S AN R R VAT

AR : 10363

Y3 =

¥ T

2210630145

@ H Ru/MgO EFE RRELFIA S B R REM 5
FLHS

H The Preparation, Regulation, and Performance of

il

Ru/MgO-Based Catalysts for NH; Synthesis

A
B 70 -
AR
Tl (AT

wHFTIs A (AU -

W ICE A H 3

M

e

PUINES

MRS T

W TR

2024 05 H 29 H




S AN R R VAT

TR LR FANRIRAIEE

ANFBEFEW]: PARSF ARG, SN 2L MEARSe, 2
ARNAFIMEFEF T, HSLHEATH S AR FrEUS B R o B SCrh B AR TE A
SIRHIIAN S, AR SRS AR A N B i g R sl S i (AR il
AN . BIXONARNEBES, BXIEHNARENST, JFreasilBAs
WA A SR A A& AH .

serip ey, HRE
H#H: 2024405 A 29 H



S AN N T R VAT

TR IR F AR SCRAUE A

AR SR 5e 4 T MR A AT RAR B A 2R SO RE R SR R B O [ [ 2K
AR TEN G IE AL S R BT AL TR, SEVFIR SO A B B T . A NIRBLCZ BT AR
REEA] DU A 2 AL R SO 4 BB 70 N A G N AT R B PR AT A R, T LICRATREED . 4N
B SE ] B R AN A A AR 3

RO, fE _F RIS AR S .
AR SR T
AMREM

sehrbclEass.  ENRE O 4 %jxﬁ
HHH: 20244 05 H 29 H HHH: 2024405 H 29 H



I TRER A 28 S

Ru/MgO EE A RENFINHE, BRI ERR
B

NH; (2D ZAEFIE. Jupl AIVEZS R E B Rk, IR IE 4
IR —FIRA BRI R A RE #tk. B AT, Tk - Fe
() FEALGTEIE Haber-Bosch ¥E#E4T NH; ) TMLA A%, (HIET
ST EST R M A (400-500 °C, 15-30 MPa), AekER. CO.
JBOR . Ru CE7D FEAE AL ) B 08 75 AH IR AN 5% AT T SE I i AU 5
SR LA R . R, Ru BT RER, #R=IILIEHER
Ru F|FZ2 TO R PO . BT LR Bkig, A8 SOk Je w55 F i
G M Ru-MgO FEHEALGR], MR 23 BCRe: AR MgO SR ek 3
AN FETTHHATIR A . FER RN B REE RUT

(1) BEFBEERMEA L MO 8Bk, RARFUEES R — K7
ANA] Ru H1 8 E ) Cs-Ba UEFIE A E4LF] (Cs-Ba-Ru/MgO-S), K
Bl: 1) Ba-Cs BEAR TS0 AGE Runes (Ru KRR 4 Hl,
T R (A% S 45 ML . £ 400 °C. 3 MPa [RBEIR AN S8 45
T, 4%Cs-4%Ba-0.25%Ru/MgO HAL Jii & Ru 2 & HE R Eik 5.6 mo
lisy/gra/hs 2) AHETHAEFI Cs-Ru/MgO BAK Ba-Ru/MgO fiAL.
1, Cs-Ba-Ru/MgO AT & BPERE 7> Al E 2.4 £, 1.4 £ 3)
AL E Ru A& BIERES Ru MR RS ZE 2 “klg” K
%, MR LGk 8N ER Cs-Ba-(0.25~1%)Ru/MgO f# 1L

%U, ﬁ’fﬁ[ﬁ% Ru ﬁé}ﬁkﬁ%%jﬁ 4.0~5.6 l’IlOl(NH3)/g(Ru)/h, 2?\]* Cs-



I TRER A 28 S

Ba-(2.5~5%)Ru/MgO K H.J5F 1 43#L Cs-Ba-0.1%Ru/ MgO {71 12

HHORFL BT, KT 3.0 molamy/gra/h. FEMTH, L
NN RS U R RIS B RAS, L 200 h 5, AT
TRE 2N 70%.

(2) AT IR VAR TS, R T 55 AR A R — R 5148
B2 MgO Hidk (Mo.1-MgooO 84k, M A La. Fe. Co. Ce%%
24 MgJEoua, 0.9: 0.1 NBIRIuRS Mg JURIIEE/REL), it
KR LS K — %5 Cs-Ba-Ru/M,1-MgooO AT, Stk

B SRS LG, R A5 A B A% T 30 e e AR B 5 AL
R, Hr La BEERCRENR L MFEZFEMAT, 4%Cs-4%Ba-0.25%
Ru/Lao-Mgo O B &I G HIE L 4%Cs-4%Ba-0.25%Ru/
MgO & 25%. AEVEITH, ELE =TI A R R IE 2] T
PR, KM 170 h 5, WEPERE N 75%.

AW SCAENEF] S Ru 73 BURFE LS. MgO St 3 A 25
X Ru-MgO FZ & BAMEITIREAT 7 RGWT7E, AMXIUA 1T
Ve, AT T —ERIAIGR, il &R AR T i Ru R
GRS E

KA : NH; 58, Ru-MgO FAEILH], MgO #ifk, Cs-Ba XUfE
7, IRk



LR R A A S

The Preparation, Regulation, and Performance of Ru/MgQO-
Based Catalysts for NH3 Synthesis

ABSTRACT

NH; (ammonia) is an important raw material for producing fertilizers,
dyes, and explosives, and in recent years, it has also been considered a
promising carbon-free fuel and hydrogen carrier. Currently, the industrial
synthesis of NHj3 uses an Fe (iron)-based catalyst through the Haber-
Bosch process, which requires harsh reaction conditions (400-500 °C, 15-
30 MPa), resulting in high energy consumption and substantial CO;
emissions. Ru (ruthenium)-based catalysts can achieve efficient ammonia
synthesis under relatively mild conditions, which is significant for energy
saving and carbon reduction. However, Ru is a precious metal, and
enhancing its activity and utilization rate is crucial for industrial
application. In response to these challenges, this thesis develops a Ru-
MgO based catalyst through spray pyrolysis, exploring and optimizing in
three main areas: promoters, dispersion characteristics, and modifications
of the MgO support. The main research contents and results are as
follows.

(1) Based on MgO supports synthesized by spray pyrolysis, a series
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of Cs-Ba dual-promoter composite catalysts with different Ru loadings
(Cs-Ba-Ru/MgO-S) were synthesized using the impregnation method.
The findings are as follows: 1) The Ba-Cs dual promoters preferentially
distribute around Runps (ruthenium nanoparticles), forming unique core-
shell structured sites. Under relatively mild reaction conditions at 400 °C
and 3 MPa, the ammonia synthesis rate of 4%Cs-4%Ba-0.25%Ru/MgO
per unit mass of Ru reached 5.6 molnmsy/gruw/h; 2) Compared to the
single-promoter Cs-Ru/MgO and Ba-Ru/MgO catalysts, the ammonia
synthesis performance of the Cs-Ba-Ru/MgO catalyst increased by 2.4
times and 1.4 times, respectively; 3) The ammonia synthesis rate per unit
mass of Ru exhibits a "volcano-shaped" relationship with the size of Ru
particles. The optimal catalysts were the sub-nanometer dispersed Cs-Ba-
(0.25~1%)Ru/MgO, which achieved an ammonia synthesis rate of
4.0~5.6 mol(NH3)/g(Ru)/h. In contrast, the rate significantly decreased
for the nanometer Cs-Ba-(2.5~5%)Ru/MgO and the single-atom
dispersed Cs-Ba-0.1%Ru/MgO, falling below 3.0 molwnmsy/gruw/h. In
terms of stability, the catalyst reached a stable state after eighty hours of
ammonia synthesis, and after 200 hours, the activity retention rate was
70%.

(2) By adjusting the precursor solution, a series of metal-doped
modified MgO supports (Mo 1-Mgo 9O supports, where M represents 24

different metal elements such as La, Fe, Co, Ce, etc., with a molar ratio of

I\
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doping element to Mg element at 0.9:0.1) were synthesized using the
spray pyrolysis method. Subsequently, a series of Cs-Ba-Ru/M ;-Mg( 40O
composite catalysts were synthesized using the impregnation method.
Performance testing revealed that doping with lanthanide elements
significantly improved the modified supports, with La showing the most
prominent effect: under the same conditions, the ammonia synthesis rate
of the 4%Cs-4%Ba-0.25%Ru/Lay 1-Mgo O composite catalyst was 25%
higher than that of the 4%Cs-4%Ba-0.25%Ru/MgO. In terms of stability,
the catalyst reached a stable state after thirty hours of ammonia synthesis,
and after 170 hours, the activity retention rate was 75%.

This thesis conducts a systematic study of Ru-MgO based ammonia
synthesis catalysts focusing on three main aspects: the promoters, Ru
dispersion characteristics, and modifications to the MgO support. Not
only was the catalytic activity optimized, but some discoveries and
insights were also gained, providing a reference for preparing highly
active Ru-based ammonia synthesis catalysts under mild conditions.

Author: Shunsheng Wang (Materials and Chemical Engineering)
Supervisor: Prof. & Dr. Long Kuai
KEY WORDS: NHj synthesis, Ru-MgO-based catalysts, MgO support,

Cs-Ba dual promoters, Doping modification.
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L 1-1 B N, R B is AL Ry o = U]

Table 1-1 Elements that reduce the dissociation activation energy of N,!¢!

ITA [11B VIB VIIB VI
Mn Fe Co Ni
Sr Mo Tc Ru Rh
Ba Ce A\ Re Os Ir
U

W 1-1 fros, Nerskov! VBT R I, A [F)3 1H: <6 Ja8 1 bk A4 750 3% 1tk 5 5%
N> (IR R 2 B 2L “ Kl gheke R MIZHZE AT AE i, CoMo fiEfL
TR A B N PERE SR, AR T H i e O IR A, 3 DABEAT AR A 7
ATV AR A2, 534k, Os M1 U B AA REFRIEAIERE, HEflEEMm D
i e, LA R . Bhoh, Os fE P RE AR E, 1 U KHAETHE
Oy % B AMKZE M FEATT R R IE 1, X LL R Z A AR T &A1 KU Tk
AP R IR AHEEZ N, BL Ru & PR 7 B 3 Ru JEAE AL 7 R B L
T2, SHEREEEEMELFAL, BAREERETEES. JLFAR
PR L RIRE R T R e AR A R,
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Figure 1-1 The relationship between the conversion frequency of N» on different substances and

the nitrogen adsorption potential in the ammonia synthesis reaction !!7]
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Figure 1-2 Ammonia equilibrium concentration at different temperatures and pressures!?”)

RIS 1-2 R0, FRARIELRE . T s 0] ASR i Pk B . AR, £ T
Az, ASBEIR SRAGIR B X PR o ARAE AL 2 AT B TR, FEARIR
FEA R T m g A BT R BEAT RN e B T B AR RERE,  (H R AR BRI
N AR VE 2 2 RIR ], SO IPERE S B, A2 M0 2 A R B
&, R Ak AP AR ES2L, A B SR E TR m sy, et OB EEAT Y [
B BEINREAE, JFBEINAS B M EOR, M FE R DAV A, AR KR
A RE . Bk, FRNXEHE, T AR AN N R s P AR e
PRI 7 S 15 285G B 123249021,
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FEALTR R T A S B FR R e B B A B LR B3], No A Ha AR R NH; 1))
JIEE RGP LU AR ERET,

(1) Nov Ho 73 T4 B B S R 1

(2) Nov Hp 73T ASRR IS HCE A K1

(3) Naw Ha 73715 A R TR PR 9

(4) WRPRARES B Now Ha /3 FAEMEAGTRIR AT A6 2% 8, A2 i NH;

(5) AE R NHs 78 4 2 AT B B

(6) JBLPH AT NHs 237 AP R T4 B /2R 1«

(7) NHs 733 WA R TS B S SOB SR

Her, (D M D RAMEGSERE, (2 f(6) AWTTHEuERE, 3D .
(4) F1 (5) RNWE MBI FEFREPY. T2 G BB 2R,

AR HTARER R 2%, WU TR R NAE A S SRR P R, DA E R

HABIRE,

TR A U LA L S AT T A2, HAEAHLE AT LA g P
% AN S 4G SN, R 12 ool

F 1-2 f e SN LR 45 & UL -4

Table 1-2 Dissociative and associative mechanism!40-43]

Dissociative mechanism n Associative mechanism n
Ny + 2% = 2N* 1 No+ * = Np* 1
Hy* + 2% < 2H* 3 No* + Ho = NoHo* 1

N*+ H* = NH* + * N2Ho* + Hay = NoHg* 1
NH* + H* = NHy* + * NoHs* +Hp = 2NH3 + * 1

NS SR S

NH* + H* =< NH3 + 2* N> + 3H, = 2NH;3

N2+ 3H, = 2NH;

M 12 AT LLE B ALEE R R, ML BOEE No A H
AR N*FT 1Y, R e 2 L B A P BRIT R NHs . Zi S HLEE R N2
WAL No*, FIESINEIE R R, fcmild 7 i S SRR NHsO, H
A, Lol EEE EJZ&F“EI’JE%@EJ’EE%%EWILIE[““, PRAE e L 6 14 K
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Ru B2 & AT Bs i PEAL A AT IR TR, AR A RN 18
AR RELEMME. PIFURY, Bs VAL S IMEE 52 & U NG T 2 IR
KRR, Jacobsen MR TR I, 2 Ru G9KBUR R/ MERIE 1.8-2.5 nm I,
Bs G i %, RA R R . N 1-3 P, BEE Ru B0 RCSFRIEER,
Bs i AL B WD o BEAh, /T 1.0 nm BEARBER SN R BEAT BT R, X
A RESE A S NV AR Y Ru oK RURL e 45 12 J B K Y b A

l £ Ru(0001) Small
r \ surface crystal
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o
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Figure 1-3 The relationship between the total proportion of edge atoms and active sites on the
surface of Ru particles and particle size!*’!
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R 1-3 Tolk b F Bk A 70068

Table 1-3 Iron based catalysts commonly used in industry!6-68]

28051 [ &1 A 771
ICI35-4; KMI; KMII; A110- (1-6); A110-3
B (B B & CAI;
C73-1-01; C73-1-02; S6-10

Bk A& ICI74-1 A201; NCA; NC
PR R A202
R Cl16 FA401; A203
IR A301; ZA-5

1.3.2 Ru £ HE R ELFT

Fe B & MMENAES @ EEMPTFL, &7 AT T LBOEM 7T,
AWML ZOMBA MR, (HiZTEHE ™KK R &E (400-500 °C, 15-30
MPa), Ff H A& NH3 724 1.5 I COp, & FRFEREFIHAENIL 2%, S
7 B PR B G e A s I A . N T D IR B A A R, =S
Tk FRF AT . M5 T Fe BRI, 78R Ru EMELFEA K
IR TV, JUFARZ =R FE s ), 2 1 PSR A, R
RN ER ARG A AT

1972 4, Aikal®EE2 A1 H] AC N8R, K AL, MI&E R T Ru-K/AC
AR MG R ToR, MR TSN Fe B2 A MM, S TRIHE
i BB A A TE T o X B AT RE T & S O R BT, JF N2 Ru
FE A ML I T B E T A

1979 4=, H[E BP Aa FEE Kellogg A AVEWM K T Ru FEZ A UL
PLRZ ST B E A i T 2 —KAAP i fe (Kellogg Advanced Ammonia Process),
F 1992 £E8 Ru FMEALFIN T KAAP ke, 6T 1993 ittty Ttk iR
K, XhrEEE ARG A L2 A, T A RE KRR R
PR (073,

Liul™1% A K IR BHTE V2 B U il 4 7 —F Ba-K-RwWAC AL, 7EIRFE
648 K. K /7: 10 MPa. ZSi#: 10000 h'! FIZHF R, Bias H DEIR A E] 20.4
vol%, 37ty [A] IR 1] Ru ZEAHEAL )
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B 1-4 13 Ru AL I & o i 8]

Figure 1-4 Diagram of the supported Ru-based catalysts for the ammonia synthesis(®®!
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SATIRAR, Ru NRMA BH G T fEEARTE 88 &0, (HFE
VEFN G4 R BRI T R s KoRu(CO) iz 23 51N H AT B 7 Lu il [ s, e As
AR FH LAES R 2 B BKE FAEE AT IRAR, KA HAN RS A

10
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P T A B 1 g 2 o) % (R AL AR R IR O s AR MR R AR e . IR — TR
AR T3 A BRI PR S BRI T, AR A R SR TRt T
BRI,

Zhou!""VZE N\ R B OE R A FLok,  DAHCNE AR % Ru B4, @
IS Si02 AT C M HAE RSB A AL 1 Le R T AR S FLAE R, 3 7 142 (A 7R 1
Reo SCERARIL, LLRTARAH N AT DLEE 2 & U AL RIS 1, X itk — PR
AL e R A T R
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X1, R Ru 2 Fa R E G MR, EAERE BRSNS &MT, B
AR G IR e OB, T AR O, 5 TR AR 1 R B A A 106-1081,
X IR BR ) T BRE A S Ru BEEE SO RIZE Tk B2 R . Bk,
B F0N D3 IR PERRRRAR 2R 5t I 28 e 445 1) LA 1Y i FL A s MEAY il PR e, AT HE
BN TITE TP AT N

(2) AR

JERREAR ) Ru SR G R RITETERE BRI 6, (BAIAEE —
BeRH BRI . R AE SR A AR N, BREUA G R E WA, S B
R, IS EATIRR . N T XX B, BN UG
04 JE ALY . &R A BLA e e AT UK SR AR, XA E AN
WG Bk S B B AR R . H AT, MgO. ALOs. CeOr & BAMMAER L
FS S AR B Tz R AT -

Aika ZEUME F R [ (1 45 8 AL VR Rk, R I A 700 PR 19 s K
MgO > CaO > ALO3 > NbyO3 > TiOy, #E— LB FHE R 1A IEEA /R B3 2=
SR IR 3 S AR R 2 DA G, RIS E R 0 s A G . AT BB
VEREAR CRAVER /N AR A A VG 1 o 3 2 DA TR 2 4 e %
AR AR ESRE T, IR G U LI

BT MgO EABsRMmME, HAEM Ru BRI, il e
ALY R . Muhler ZEM3IHF5T Ba fl Cs X MgO #11) Ru B2 & fiE it
FURIREA, LA 035 PR AN 2 T 2 B A

BEE TR, BZHEEEAIA T Ru LG U RIEA T
7o, W ESRENY (2r0, %) AR & RENY (La0s. CeO2 5, A
HhFE A SE T AT SR AR IR IR, RO A SR AT 1 BT R A A
BRI, oS AR EARE A AR R T RS R A
117]

1.4.3 {25

Hei Ay, 1E Ru FEEA B 7 IR 7702 6 B2, 75 DU A 70 ) 2
A RS S 2 BRI, MK T Fe JEE A BUEATT, Ru FEE A Rt b7
AR R I T g OIS, R FIAE Ru SR A M AR 77 o 3 03 g H TR A
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SERRFRIH . i A BRI IR, AT DUA ROt e Ru HESE A
R e AR e, AT SEILE R SRR A R R . R LR ) 3
(SRR L 1 e - Ll D 0w o = L

Aika S NUPREARFRFIFZ E)E. e LM Lam) o Mgo
FE Ru HEZ A BT A TE AT TIRAIRTL. FRFERIL, Cs {5 It
BT RN R ERRIERCR . SARIMEFAEAMEEL, 2 Cs M Ru FIHAEN 1
I, AEAGIE I AR N Cs 1) 20 .

Larichev %5U225R F S (A FR Bk il 4 T —Fh Cs-Ru/MgO A& AR, &
NIRFC T Cs MHEATETERI R A S R . BFFCRIL: Cs AR AE RuO,
WO JFE R T ORI Ru BORL, M3 = T AR A s . sk, BT
BRI, Cs MIIANHEBTHm Ru &E00F SRR, 200 T4
PFIE o
1.5 EfKE. fIRASKREFHS

1.5.1 &Rk iE

5t<JE Ru MIFGGETERRH)E Ru FAEWFIR AN H . J0> Ru HER
REAE TS AL PR Ru iEPE, HPm R 3 3252 Ru A SUALEFEAT Ru 4y
ORI . Horh, 3R TH ORI AR BRI 3 Ru RO DA A2 5 & Ru A
FHNE AL B . R, R E Y B BRI BRI, Ru R MK
—EREG, BT RYBL B ARZ A, & Ja /s BAE R 2 5]
PR KA RFUE, WFE Ru AL AUARMEEMERE 2 0% . Bk, 513k Ru
SRS No 70 TR RE U0 T2 & s SR AR AT e AR ELHI A OC &R, AR
XiF 9% R H TP A5 A BT BT Ru 3 M B KA DL A Ru FH A 5%

BT RSPz Ah, BRAE (i Cs) Bt 48 (W1 Ba) {RFEIRE R
B REE L EH . Bk, DMEF-RwMgO R R 7L 5130 Ru 40 HUH
5 No /3 PR R ) A BIE T R R A 2 .

b4, MgO #ARPERTN T Ru RSG5 ma i 2 AH OC 1) R G vt
Fi, AFEANERGE AL LRI MgO Qnfal s v& ML & B Bk R~F . B LL R 2
SR (S PEAL SR EE, WX MgO #ifABEAT 525 00, #E 4R = AL FIVERE, 1)

IR R T AR R B ) L
13
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L52 RAR

ARV SCHE T 55 LA G SR A B R & Ru BTN, R B
WA

(1) FETWEEHRESG I MgO Bk, KRARBUEG I — RIIAFE Ru
HEN Cs-Ba-Ru/MgO-S HEMEAH], KIM: 1) Ba-Cs AU E TS 70 A1
Runps i Fl, B R T 45 /AL, 78 400 'C. 3 MPa BRA&IE T,
4%Cs-4%Ba-0.25%Ru/MgO H.A7JfiE Ru 2 & MEF HIE 5.6 molnms)/gru/h;
2) BT HARFIE Cs-Ru/MgO Ll Ba-Ru/MgO fi#E4k5, Cs-Ba-Ru/MgO 1AL,
TR A IR R T 2.4 f5. 14 f5; 3) AR Ru 2 & HUEES Ru
RSP Z 2B “ K KR, SR LEGK 2 HC £ Cs-Ba-(0.25
~1%)Ru/MgO LT, FALFTE Ru & UE R L 4.0~5.6 molnmsy/gra/hs, 4
K Cs-Ba-(2.5~5%)Ru/MgO [ 5 J5 -3 #1 Cs-Ba-0.1%Ru/MgO #4675 1) 2 & Al s
RIRE T, KT 3.0 molnmsy/gra/ho

(2) BURHTIRARIEIR, F W5 AR5 A MgO A G i— R
452 LB MoaMgooOx-S #if&k (M N La. Fe. Co. Ce HHBHIiH, 0.9:
0.1 ABEITEE Mg TRMERE), HRARFIESGKR — A% Cs-Ba-
Ru/Mo.1MgooOx-S AT L1 ERENNAL RATLL, RIS A4 Rt R ik
VERAA B R o ROR, P B ROR R R, MR, 4%Cs-
4%Ba-0.25%Ru/Mo.1MgooOx-S & & B [l 4%Cs-4%Ba-0.25%Ru/MgO-S &
25%.
1.5.3 BlFi=

(1) RILT Ba-Cs WAL FERBSL, Ba-Cs TS TE Runes i
B, FFMBAZse s, 587 Ba-Ru/MgO Fl Cs-Ru/MgO MLk, FAT%L
WIRE T RuwMgO FIiFETE, XWEF Cs/Ba-Ru/MgO Ak Z £ IR 1 43 5 2 Atk
TR 1.8 A1 4.7 £5.

(2) PAXURF N EERE, 80 SR iS4 Ru FEESRIAY Ru 4 E0R
<t MR SR B SO SH S RGBT PE 11290 R BT SR & U % 2
LK B R AR IR

(3) e 25 FidE,  TEROR S0 (TR R AT SR o] %7 A 22 LBk
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& MgO #fk. R BPERIIL S, SCRRTHOR AL, s ARG, A

[Fl T2 15 R M EhE MgO Bk, PR i s AL e SE NP 5 i itk MgO ik
ARV SO I PR R AR 003 TR e R B (RN e AN B R M S T T

IR AR N s A ET SR S B AR B T — e AR AR o
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FETE WEF Cs-Ba-Ru/MgO RE A IE TR HI & K M &E
e

45 Haber-Bosch T2 1UEfH Fe B:fifbiil, 7E/™8 MM &M T (400-
500 °C. 15-30 MPa) BEATZ A UM, 3R — ik FEAE T AR 7 HoR e 4 1R BER 4%
H, BEREVHARECR, HARUEEN NHs 2774 1.5 B COa, A 23R REVRIHFEN)
2% AT, R T 2 i YA AR R ) R

Ru BfEALFIT R AR ARG, JEETET Ru BRI IERFI %4 T
AL & R B (350~400 °C; 1~3 MPa), LAFRAR A ok a0 R b HE i sk UG i
“alEAERER A -ARE . Hd, s HZE RuC M
Ru/MgO, fH Ruw/C FALEIR B I BEAl [ MLt R IR 2R3 0l jE, 17 MgO Ay msii
i, BARTEREED) . RE SR, il Ru/MgO A7 B3 HWE /)
[4-5]

)R Ru FIMGRE LIRS E Ru FEAEATIRIRENACN . > Ru HER
RBELE THE A A BT R Ru vETE, Hgmi N R F 8= Ru AL AUREEEA Ru 4
HIORERE . b, 32T 0 WO 2 R B AR R PEAIR 5140 Ru RO DU I 247 51 & Ru B
B VEA, SR . AR, AR IREUE Y O R A AR, Ru RO AR S
—ERUESG, BT HSRMEL BN AR 2 A, G /s il TR I 2 51 AL
FIRERAEREZESE, M FE Ru ARG TER 2 S0 Bk, 73 Ru 1
SHURST S No 23 I RE o0 T & & BUs AR AT BE AN BRI 2GR, WX
Xf R BRI FHTHT SUSCAFRALF E Ru yE O PARE IR Ru FHE RO BT
RSPspiz oh, WaE (o Cs) sl t4)8 (0 Ba) (252K M & E
VR sy L, DUMEFRI-Rw/MgO AEERITF A 713k Ru 4 #UHS No 47
WALRE ) B A R T O R B B

ASCR W S i, Hl4 MgO-S 3k, H RGuH A AUEH] Ru
B A A BT YERERE 7E, AHIRIZ6E N, MgO-S Hifkfi# 0.25% Ru fifL
AL & Ru & A PERE L MgO-C (R MgO) 15 37%. BhAh, XEASZEG =
JEAT (A8 25 v if e B AT R i, BERE AR B E R 0.2 g/h AR

FEESEEE 2 gho FHRMERBUE S —RYIAR Ru fiEk &K Cs-Ba-Ru/MgO-S
16
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A AT EAE R Cs-Ru/MgO-S LA I Ba-Ru/MgO-S EAHEFA. MHK
LT Ba-Cs RUREFI I HRFEIZN, Ba-Cs JR LA TE Runes A, JEIE A%
gitfr s, HARR T B —{25 Ba 8L Cs, HAHRMIER T RuMegO HidEtE, &
BREERE b, SRR R DAL B Ru @A HMGER S Ru Pk R <2 E] £ B
“CRINE” K F, Hi, 4%Cs-4%Ba-0.25%Ru/MgO-S 7E % & il M it 2 o B
AIRSFHITEREA Ru iR % AR Ru 2 A B0E % SIE 5571 mmolnusy/
groyh (A& LL: 3/1, BE: 673 K, K7i: 3.0 MPa, Zi#: 96000 h'). #H[H
SEAT AT REMENNK, ARG )\ AN S A U N R IR B EIRDS, X
200 h f5, TEHEIREEA 70%.

2.1 SKEERS

2.1.1 £ 75 m

AR 25 P TR 2-1, BFES TR HUR L 5

K 2-1 LI

Table 2-1 The chemical reagents for this experiment

2 i R VAN REEY Bk [

KA =S AET RuCl;-nH>O AR HHAR S < B AR A TR 2 7]
TR EE Mg(NOs)3-6H20 AR ] 245 45 A 2385 A TR A 7]
TiH RN Ba(NO3), AR ] 245 45 A 235 A TR A 7]
TR CsNO; AR [E] 24 5 AL AR BR A 7]
A3 PEfb SiO; AR BTz T A AR AT BR 2 )
I CeH1206 AR BTz T A AR AT BR A )
Rk CeH1206 AR BT hr T A AR AT BR A )
F-127 PEO0sPPO7PEO10s 431741 PRI (L) S0

2 )

2.1.2 SEBR{XER
ARETPTH B LBAER S T 3K 2-2, AIRERAIR. SIS FK.

17
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R 2-2 LI WA

Table 2-2 List of experimental instruments

B uiees [

BT RF JA1003 JIRAX AR A IR A #]
S A Folee-W001 VL5 & MRERTT W& A R A

T4 DHG-9036A RS A TR A

& OTF-1200X HNERHR AR R BR A 7]

Fa U KSL-1200X HHERF R H AR R IR 2 7]
[#] 7 PR e e M-PJ-02 KRG I ARL A PR A 7
SAH GC9790 WrLLARSL 73 BT A B A IR A 7]

2.1.3 LS
ARFATHTH BRI SAART T R 2-3, BFEAEEAIR. ol A (S
) PR
R 2-3 SRR

Table 2-3 The list of experimental gas

ES 7313 A (BEE) [
ARBRES Ho/Ar 5% EIANIR LA R A7
55 H> 99.999% EIRANIR kA PR A 7
vt N> 99.999% HIAPE LA IR A
2. 1.4 FEALSTIROHI &

(1) MgO-S fiil#%

# 8 mmol Mg(NO3)s-6H20 JIA 20 ml HoO 1, FR¥ iR Mg(NOs)s i 2]
AN, HESA, EETEMERT, 5154 i g 2,
AT m kAL, R 600 °C, TEEF U S —um RS B A Bk oK. KGR 2
PR ARAE Air SU4F, FHEZ 500 °C (2 °C/min), f#FF 2 h JEHAAHE=

I, 153 MgO-S, MgO-S #i& & i e B 2-1 fror.

18
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- ]
2-1 A6 & A o T MgO-S BUAE 55 Al e B K

Figure 2-1 Diagram of gram sized MgO-S carrier spray pyrolysis synthesis device built in the
laboratory

(2) Cs-Ba-Ru/MgO-S il 2%

4%Cs-4%Ba-0.25%Ru/MgO-S il €. HL 0.27 g FiEWEA 0.37%H] RuCls
WWORTFIMAE] 0.4 g ) MgO-S #i4Ak I, BiFHREL, 1MJE1E 5 vol.% Ho/Ar iR &
AT, FHEZ 400 °C (2 °C/min), RFF 2h 5 HARRH =R, 1593 0.25%
Ru/MgO-S. FREX 0.0223 g CsNOs. 0.0289 g Ba(NOs) VAfiE T /K, ik Eikis
BORTIMANE] 035 g i 0.25%Ru/MgO-S I, $itFEE L MG 1E 5 vol.% Ha/Ar
BERASA T, THEZE 400 °C (2 °C/min), f##F 2 h G HARAHNE R, 53
4%Cs-4% Ba-0.25%Ru/MgO-S. HEATTIE e e Bl i B 2-2 fis .

IWI route e _“ ‘| Porous MgO @ Ru oCs ©Ba
s e . cﬁ
[N
. PN s .
. . Rucl e o, CsNOQIBa(Nos)Z i"
. i e .
/o ~J 5% Hy/Ar ®, . ® 5% H,/Ar #
s ‘¥
MgO Ru/MgO (Ru@Ba -Cs-0,)/MgoO

B 2-2 Cs-Ba-Ru/MgO XU FIEALFI A i FE E

Figure 2-2 Process diagram for the synthesis of Cs-Ba-Ru/MgO dual-promoter catalysts

AFEFHEER Cs-Ba-Ru/MgO-S & A EEAFIRIH % PR, R FHRE 7
AT IR RuCls 7 H =B v,
ANFEMEFIN Cs-Ru/MgO-S. Ba-Ru/MgO-S E Ak &b 18Ik E, RFE

19
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VAR R
(3) Cs-Ba-Ru/MgO-C (R MgO) [l &

4%Cs-4%Ba-0.25%Ru/MgO-C Il &: HL 0.27 g BiEKIEZ )y 0.37%H] RuCly
WWOEFIMNE] 0.4 g KR MgO (MgO-C) #4k b, fitfkizF, mjEfE S
vol.%Ho/Ar GG R, FHERE 400°C (2 °C/min), {#FF 2h J5 HARBEHE=
I, 733 0.25%Ru/MgO-C. FREL 0.0223 g CsNOs. 0.0289 g Ba(NOs), i T 7K
W, K R IARGZRE INNE] 0.35 g i 0.25%Ru/MgO-C b, #HiiFEE i, mjEiE
5 vol.% Ho/Ar JRAAUF, FHEZE 400 °C (2 °C/min), fRFF 2 h 5 HARAE
Z=R, 53 4%Cs-4%Ba-0.25%Ru/MgO-C.
2.1.5 LTI R VRN

B 0.25 g fiEALFS 10 mL A ERPILFEIIA B OCE R RMRS, AR5 — A2
AWRE 10 mm, KB 45 cm FAEF CREF M T 5 cm AF 2 LI,
Bt 5 A [ PR 26 B ons i A R A 2 G ot B EAT . NS (300
mL/min). &< (100 mL/min), E/JWEHN 3 MPa, LL5 °C/min HFHREZF 2
400 °C, 7E 400 °C. 3 MPa. &AM 3: 1 PIRMAKHET, TR E B
fFERHAMERE GRS, 4N 99.999%, MiliH ARSI, kN
BHfE 4 mm, &3 m, FTEEECREEN 50 °C, H:FE TAEEEN 100 °C, TCD £
I TARIRE/ HIR Y 125 °C/50 mA) S [E] 5@ PR 2% B HEA P i g <A T B U
SR, AT O RIREE, JELUTF A A BUER, W 2-3 fiR.

N
DEm E
ooooa@
ooooo
ooooae

GC ooEoEe

B 2-3 AL A Rtk e PP I 2 B R A
Figure 2-3 Schematic diagram of the catalyst ammonia synthesis performance evaluation test

apparatus
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2.1.6 EUFIRIFRAE
(1) H# TR (SEM)

SRR IO E S PG S, R it R TR X s o3 iR AT 5 P AN 2
ERERDNT. [FH Gemini SEM 300 B4 7 B AEE, & ABONFEECH 200
Jift o

(2) X-SF2b RKATHS (XRD)

MR S AR SR, H TR A S A . SRR AR IA R
HIRAFHK TD-3700 B X SFATHA, WA e 2 6=10-80° , 1
RS 5 °/min.

(3) BT BRET (TEM)

ST R TR . WEHEA BRI RS ER. R JEM-
F200 AUZEN 7 205 AR fifil % R SRR AR A i, D&
2, KIEBOHAER N b, SRR AR

(4) X WAt TR (XPS)

58 FLF 10 25 G BE R T RE i R THD R 2 M SRR 2L e BT o RSB R A X
WL T REIEAY (5[ ThermoFischer, ESCALAB Xi*) #E47MIK, Al e+
G BELL C 15=284.80 eV AW ARIEAT faf FEAZ IE

(5) EERMEAMA (BET)

DE FEM I EL R TR . LR A S 5L, KA Micromeritics A H] 1] ASAP
2020 XA AT, FREXZ) 0.1 g #EdL, 7E 300 °C Rl SAab#E 3 h, AJSTE
600 °C TR FE A HEAT No W5t B

(6) COx-FEFFTHRM T RALE (CO2-TPD)

K HIZEEZ 50 2950 A G AT I PR AL FIRTRLAE 673 K
i) Ho/He (30 ml/min) FRALEE 2 h, #RJS/E 323 K ) 100% CO2 (30 ml/min) H?
&% 1 ho S5WBHE) COx#E 323 K FAH He k49 1 h % . 7£ He (30 ml/min)
T, BEEEEF R 973K (10 K/min), id3% CO-TPD k.

(7) BRERIEHEE (AC-TEM)

#£ JEOL-JEM-ARM 200 F X FbAT 1 & A E PTG 41 46025 5 Pl Sl ol
Bt (HAADF-STEM). AILAAH 5 nm. 2 nm PAK 1 nm P RREE A, X
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T 0 2 A RS T DUR B & 3.

(8) JLZ mapping

i R AR R WS X6, B UG IT R AE R4 B DU A
B I R o i s A R, F BRI R S R, B
T, Rl RS, TR SRR
22 #R5VHE
2.2.1 4%Cs-4%Ba-0.25%Ru/MgO-S 1L FI BRI K S 47

K& 2-4 7R N 4%Cs-4%Ba-0.25%Ru/MgO-S AL %Br B XRD K1, H K
i Byl N MgO ArdE PDF RH; BEARS TSRS
MgO-S (MgO-S-BA); Lt AT ARG FER MgO-S (MgO-S-AA),
R A ORIBIEIRBUALE MgO-S-AA _FIRBHEMESJE Ru, FAE 5 vol.% Hy/Ar i
ERAGEIRRE RSB A A Ru/MgO-S; S0 7 H A4 Ru/MgO-S Hig
BRI, BAE 5 vol.% Hy/Ar WA AU m i K e Ja 43 2 1) #4671 Cs-Ba-
Ru/MgO-S; L AZ G RO B B ECS 4655 (Cs-Ba-Ru/MgO-S-AR).

5

«BaO # Si0,
| Cs-Ba-Ru/MgO-S-AR
# |
: J A
. Cs-Ba-Ru/MgO-S
=/ S—— ks ]
&Y,
=
= )L Ru/MgO-S
c ]
2
= ) Jt e MgO-S-AA
MgO-S-BA
T : T | T T | II\IIIIgOI :
20 30 40 50 60 70 80

26/degree
K] 2-4 4%Cs-4%Ba-0.25%Ru/MgO-S 1AL 7 & D B~ Y1) XRD

Figure 2-4 XRD diagram of the product from the synthesis steps of the 4% Cs-4% Ba-0.25%
Ru/MgO-S catalyst

MgO-S-BA %A FaiE B iR 450 . 22535 B JE ) MgO-S-AA H
L7 R MgO $FEIE. Ru-MgO-S XRD K ATh 145 MgO-S-AA XttL, 76
BEAR L, RHEDL Ru RFIENE, X080 Ru IREF 43 BU7E MgO KI5 Ru 1)

22



I TRER A 28 S

T EIRMK. Cs-Ba-Ru-MgO-S XRD KA 3L | BaO MIHF{EIE. T Cs-Ba-Ru/
MgO-S-AR [#] XRD K1+, BaO BIRHIEIGEEIE R T, HEMER G R B dFE
BaO KRKAF2IHAL

d=2.164£0.72nm

count

g N o

4

2 3
particle size (nm)

] 2-5 MgO-S ] SEM [¥l(a), 4%Cs-4%Ba-0.25%Ru/MgO-S 4k 71 [ )3 Ji5 () HAADF-STEM
A5 2 (b) ATRE AR 20 AT (c)

Figure 2-5 The SEM image of MgO-S (a), and the low-magnification HAADF-STEM image (c)
and pore size distribution curve (d) of the 4%Cs-4%Ba-0.25%Ru/MgO-S catalyst after reaction

M 2-5)fw, PP ITESUR 1.5-2.5 um 2 FLERIE R . M & 2-5(b) ]
DA &5 S /N 2 A R Y. CELE— 2PN I THR AR B B D J5, %
P4 )8 Ru BB OUIK IBR I R 4F, ToRIR 4, X 5 2-4 1) XRD K45
W3 W& 2-5(c)) Ru Kitegiit BT, AIEN Ru HFIRIAEAE 2.16 nm /2
A, X EE Bs iR IR B R Ru R F e R (1.8 ~ 2.5 nm) AR

a 100 b 0.0035
& E 0.0030 -
v 80+ ey
2 “E 0.0025 |
£ 60 - = 1
S @ 0.0020 .
= 5 ;
D40 5 0.0015 1 Y
= >
2 ” g 0.0010
i. | = 0.0005 B
.;E' —=— Adsorption % ) \-
S 0+ —e— Desorption 2 0.0000
G T T T T T T T
0.0 1.0 0 20 80 100

02 04 06 08 0 60
Relative Pressure (p/p°) Pore Diameter (nm)

] 2-6 MgO-S FRIWR L B ih 2k (a) M1 LA 73417 1 (b)

Figure 2-6 The adsorption-desorption isotherm (a) and pore size distribution curve (b) of MgO-S

] 2-6 /2 18 I 155 25 A 45 1) MgO-S SR 5C BET MIHASE &, Luakim

14 28.6717 m¥/g, FIFLE K/ A 163554 nm, JEFA7L.
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ME 2-7 B 4%Cs-4%Ba-0.25%Ru/MgO-S 14471 [ B f§ mapping & 1 7]
DA Ru 8RR AifE MgO-S #ifk b, A B U K AR oks,  [RIE ]
LLF 3| Ba P £ E 5 A 7E Runes FIH, 1X5 Yaejun Baik!'?1% A #8751 MgO 11
# BaO-Ru FHHEHE Ny /0 FiE BT 7/ F 7 X LA — 2, Ru AL SRR Y
H Ji-7#£ BaO-Ru FALZEA B H e, H A dEIL 1) BaO fERRIR I & 1F N ik
BEMEREZR HY, MAE Ru ERT e, BT Ruahis (BRI HEH s
FH No /1) o REESUE (B 5D DLHISS N=N &, 3k Ny ik
M 2-5 1) mapping &l AT AE BAH A S8R 100251 Cs. Ba, ot Cs #hH
AT, ABANSRLL Runes B B %2 o X FIRERFE(277)-Ru FHTREE N 73
FIECRR T/ H XS], HET Cs rfhs MO Stk EA ek, A
Cs VIR UG s UK, SBUE S A SR miR & T A GGk Cs YRR

2.2%0.7nm |€ Ba-Cs-O, layer

2-7 4%Cs-4%Ba-0.25%Ru/MgO-S {47 2 b 5 HAADF-STEM Al mapping

Figure 2-7 The HAADF-STEM and mapping images of the 4%Cs-4%Ba-0.25%Ru/MgO-S
catalyst after reaction
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Wk 2-8 fran, H LW R 55E: 4%Cs-4%Ba-0.25%Ru/MgO-S L7 [
BT J& Ru 3d(a)f O 1s(b) XPS i . Ru 3d XPS KiEh i a2k 46 4 C 1s Al Ru
3dsn MEEIE, RUL{ERIH XPS B 50 Ru L M#ALFIN, — B LL Ru 3ds: ARFFERT
%o M 2-8(a)nT LB BIRBAT S5 Ru 3dse IRI45 A RE/ 1M 280.5 eV, 280.4
eV, EReRKAEMEEN, WEHHEHAS Ru AEBEIRRT (RuD. W 2-
8(b) O Is XPS EilfR, S5RMATHMAFIAALL, 203d 5 ME A B85 AL
FIAEZ -0 A, HEM Ru FAGZEIRER ) H R FAEMET- Ru St Eex
KAEH" | eXTgiE, Ba/Cs EALYERMER IR HY, e HombtEAr i %),
JERUEISMI Ba/Cs-OH 2[4, ixX 5 K] 2-4 XRD K% 1R AH— 2.

a Before catalytic reaction b Before catalytic reaction
0.25% Ru/MgO-S 0.25% Ru/Mg0-S
C1s +Ru 3d,,;
c=0 A\
= Ru 305,-? o
/ -0
| \ ! - 50%
1280.5 ev F
5 s
© ! ©
— 1 ~—
> =
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Figure 2-8 The Ru 3d (a) and O 1s XPS spectra of the 4%Cs-4%Ba-0.25%Ru/MgO-S catalyst
before and after the reaction
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Figure 2-9 The comparative plot of ammonia synthesis rates for single/dual promoter-
0.25%Ru/MgO-S (a) and single/dual promoter-1%Ru/MgO-S (b)
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Figure 2-10 The XRD patterns before and after the reaction of 8%Ba-0.25%Ru/MgO-S and
8%Cs-0.25%Ru/MgO-S
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Figure 2-11 The CO2-TPD profiles of He-pre-treated (a) and H2-pre-treated (b) single/dual
promoter-0.25%Ru/MgO-S catalyst after reaction
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Figure 2-12 The XRD patterns of 4%Cs-4%Ba-Ru/MgO-S catalysts with different loading

amounts
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Figure 2-13 The TEM image, mapping image, and particle size distribution histogram of 4%Cs-
4%Ba-5%Ru/MgO-S catalyst after reaction
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Figure 2-14 The TEM image, mapping image, and particle size distribution histogram of 4%Cs-
4%Ba-2.5%Ru/MgO-S catalyst after reaction
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Figure 2-15 The TEM image, mapping image, and particle size distribution histogram of 4%Cs-
4%Ba-1%Ru/MgO-S catalyst after reaction
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Figure 2-16 The TEM image, mapping image, and particle size distribution histogram of 4%Cs-
4%Ba-0.5%Ru/MgO-S catalyst after reaction
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Figure 2-17 The HAADF-STEM image, and mapping image of 4%Cs-4%Ba-0.1%Ru/MgO-S

catalyst after reaction
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Figure 2-18 The histogram of Ru particle size as a function of loading amount (a), and the
performance test results of catalysts with different Ru loading amounts on MgO-S and MgO-C
supports (b)
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Figure 2-19 The ammonia synthesis rates of 4%Cs-4%Ba-Ru/MgO-S catalysts with different Ru
loading amounts (0.1%, 0.25%, 1%) at various pressures, temperatures, and gas hourly space

velocities
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Figure 2-20 The Arrhenius plot and apparent activation energy (a) of catalysts with different Ru
loading amounts, and the Ru 3d XPS spectra after reaction (b)

34



LR R A A S

mE 2-22000) P, B R g ml 2 AR 4%Cs-4%Ba-0.1%Ru/MgO-S |
4%Cs-4%Ba-0.25%Ru/MgO-S. 4%Cs-4%Ba-1%Ru/MgO-S [ J5 ) Ru 3d XPS
K, 3B EIE T 4%Cs-4%Ba-0.1%Ru/MgO-S AHJE AT, Ru 3ds, HI4s
HHEN 281.0 eV, FEEGEE MRS R TR, EEASHHE T Ru®

IR T R, 5 ROEAT

a 4%Cs-4%Ba-1%Ru He pretreament| b 4%Cs-4%Ba-1%Ru —H, pretreament |
.I|I
N
/ M
[T I
3 |4%Cs-4%Ba-0.25%Ru T |4%Cs-4%Ba-0.25%Ru
(1] 1 ~\ J
= [ I\". "-/ \"‘ 3
21\ % T
B || =N 5
a | \4-/ ®
O 0
. 2
4%Cs-4%Ba-0.1%Ru | 4%Cs-4%Ba-0.1%Ru
ﬁ\x/ .f'llr I\
II l..";l
323 523 723 923 323 523 723 923
Temperature (K) Temperature (K)

K 2-21 AN[F] Ru ARk EMALT N G He TRALEE ) CO,-TPD Kl (a), Ha HiALFER) COL-TPD
K (b)

Figure 2-21 The CO»-TPD profiles of catalysts with different Ru loading amounts after He
pretreatment (a) and H» pretreatment (b) post-reaction

& 2-21 AANIF Ru w7 ) R 5 He TALEEY) COL-TPD [ (a), HaTil
AELF) COL-TPD E(b), H Fifi L4274 4%Cs-8%Ba-0.1%Ru/MgO-S. 4%Cs-
4%Ba-0.25%Ru/MgO-S. 4%Cs-4%Ba-1%Ru/MgO-S #1b7]. & 2-21 A7~ Ru
RN 0.1%- 0.25% A AL A FSE (He/Hy) HALELEH] COo-
TPD Kil%, 55/ BUE5-Ru/MgO-S HIIHHLEML, 4 Hy TRALER S i X (Al i )
J& TALF)-Ru Fri BB COo i B 5T 73 -OH. 26 [T Bk (o7 st At 7 I i v
Ko 4%Cs-4%Ba-1%Ru/MgO-S KITHHLAFTANE, JHNERDY Ru &2 0,
fE5-Ru ST 2, MIFSHR Hy U E AR 52 4T B — e i PR 1
-OH FE AL i, R BRIRTS I CO, [l pI .

35



TR R R S 2 8 S

2.2.4 FaE MM

AREAIHS MgO-S S AL Ru FE% & RifiE

e

TR E PETERE REAT 1 IR

Z, L 4%Cs-4%Ba-0.25%Ru/MgO-S L], fEA A LL: 3:1 (300 mL/min:
100 mL/min)+ JE/E: 673 K. JE/J: 3.0 MPa. Z5i#: 96000 h' {4 4F Ml T &
B U N EFORI L R e . e MRS R 2-22(a) T, fELRE )\t
AN IR IE B T REARA, R 200 h 5, WETECREFILE] 70%.

a 15 b
BaO * BaO
# SO,
£ ™ |
i Aft tability test
S o \ — 4 i fl er stability
=" - = . A :
3 7. T B —— L i
8 D‘S 70% = [ Cs-Ba-Ru/Mg0O-S-AR
a = ] | 1
=] c I I\
[1] O N N | y
z E 5 2
¢ E £ I
E Cs-Ba-Ru/Mg0O-S
: S
—-)\—s_.a_d_J JﬁlL
0 L ! MgO,
0 25 50 75 100 125 150 175 200 225 20 30 40 50 60 70 80
Reaction time (h) 20/degree
C ?-Q
d=2.38+0.65nm
T T T
5

2 .3, 4
particle size (nm)

2-22 4%Cs-4%Ba-0.25%Ru/MgO-S {14 71| (A2 e P eI 45 SR B (a), Ao MRS
L7 XRD FE(b), TEM B (c) MLtz 54 FEl(d)

Figure 2-22 The stability performance test results (a) of the 4%Cs-4%Ba-0.25%Ru/MgO-S
catalyst, XRD pattern (b) of the catalyst after stability testing, TEM image (c), and particle size
distribution (d)
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(Ru®") 745, MARSE RE A BGEF WL T, RERASHRET RS AT
BEH AT TE R S = BOHAT o T FLAE K ) (0 & S B il 26, 38
NS Gy i&E L Cs YIFIIIR R R, PRARE & U RE =

37



LR R A A S

23 KBING

(1) AT W 5 A2 2% 1 —FhoEr Y MeO #ifk (MgO-S), kM
RIRIL G RIRBURTES R Ru AR Cs/Ba, A% T WAEH Cs-Ba-Ru/MgO-S fi
o

(2) R¥LT Ba-Cs IUEHIM P AR, Ba-Cs JE AL TE Runes A
[, IRz a A s, HARBCT B — {277 Ba BU Cs, BA XML
Ru/MgO &M, 5 HAE7H Ba-Ru/MgO Al Cs-Ru/MgO #LL, BUEF Cs/Ba-
Ru/MgO MENE G BINETEE IR 7, FRUGIER T 257-Ru FEEHE Ny 707
W T/ AL, Ru BAGEIRB H R FZE(E7M-Ru SIS &K HY e
X, HA R R Cs/BaO fERIRIE AT PSR IEAR HY, M7E Ru BT e,
T ROALA (B S R i3 No 710 o REELIE (2% 53
BRTE) LLHISS N=N &, {2if N2 o Fis k.

(3) LISURFMEEA A A, @I S8 Ru FEERMET Ru 08U K
W AR E Ru REBOER SRS IR AR JOLRE R, BRI
WK ECN TR 0.25~1% (Cs/Ba-Ru) /MgO 1E4L7, A7 E Ru &4
TR FIE 4046~557 I mmolwmsy/gra/h (A LL: 3/1, HE: 673 K, K71 3.0
MPa, ZFi#: 96000 h™').

REFELAMFA Ru 28U 2 NS Ru-MgO JEZE A BIEFIET T &
GRTSE, AL T FNEYE, E3RAS T — SR BRI, i) &R A 2% A
T s RN Ru B2 A UL AR S %
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E=58 e Cs-Ba-RuASZRET Mt MgO & AL LAY
BN EREM ST

HAT, Tk b B e s i iz, B se e L I B i DG B [
o UHE GG A BRG], R B RE R 5 E S R T8 % S RE R D B
JE . B R RR I I R Y 2H 43 R RSORE RUST RS0 R 5 ) 5 8 1A PR AR
WRRE,  HAAAAG T R S0 S P4 45 a8 1 R 5 ) T 5 ) A 795 1 51020

HAf, 2 LA Ru SEE0E SO 8 i = i id . BRUAE IR A
AR LRI . £ 5 LG5 DL BRI R T AL M T S AR i, AR 47
PR AE Ru B2 A BRI EUARS, AR T4 5 Ru AR AT IRAY 5]
Mo BOAEBRAR R T, PRI T2 0 & B T B L& PR 0 4R 4 . {2 Ru [t 72
B AL, 2SR G BUR A P RREUA S KA Wil 3 EERRE,
ARRIMERI R A, 20 T RRER 3 Ru BEE0E Ui AR 7E Tolk bR
FH06-108]

G A AR LR v e e I TR PR R T B2 BT DR, o MgO i
Y, BARTFHEER . RRE SRl il Ru/MgO Al 75 H 5 H i
71, BEAAE AR AR ER ARy A o I EEAT TR, A
4 T Z PR R A FE MR ) MgO, % MgO T3 4k
Mo HHFERZEBEIR, shZEEWHMBRTIE BARGEN TR
BT LT, LR AT RS2 R o 11 55 R AR v TT DA S TR 5 Ak o R A IR
BIRITER, NRGVEFT TS IRRME 7ok ASGEE T SRR AR B RS, HEAT
T La. Fe. Co. Ce % 24 Fi4: @ u & M5 itk MgO Xt EL 34t

W% 55 FA A R YR A1 D 2 ) R O PR B R4, SR BN 6 I S AN A 3 2
PSRRI G, F MR e LG UL, AR FLIER 4 1,
I FLAEZH 3 V42 07 T A RS WA g (R A 3, 36 kT S A VA VAR 1 R 3 AT 4.4
PR, TP TR S S AT RE R R R Y42 25 R o AR 35 70 30 e 5 i e A
VW, R PT35S AR5 A5 24 B MgO Bk & i— R FIAH [F145 24 LU 1) MoaMgo,
00x-S & (M N La. Fe. Cov Ce EHBARICE, 09: 0.1 NBIRITHESE Mg T
HIEEIREL), FRANRBUES B — RS Cs-Ba-Ru/MoiMgooOx-S A A
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i VERe A BT, K INAB R 0 F o FRO0 St BUA A I B e B AR
HHICGERCR BN R, MFEIZE T, 4%Cs-4%Ba-0.25%Ru/Lag.iMgo.00x-S

A GE R . 4%Cs-4%Ba-0.25%Ru/MgO-S 5 25%.

3.1 SKLuERsy

3.1.1 LIS 25

AR EE AT B2 A T3 3-1, AR T, B DR

R 3-1 LI 2

Table 3-1 The chemical reagents for this experiment

1
.

2 i 4R sy Bk 7K

KE = EAET RuCls-nH>0 AR HNER S JE R PR )
TR CsNO; AR ] 24 8 A 3807 B ]
e[ Ba(NO3), AR ] 24 8 A 3805 R ]
TR IR Bk Mg(NO3);-6H.0 AR [ 24 8 AL 300 A B )
i P Ce(NO3)3-:6H0 AR Bl T AR A BR A =
Tl R Cu(NO3)2'3H0 AR ] 24 8 A 3R A B )
E[igEE AI(NO3);-9H0 AR I 245 & A R IR A W
TH IR R Ni(NO3)-6H,0 AR BT T A AR A PR A F]
TiH R % Cr(NO3);'9H20 AR ] 245 5 A A 23 A BR A F]
HH B B Co(NO3)2'6H,0 AR Rl T AR A TR A A
IElE Bi(NO3);'5H0 AR Rafr T AR A TR A A
TR Er(NO3);-6H0 AR A TR RHEAT BR A 7]
FH IR 4 Dy(NO3);-6H,0 AR A SR AR RHEAT BR A 7]
TR S Ca(NOs)24H0 AR [ 25 & A R IR A WD
i I La(NOs);-:6H,0 AR Bl T AEA RS BR 2 7]
TR Zn(NO3)2:6H0 AR [ 255 Ll IR A A

40



LR R A A S

TR KNO; AR 5] 24 B AL 30 B )
T MRl Nd(NOs);xH.0 AR Z L MANRHA IR A A
THER AL Gd(NO3)s AR & i AR AR PR A ]
TR EK Ho(NOs);-:5H,O AR Z AR IR A 7]
(G In(NO3)s AR & MR IR A
T R Zr(NO3)s-5SH,0 AR [ 25 8 A R PR A 7
i Pt Yb(NO3);'xH20 AR % MR RHE A LA 7
TH Rk Fe(NO3);-9H.0 AR [ 24 8 AL 300 A B )
THIREL Y(NO3);-6H,0 AR 2 WML RH A PR 2 7]
T P Pr(NOs);:6H:0 AR 2 UM AEAC R PR A 7]
MR Sm(NO;)3 AR A R RHEAT PR A 7]
ERERVY T e C16H3604Ti AR BT T A AR A B )
FaE R Si0> AR Bl T AEAC R A BR 2 7]

3.1.2 SLELER
RTINS 5 AT, R —E R 22,
3.1.3 LIS
REHTH LIRSS m A, IS S ER 2-3.
3.1.4 AL FIEHIE
(1) MaMgyOx-S FIHI4% (M N La. Fe. Co. CeE#B24tEK, a: b ABIILHR
5 Mg JTCER I EE/R L)

Lao1MgooOx-S Y #1 % = ¥ 7.2 mmol Mg(NOs3);:6HO0 F1 0.8 mmol
La(NO3)3-6H20 I 20 ml HoO ™, PR ERIBSERBIAZ T, BE%E
e, EEREFENERT, 51ERNMEHETE P, #7miEResE, &
600 °C, {EE XY 7 —imiER B A Gk K. KA EMKRE Air KHATF, B
2 °C/min FHREEZZE 500°C, fRFFMHREE 2 h G EHAR AR EER, B3 Lao

Mgo9O0x-S, Laoi1MgooOx-S Z AR A B FE Bl W 2 — &5 K 2-1 Froso
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Mo.MgooOx-S [l #: K La(NOs)3-6H20 AL e HiiR A, fREHE 20
=5 Mg SGRERMERILA 9: 1, HEHI&LERYE LaoiMgosOx-S Ml FEH
I

MaMgyOx-S il = T ECHT IR Mg(NO3)3-6H20 A1 M(NO3) yH20 [ EE
IREGH, L5 B Lag.1-MgosO-S I & i FEAH ).

(2) Cs-Ba-Ru/MaMgyOx-S Bl %%

H145 5 B 555 — &1 Cs-Ba-Ru/MgO-S (1) 4 i FEAH [H .
3.1.5 LTI REIEN

fEAGFIPERE VT 5 58 — & 1 AR TR o
3.1.6 LTI FRAE

REATRIEAAE 55 T .

32 ZER511E
3.2.1 BT ERRIBRLLHINE A RELTINZ M

T SR T IRV, R 8 55 R4S 2 B MgO i il — R B AR TR
BAHHIH MoiMgosOx-S 3k (M N La. Fe. Co. Ce 254524 70%, 0.9: 0.1
NBEITLEES Mg TR M ERL, FAEHP SRS —#R%] Cs-Ba-
Ru/Mo.1MgooOx-S AT, Wl 3-1 fiiw, O ACBEITER.

1 18

1 - H 2 H;
£l 2
yceoges Vo
noor 1| 2 ‘3 1 15 1 17 acces
3 %ﬂ! L Be i 5 W Bl® f& c|7 'f( N| 8 ﬁ o9 ﬁ F| 10 f_—{‘ Ne
i g 7 3
o | vorram E'Eé} :HJI v | canr | i o e | 2
=ZN o0
ooz [ P
- |50 Tecon
558 s0ur) 10806, 1021 | (12008 12012 | 14008 140681
" Na (12 Mg 13 AL 14 Sif 15 Pl 16 s| 17 cf 18 Ar
(- 2} 3 2, p=
G B = I A I A B I {
sodium | magnesium aluminium silicon phosphorus. sulfur ehlorine argon
2000 [2431; 24.30m 3 4 5 [ 7 8 9 10 1 12 26982 126,084, 28.086) 30074 [32.050. 22.076) | [35.446. 35.457) | (30,782, 30.963]
19 k|20 calz1 sc |22 Ti| 23 v [2a ) D Fe |27 ED Ni |29 culan 7n| 31 Gal 3z Ge| 33 As| 34 se|3s ,. Br|36 Ki
= 3
G = < A N~ 1 O - B~ S - - S (= N~ S O I I Y U L
posssm | calum | scandu m | hanim | vanadom | ehromi m | mangarsse | won catalt kel e zne gatum | gerwanium | arsanc | sslenio m | bomine | iypion
wow | wome | wss oo s o sws | samy | ssem oo | csey | e newy | mow | mows | penmen| siem
37 Rb |38 Sr|39 Y |40 Zr| 41 Nb | 42 Mo | 43 Tc| 44 Ru |45 Rh| 46 Pd | 47 Ag|48 , . Cd|4a In| 50 Sn| 51 Sb| 52 Te| 53 1] 54 Xe
i) £l /. =)
4 ki 74 s g H 55 71 £ bich i # A B i il il i}
uuuuuuu m | swontom | ywhm | drcosum | micbim | mobdenum | tecmetm | navenin | rhodum | patagum | siwer | cogmium | indem antenory | tomuwiom | iodine
asaen = me | wmm | wws s o | e oo | ww | e e | v | wm ) %0 =
55 Cs |58 7-71 72 Hf| 73 Ta |74 W75 Re |76 0s|77 Ir| 78 Pt| 79 Au| 80 Hg | 81 m Pb[83 , . B84 Po| 85 At 88 Rn
A 3 P e
it a=| W% 5 fH ’%% Bk 23 1 & * i | b 107 e
casiunn nthancids | hatum | tanial gt o o | i Jatiuira id morcury | wallum lead bauth | polonim | astatine ad
129 13733 178.482) 18095 18384 186.2° 180.23(3) 1222 195.08 19687 20059 [204.38, 204.38) 2072 208.08
87 Fr |88 Ra 104 Rf| 105 Db | 106 sg| 107 Bh| 108 Hs | 109 Mt| 110 Ds | 111 Rg| 112 Cn| 113 Nh | 114 Fif 115, Mc| 116 Lv[ 117 Ts| 118 Og
a o A X -
i | #h i i PR R | Y B | Bt A l
«««««« m | rosum utherordium | dubhiim parg ot haveim | malrerum | dornaiodio | roencgenm | copermicium | mhoniom | fercvium | moscoukm | ivemmorkem | tsmmessine | op
&7 ﬁi] I 58 % Ce |59 % Pr|60 Nd |61 Pm |62 %sm 63 Eu | 64 65 ﬁ Tb| 66 Dy |67 Ho | 68 Er| 69 Tm | 70 Yo|71 L
2
lanthanum caril neodymium | promethium | samari ium ropium gadolinium terbium dysprosium ‘holmium rbium thulium ytterbium Iutetium
138.¢ 140, 14091 14424 150.36(2) 1.96 ' 25(3) 15893 162.50 164.93 26 168.95 7305

il 3-1 ASCRTB A ERE EETHRARD)

Figure 1-1 Element diagram doped in this article (marked with a yellow background)
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B AR MoaMgooOx-S Bl & B AL FIREAT 2 & B SRS, X
B o B AR 2 A O SR AT — 1k, 5 4%Cs-4%Ba-1%Ru/MgO-S H
Lo B R A R B P S R e ) LA ] 3-2 P W € 4l MgO a4 11
4%Cs-4%Ba-1%Ru/MgO-S, LAty 1 #ATHIE. HEBE NS AR o 8ok s] &
1] Cs-Ba-Ru/Mo.1MgooOx-S L. Wik 3-2 Fr7x, Law Sm. Gdv Dy. Er %544
RICR B IR UL BRI & AL, P il i s RO O R, PR
i, MR T 4%Cs-4%Ba-1%Ru/Lao. MgooOx-S HLAT i B i A0 712 & il %
tt 4%Cs-4%Ba-1%Ru/MgO-S & 41%.

Relative activity
=

0-‘70-'\70.\‘!
A4
01 oA 4'0 o9

— No activity displayed
35" - No activity displayed

T T T T T T T T T T T T T T T T T T T T T
La Dy &r GgSmMgNg Yb Pr Ce Ho Cq kK Y Co Al Cr Fe Ba Zr Ti Cy Ni Zn

Doped element
3-2 B R R AR ) & AL RS A U R 2 — A 45 2R

Figure 3-2 Normalized results of ammonia synthesis reaction rate for catalysts prepared by doping

modified carriers
X BRSO — 25, SCRRTIRE T La AT Mg IEE/REL, K% La AN
B o LU U 5 BRI R A B S B 52 . G 3-3 B, 2 Gk
BEFR G B AR BNk iR th 28, B s s 22 ey Mg:La=9:1.
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51.19

48.59

46.76
404 41.47

Ammonia production rate
(mmol-g.,"-h™")
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gLe0 2 s 85\—30 AB 5120 [\}s)

I
10 9 o
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Doping ratio
3-3 AN[] La 45 75% HUAG 1 51 2 o) 8 A 7R B2 A5 P s 3k 2 4 L]

a0

Figure 3-3 Result chart of ammonia synthesis reaction rate for catalysts prepared on modified
carriers with different La doping ratios

T HRUESE 1 W55 SRR E A BRI LS, BRI A T — &R
A < R SRR e SR S A S, W SRV 4L BSeoks #E 2t 425 1) 7
Yooe s sl

3.2.2 4%Cs-4%Ba-0.25%Ru/ Lao.1Mgo.sOx-S XTI FTRAE R 7347

K 3-4 RN 4%Cs-4%Ba-0.25%Ru/Lag 1MgooOx-S LTI & Bt XRD &
W, BRI Bl EIEEN MgO AadE PDF Ry, #N LasO/NOs Frif
PDF Rl BORNRETAAEEEERER LaoiMgooOx-S (LagiMgosOx-S-
BA); AT ARG 1) LaoiMgooOx-S (Lao1MgooOx-S-AA), IR
tORIEITRBUEATE LaoiMgooOx-S-AA FIREHEMESE Ru, FILE 5 vol.% Hy/Ar
RA SRS IR KT 55 13 B0 (a4 Ru/LaoaMgooOx-S; £k €5 78 Hh ] 44
Ru/Lao1MgosOx-S FIZBHEHA] Cs. Ba, FAE 5 vol.% Ho/Ar IBG U i e
JES BT Cs-Ba-Ru/Lao Mgo.oOx-S; 50 % A S M M REIIR S IR 1k
7] (Cs-Ba-Ru/Lag1MgooOx-S-AR); FELL {0} La,Os hnifE PDF KA.
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| l | | [T [ 1
La,O,
* BaO
Do
| 1 Cs-Ba-Ru/lLa, ;Mg, ,0,-S-AR
—_ W":’“" o e “w"‘ .\»...,v’hmmM_,f\W“‘“wA\owm:WMwu_wn
=
© M‘M Cs-Ba-Ru/lLay ;Mg ,0,-S
- : I -
> N
= W Ru/La, Mg, 40,-S
2] 0.1"V150.9%x”
% s _/‘\m il
c A
Sl S 17— A L201M9p 40, S-AA
g Pitsnsrsei g
[ L v " Lag Mg, 4O,-S-BA
La;O,NO; ‘ | MgO
| |l | 1
20 30 40 50 60 70 80

20/degree
3-4 4%Cs-4%Ba-0.25%Ru/Lao.1Mgo.oOx-S AL & UL IR 1) XRD

Figure 3-4 XRD diagram of the product from the synthesis steps of the 4%Cs-4%DBa-
0.25%Ru/Lao.1Mgo.9Ox-S catalyst

M 3-4 TR, @i AU IR RS Y Lao 1 MgosOx-S-AA XRD
WAL T MgO MIRHENE, IEHILT La WP IRHENE, 2651 PDF R Xt
LA LasO/NOs Rk, HEM H B L r) J5 2 MgO Bk R~FBUh, £
A, La MAETHEN MgO WHE, TR/ RMI T FEI. E£Z/EME
BUm kS JE Ru MR Cs/Ba B fEH, #BCAH L Ru FURFEIE, XU Ru
IRUF B 0 e MgO R B Ru B ERAIC. ME 2-4 Cs-Ba-Ru/MgO-S 1)
XRD i, REEAEHBLT BaO KL, H BaO RFEELEH AL/
A R B E R, XS BTSSR, AR AT F BaO
KRR, I BaO FREEN K. SULFIF, LasO/NOs FREUMEHIE LT,
La YA AN La03.

Ml 2-4 F1 3-4 ) XRD BEliEXS L, FTRLAKIIZRE La 528 Bt 5 ek b
MgO U6 5 FIBRBE R AE AR, IR TR MgO HIRSFAS/N T, IR R AT DL
B A B P R AN Ru UKL, I8 I k- R UK 1] P R ELAE FH R 1
e R BRI BT A LTS5 4, T RE— AR AR M R . D T DR ST
X—25i10, A HE GRS RSN EAE R IET T XRD Wik, &l 3-5 B
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N, BRI RS MgO FrifERFr. 4 MgO. Cu Bttt Ca Bt

Dy Stk La B2 84K XRD K3k . WFATLUE R, #

RS

AL & BRI G &R (40 La. Dy) XRD K MgO IR~ &N, NG

I A R B«
La, 1Mgy 40,-S-AA
e Nz
I " ——— R— Dyp.1Mg O,-S-AA
’;-‘ JL J\ Cag ;Mg, 40,-S-AA
CU- I U WP | P |
=
>
."c% Cug {Mg; 4O,-S-AA
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=
I Moo
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T ; T T T l T . .
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&l 3-5 ARTEERB R AR AR K XRD A

Figure 3-5 XRD patterns of carriers after modification with different element doping

W 3-6(a)ffi~, 72

FESRAE 1.5-2.5 pm (2 FLERFE kL. B 3-6(b)F1 3-

6(c) /& 15 4% U1 J5 # iR LaoaMgooOx-S HIAHIK BET Ml 45 &, L3R #H A
27.4118 m*g, “F¥fLAAR/NA 163353 nm, J& TN fL.

Regulus 5.0kV x4.50k SE(UL)

B 3-6 Lag.1Mgo.00x-S
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Figure 3-6 The SEM image (a), the nitrogen adsorption-desorption isotherm (b) and pore size

distribution curve (c) of Lag.1Mgo.9Ox-S
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BT Ru JE 71 Z AN T La JR T Z 44, BLTE TEM B A
MERHN 5 Ru PUKFIRAH X HITE WAL . 9T X4 Ru PFRT LaxOs #4443 8L
P, SIAFICERBMITT TEM mapping. MK 3-7 #) 4%Cs-4%Ba-0.25%Ru/Lag 1
Mgo.9Ox-S AL 2 N 5 mapping B H 7] LUE H Ru B0 A fE Lao1Mgo.oOx-S
Hk b, B BIRBREKIGKERL, [N AT LA F] Bay Cs #0RhB £ Z A0 A4
7E Ru ki, XY Yaejun Baik!'245 N\ DL AR SCEE — 345 #8 78 IR F7)-Ru 5
TR HE No 70 B A0 7/ H 0 MU AE — 35, Ru AR H S 7R 7
Ru FHHARZEA L Hext, FhdREJE K Cs/BaO TE#EHME A+ T ik Bt 3K H
Y, MfE Ru LR e, BHT RSO (B #EHo B T3 Noar T
1) n SEEPUIE (B% 2 HiiRE) LAHISS N=N 8, {2t No o isfk. 7sgh, mril
B La ¥y s], X2l i % AE it T B 4 it iR 2 —.

K 3-7 4%Cs-4%Ba-0.25%Ru/Lag 1Mgo 9Ox-S L7 b J§ TEM F1 mapping &

Figure 3-7 The TEM and mapping images of the 4%Cs-4%Ba-0.25%Ru/Lag 1Mgo 9Ox-Scatalyst

after reaction

Wk 3-8 fian, H_EW Fl&: 4%Cs-4%Ba-0.25%Ru/Lag 1Mgo.sOx-S 4k
FIMHET J& Ru 3d(a)f1 O 1s(b) XPS Eii. MK 3-8(a)n] LLE RIS BHT JEHI
Ru 3dsp (IZEARET TN 280.4 eV 279.9 eV, Zi&feARAEME, 4546800
/No XY 4%Cs-4%Ba-0.25%Ru/MgO-S 1 Ru 3d EHEH FTZH], 5N 2 RE N
La BB R . FEVFZEGL T, BAANUALE Ru £ NHs 205 SO AR
WAL SRR, AT DAL 7 QR R T M O R B B VR AL . La W)
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PG R 5-Ru FEHEEHE No 70 TS AL 1/ f 7 X BLH], LapOs i £ PEA 3R
H, W7 Ru EEF e, EHT Ru™hif (B HBH s B2 Nosy
T AERGE (B2 W) LAHIES N=N B, (23 Ny s k. 1 3-8(b)
fir, [FFES 4%Cs-4%Ba-0.25%Ru/MgO-S [ O 1s EIER B2 5], N A 5
R )-OH B A1 5 EEAR TR, R A

a Before catalytic reaction b Before catalytic reaction
C1s+Ru3d,, /
— =0 |'|l ‘
™™ Ru 3d,, / 280.4 eV | |
502 \ X ‘
/ \ ! M-OH ' M-0
e s 62% 38%
_ | —— - -
> : >
Z L
F P
"tn |After catalytic reaction 0o |After catalytic reaction
c c
2 \ 2
£ \ £ A
A 279.9eV /M-OH MO
/ N ! /,-' B2y 38%
M v iatl -— _
= — S —
i
I

296 202 288 284 280 540 536 532 528 524
Binding energy (eV) Binding energy (eV)
] 3-8 4%Cs-4%Ba-0.25%Ru/Lao 1Mgo.s0x-S AL N R f5 Ru 3d(a)fil O 1s XPS El(b)

Figure 3-8 The Ru 3d (a) and O 1s XPS spectra of the 4%Cs-4%Ba-0.25%Ru/Lag.1Mgp 9Ox-S
catalyst before and after the reaction

3.2.3 FAFEXT Ru/ LaoiMgooOx-S E& BRI AR

58 ST EARR], AT E B LaoiMgooOx-S HifAl# T
ANF Ru s &) 4%Cs-4%Ba-Ru/Lag MgooOx-S H &AL, fEEAL: 3:1
(300 mL/min: 100 mL/min). &E: 673 K. JE/J: 3.0 MPa. Z¥#: 96000 h!
HIAH A 26 A8 B HH TR A O BOR,  FEu XL FIHET T — RAIRAE S 5
BT o

SFANA 7 3 2 ) 4%Cs-4%Ba-Ru/Lag. iMgo.00x-S & & L] (RIHTR S
AR BEAT T XRD WK, @il 3-9 FioR, BURIEELLS Ru EGE, XRD
A 0 B 2, B ORI OR, AR AR Ru MR IRRAE I,
YEH Ru AR 10 73 BU7E MgO RIHI
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Figure 3-9 The XRD patterns of 4%Cs-4%Ba-Ru/ Lag.1MgooOx-S catalysts with different loading
amounts
K 3-10 N 4%Cs-4%Ba-5%Ru/Lao 1MgosOx-S AL S M Ji5 i) TEM & A
mapping &, Ru {R#F 17080 LaoiMgooOx-S #AAK M, WA HIAIRE .
Ba. Cs ¥IFLse o AndE Ru BOkiJE [, H AT LAE H La 05,

K] 3-10 4%Cs-4%Ba-5%Ru/Lao.1Mgo.oOx-S AL . J5 TEM EIF1 mapping ]

Figure 3-10 The TEM image and mapping image of 4%Cs-4%Ba-5%Ru/Lag.1Mgo.0Ox-S catalyst

after reaction

P 3-11 4 4%Cs-4%Ba-2.5%Ru/Lag 1Mgo.9Ox-S i 4L 5 b Ji5 ] TEM KA
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3-11 4%Cs-4%Ba-2.5%Ru/Lao.1Mgo.s0x-S #1471 B f5 TEM [ F1 mapping

Figure 3-11 The TEM image and mapping image of 4%Cs-4%Ba-2.5%Ru/Lag.1Mgo.9Ox-S catalyst
after reaction
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Figure 3-12 The TEM image and mapping image of 4%Cs-4%Ba-1%Ru/Lag.1Mgo.9Ox-S catalyst

after reaction
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3-13 4%Cs-4%Ba-0.5%Ru/Lao 1Mgo s0x-S ATV J§ TEM KR mapping

Figure 3-13 The TEM image and mapping image of 4%Cs-4%Ba-0.5%Ru/Lag.1Mgo.oOx-S catalyst
after reaction
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Figure 3-14 The TEM image and mapping image of 4%Cs-4%Ba-0.1%Ru/Lag.1Mg.oO«-S catalyst

after reaction
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Figure 3-15 Performance test results of catalysts with different Ru loadings supported on MgO-S
and Lag.1Mgo.0Ox-S carriers
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Figure 3-16 Ru 3d XPS spectra of catalysts with different Ru loadings after reaction supported on
Lao.1Mgo.9Ox-S carrier(b)
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Figure 3-17 The stability performance test results (a) of the 4%Cs-4%Ba-0.25%Ru/Lag.1Mgo.oO0x-S
catalyst, XRD pattern (b) of the catalyst after stability testing
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Figure 3-18 Ru 3d XPS spectrum (a), O 1s XPS spectrum (b) of the 4%Cs-4%Ba-
0.25%Ru/Lao.1Mgo.s0x-S catalyst after stability testing
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Figure 3-19 The TEM image, mapping image, and particle size distribution histogram of 4%Cs-
4%Ba-5%Ru/Lao.1Mgo.oOx-S catalyst after reaction
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