DWMEND % [8]le £z, DFTFIHEZE L IC Ru
KW 7 Zw MRBIRZEKT 2 T & TEED step T A
FEERIROR 7LD B REL XD LDOHE 9 DD S
TEMND, ARMEED Ruld, NH, &BIGICHE L2 Thifk
YA & TERE] ICKEL TS VR %,

Fig. 4b ® STEM §h 5%, FHITH 2 ADE R L
AT LT RuBL T ORG FEDER D FHBIEI N, C
DX 2 DDOYBER O TMNEZ > THEEIN 255
i, EEESRREOTETHEIEXF Y v IVREIKE
TH 5, EBRICHEED SHE LI FRIFEOET % Ru &
fHATHET 2 L, HEOKTFRRED 3HE (294 x3 =
8.82 A) & Ru DISGFHIBRD 4 55 (223 x4=8924) &
B11%DIARYFICBIE> TS, TOXSHEHR
WEARAEIC R 557 SMSI 3157z 5 9 2 B L YriH e e frliit
THRBRICEIIE N TV [10], ML EORZREZ S &,
Ca(NH,), F® Ru R 11& NH, SR IGHICHAE DT %
Fv VERZHREEENE T Ty MR E B AR
L7z EZ5N%, XAFSHIEIC K OB E N7z Ru-N A
EOIFEN T NS RHINE Rubi FOBRICKE L HFS L
TV LD EHEIIE NS,

(d)
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Figure 4 (a) HAADF (High-Angle Annular Dark Field)-STEM image of 10 wt% Ru/Ca(NH,), catalyst before reaction. (b) HAADF-STEM image of
10 wt% Ru/Ca(NH,), catalyst after NH; synthesis. (¢) Enlarged image of Ru particle in panel (b). (d) The particle size distributions of Ru/

Ca(NH,), after NH, synthesis.
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6. £¢8

Ca(NH,), HEf Ru fil 3R - MESF FIcB 0 TEN
e NH, G EMEZRIMIETH 5 Z b o7, NH;
B0 Ru/Ca(NH,), % TEM, XAFS HIEIC & b ZEHIIC
NJz& T3, RulJfi+ & Ca(NH,), D N JFEhvas < MHEMEM
95 LK Y RubiFid NH; A EICE L7z 1 X - JERE
ANEHOHBEMWICZEELTWAB T e R T, T
DX S NH, ERRISZ BB EITE RS 7201C1E Ru
K7DV A X WEETHIET S EHAEETH S b o
7=y, AMBSRICIBNTED K 5 i bR N, fREEN S
Rt LTINS O ZFRET S T L IZNEETH
D, REARAZRIEZ V. Ca(NH), HFHBEMERICE
W, NH; GRSIGICN S 2 ARBE N &R IE A 2 i - i
U, T2 @bt ORI\ BT 2 T ENSH%D
HiZ - SETHB EZ S,

7. Bt

AWFZUI R ERARIEERS (JST), HRERAYBIEITEHEE
¥ (ACCEL) DXBICEDIEEM SNz, ARIFFRICE
B 8 T3V F — AR SRS T O XAFS JIEE, )
SRR G2 BRERE (201382-002) I K - THAEE Nz,

AR

) KM TRELRBEOBE LM (LI 5 A
K)o BREEIRMEZET 5 Ca bk AlOESHELY
12Ca0-7AL0; CGRHARZX © [CanAlgOu]™(07),). Y] 7xiE
TRUHIC KD O BEF ¢ ICHET S T EHAJEET,
HHBIEIE K BB L [AFD 2.4 eV,

2) JEIRMEIE R AT 5 2L L7 T A R, [CaN] DJE
M7 =42 LTET e DEMLET %, BTIEER
C12A7:¢” DI 10 15,
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