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Hydrogen production from steam reforming of long chain hydrocarbon fuels

using pyrochlore supported catalysts
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(1. Shanxi Research Institute for Clean Energy, Tsinghua University, Taiyuan, 030032, China; 2. Department of Energy and Power Engineering, Key
Laboratory for Thermal Science and Power Engineering of Ministry of Education, Tsinghua University, Beijing, 100084, China)
Abstract: Hydrogen-rich syngas production via diesel steam reforming (DSR) is of great interest because of the high H,/CO ratio and
the availability of external heat sources. However, due tothe elongated carbon chains and intricate composition in diesel fuels, there are
some technical challenges such as low hydrogen yield, hot sintering at high temperature and carbon deposition in the process of hydrogen
production In order to achieve efficient reforming of diesel for hydrogen production, an innovative catalyst using pyrochlore carriers with
different A-site cations (La’/Pr’"/Sm’") and a B-site consisting of the Ce element as a carrier supported by precious metals Rh was
synthesized. Because the carrier has a better oxygen mobility, the performance of diesel reforming is improved, and the occurrence of
catalyst carbon deposition is alleviated. Raman and EPR results shows, comparing Pr,Ce,0;. Sm,Ce,O, andCeO, carriers, La,Ce,O,
carrier contains the highest amount of oxygen vacancies and superoxide ions (O, ) . Furthermore, XPS and O,-TPD results indicate,
contrast with other Rh-supported catalysts, 3%Rh/La,Ce,0; catalyst formed more abundant and active surface adsorbed oxygen species,

which is closely related to the best performance of 3%Rh/La,Ce,0; catalyst in n-hexadecane steam reforming. The 3%Rh/La,Ce,0;,
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catalyst exhibited the highest conversion rate reached up to 97.2%, the highest hydrogen volume content at 70.2% and the lowest by-

product volume content. Specifically, the CH, volume content was 0.03%, C,H, content was not been founded due to below the detection

line 0.000 01%, and the volume content of C,—Cs hydrocarbons was merely 0.000 5%. Notably, the 1%Rh/La,Ce,O; catalyst with further

reduction of Rh content, when applied in the steam reforming of actual fuel diesel, the performance is only slightly worse than that of n-

hexadecane reforming, the conversion rate still reached up to 97.2%, hydrogen volume content achieves 67.9%, with remarkably low by-

product volume contents of 0.15% methane, 0.04% ethylene, and 0.07% C,—Cs; hydrocarbons. This catalyst exhibits outstanding reforming

performance and demonstrates excellent resistance to carbon deposition, thereby showing a great potential in large-scale engineering

application.

Key words: reforming for hydrogen production; hydrogen production via diesel reforming; steam reforming; pyrochlore carrier;

reforming catalyst

0 35l

Seam B R e VA RN B L A e A
K. WigeklERE . N EE . fAE RS 15
WA A", TS REM . RAREMR A
FURALSS ) L, FFASEmE R S A, AL
B 3 s S TR AN B . 489 322 i IR B AR
(20% ~ 40%) . SFBELERE (5% ~ 15%) . PRGekE (20% ~
30%). J5F R (15% ~ 30%) 254 Y. IE + e
(CreHsy) TE RS MV Y, 28] TRF2EHKT
PR, IRERR R S KRR EE . 5
AR ARGER | PRERESARERY, Hip
KRS ERH G Y SR s, B
ABIAZER, HTER BRI BRI E A
AR TT T T iedii &2 R T S5 E4E (ccus)™, i Tk 2
SEBEFTEA NS, AR BSOKES LRI,

St T RE (B L) mEER K
(Cio~Cyp) EENEL . HETIHFHFIRFWT
i . EREIRLEE S (600 ~ 900 C). &, FE
AR 2 LA S R0, Mg . B
FARMERR® T v R A A ) BB A BIE R R A
OBA ST, H A4S0 R S R T
WF A& E AN AT T — oY, FE TR
AT A A f T AL BT . RN T4 4. X
NEESEAEAL . RS HLER NS S R ST S . S
AR RFE RS (P, Pt. Rh) FEHES
4J& (Ni, Fe. Co) it/ fiak T4 Fh & L ol
Y ERRA Y D rdl s AR, EH ki, 4
J& i PR oy SR AV AL AR e AE 57 4 8 T e RE
IR o SETM/K 78S TR L W Be K 28 S AL
THMREEER A EE N, AT FRERA,
S E A R A S e k. A HGERR, BRUTE
b i SRR S S Ry T kA L Ry
Tl LU T 25 AL ) b LA . RIS
T, MRUTS G RR A OB VA 5. Tl
UK XME AR, ARSCRH CH, & i R R m Bk
104

i1

FIMERE . DLl , AT S8 o 38 S o7 1 1 M e AR
It AR5 SR ER, EAMUREEER Y
PP, BEBSEZWIEM SRR . i
FIREAL R BT ARBRPERE™ . o T B e T I M
PUBRYERE, AR A BILIR S WA b A
M+ (e ) ARSI S it sh it At
E P AT 8 2 4 4 1 T P R B B H Y
XUE % #i13# La #8223 CeO,-y-AlLO, #ifAk il £
[ Ni/Ceg 75Lag 2505-5-y-ALO5 AL & TH 1E + — 4
IKZERERENERE BT RERE, EERA N La 874
RESE 38 7 bR S| B 1, MOER NI 5
La,O5 [MAHEAREH, [FIBHHi1 Ni AR 804 1 ks e
INEAME AP

A,B,O, G RAFI Ea AR e e . At s
PERNZE M 5 ToAs s 51 A 2 W TR R
0.087 ~ 0.151 nm fY+3 MPHESF, W Lla™, Pr’. Y,
Sm™. Bi"EI0E. Wi BAZNE TN 0.040 ~
0.078 nm Y +4 47 BH & ¥, W zr™. Ti''. Sn''.
Ce M G L ALY A AR SE A 1L, besk
AL AR AR S A R, R
T o W AR AL T 2008 R A5 B
il 52/, 3% S T WO b G 4038 O LayZn,0,
Ce,Zr, O, 25 b HL I A8 M i ol 46 1 e A 37 B
HERER 2, AR (40% ~ 60%) . &l =9 &
AR (LHN 0.1% ~ 1%) HAWR™E .

AT R AL R AR Z5 0 B R, dd
B £ TR A PR . B3R Ce Y
P47 Ln,Ce,O,(Ln=La’, Pr’, Sm®") &4k, L) K4l
CeO, fEMXT I, DI B AN [R) 28 70 1y e A 245
¥ 3RA% AT s MR R R, I T kB il
Rh/Ln,Ce,0,(Ln=La>", Pr’*, Sm™") 4k, MIIEESE
AR A B BEXT Rh/Ln,Ce,O,(Ln=La’", Pr’", Sm™)
PR T T B e SR e Ak B I A R
M, 2R A R BT AL

1 fELFIFIE



Z ORAE: Besk O B AR ] TR BE R EU R R 28 A )

2025 455 2 1

1.1 BREFEREWHEH &

AU & & ¥ (La(NOj); - 6H,0.
Pr(NO;); * 6H,0. Sm,(CO,;), * xH,0) 7 %] 5 B I
LA (Ce(NO,); + 6H,0) # 18 Ln 5 Ce Y JF7 - FE
IREEMH 1 1(Ln=La’", Pr'*, Sm™) K284 Ik me
BT EET /KPR G, W pH R 2, 155k
TR AT FORA T 130 C 22+, BRI
W s Z RN R T S AR T e AR HLBE T
400 °C THREGIHE; RIGTES Y HLL 5 °C/min F+
A, TE 800 C W4T T2 HAKGH 4h,
%5 La,Ce,0,. Pr,Ce,O,. Sm,Ce,O, ZHfA
1.2 WREESUYHEF&E

>|i7r Ce(N03)3 : 6H20 &%%%ﬂ*ﬂ%ﬁﬁ{%?%%
FoRPIRA A, VAT pH R 2, BRIFRNAR; K
HIRFURHATC T 130 C 281, 1B3NREER; /¥
MREEME T IS BT AR T BE AR LB R T 400 °C TR
HEE; SRIEED IR LA 5 C/min THEHR, 7
800 C MM FFaA4UiGHe 4h, 155 CeO, ZhiA.
1.3 REEREELTIFE

W LR R AR S HR 5 TR R W, 2
JEHEITE T . TR RS, A5 SIS IR B A 0 R A
3 o 35 D Bt 538 3%Rh/LayCe, Oy, BT 734
3%Rh/Pr,Ce,0,. Jit & 73 5L 3%Rh/Sm,Ce,0,. Jit &
53488 3%Rh/CeO, AL . A IriEAE T RE S B TR
A FIMEA I MERE , BRI 73040 3%Rh 2k fE 1L
FGR, FIMEE T B 734 1%Rh/La,Ce,O; LT

2 ELFIEM SR

2.1 fEEFHEMR

3 HIFREL 100 mg FHEAERIFTIRIA RhO,/Ln,Ce,0,
(Ln=La’, Pr’*, Sm™) 55 500 mg 1 %/ T /MRS 5 &
TN 5 mm BYA S5 RN AR, 9 FH A DA
WAL, AEFEATKZE R TR NI, XF £ Ak 570 i
UKAKTE 10% H,+90% N, B3 RS 50 (i
40 mL/min) F 760 °C JANGAE 2h, 4352k .
JtE 41 3%Rh/La,Ce, O, . B34 3%Rh/Pr,Ce,0;
[ i 434 3%Rh/Sm,Ce,0, . i H 43 4% 3%Rh/CeO,
Ak

o T SR LRI e S ] R R R
Bl B2 B, FERJEIETE] 1 h BHR TR A
AT 1 I ZE 350 °C, B IE 75 K8/ 48R K X B
VRS T 2 JH % 550 °C, TEIRJE 1.5 h BFERRTIE
F2 N PR IR EE TR 2 450 °C, AFERR FE 4
DA 5 s 1 ) S o A BN ZE o A TR
KB IE 7S hidh g 5N . IR 2 h J5 51k
i 10% H,+90% N, I o AR R S 2 i A 25 8

TR 2 A 1 25 & A7KZ8A, 20 min Ji5
F—BERE 2FEALE b Semh, s
1 R /K 2835 RO SRR SR BB AR 3 [ E A
I 2 FEOMRA IR K, T 2 HR Y B
JEURHR SRR ZE TR AR ZR IR Al & T RO
H 0 B S AR R o AN TR AR50 FH T s g i
BH SRR ZE R E A RN TOL A, BARh
H,0 5 CHE/RIE N 5, RNEE T=760 C, 25
7 20000h7",

N
AR

G+
AT

s

1 EEHAECAFNRELY
Fig. 1 Reforming catalyst for hydrogen production

evaluation facility

REE
/A
” AR =N

RN~

USEVE
K2 EEHAGLAFNRERE
Fig.2 Flow diagram of reforming catalyst for hydrogen

production evaluation facility

J VL ) 3 ek VA B I B R A i (R K RN 5 v
B R A LAY, THRAREN | h AR,
AR (WHTARSL GC9720Plus) XA AR
PEATRG I, @i TCD AG I 2% A8 T JE AL 4L 4> H,.
CO. CO,. CH IR /3%, ik FID A5 il £5  J
C,~Cs AMLA & i, BIRGIELLT 16 ACHME
Wt ke, OHs. SB TIBE. TN . TN 0
B IETRE, SFTh. IETH., ST, T
M. T M. L3-T 20, IE8eke . 18k BERhi
R 6 h, SO FE ARG 1 h FH R R
D5 P
2.2 {ELFIRIE
221 XA E&ATAHENK (XRD)
XRD il 32 8 1 1% [E D8Focus %! (% [& Bruker
105



2025 457 2

ik 4 A H K 55 31 4

AXS A ED) AT HHACIK . M &R . Cu Ka 82,
BHE 40 kv, B HI 40 mA, R 20 =
10°~80°, FAH#E % 5°/min.
222 I % #3ENX (Raman)

Raman JGREMHXAE Renishaw inVia $7 2 GH%{Y
AT, MK A A RO G 532 nm SO
YR 5 mW,

2.2.3 A EAR N (EPR)

EPR {3z 33 7 [ BrukerA300 [ %% FiEF7, HU
AR (R AARRE S, 7E 600 CHe /< HP AL HL2 /)N
GRS R, JFEA—EmNAR, NEET
1R85 760 °C F W 30 min(FHEHE R . 10°/min), W%
B2 5 1B PR SRS R 10 min, FJS IARA &
77 K, EHREARIHREER, WA Fh s
PR AG . A% 9.3 GHz,

224 X-HHE& L F RS (XPS)

XPS i 3 3 Thermo ESCALAB 250Xi il i ,
X PRI R 8 Al Ka O FRERE =1 486.6 eV),
IR 150 W, X B RBE 500 um, AERSMHTE8F E 5E
HHEN: 30eV. GEAREH C1s A NAR, TR
2455 HE N 284.5 eV,

22.5 IR (0,-TPD)

O,-TPD MK 7£ 3¢ [& 2 5 AutoChem 1T 2920 1%
2 EEfT . LAiE4l He (99.999%) H# <., O,/He
(Vo,  Var =31 97) IRENWMAFEA, il
FI AN 0.05 go X IR AT fEILFISETE OyHe IR &
AP 200 C AL L h, FREEEREE 50 CJE, 1
30 mL/min 3%0, U (He “FA7<) P FF 1 ho BEJS
16 50 °C V) A 5 4 He(30 mL/min) %49 30 min, 5
M50 °C FFEA LA 10 °C/min Y 33 3R HEAT R T THR A
B, ZCIRTEER 1000 °C. A ES (TCD) A1
T RIS 5

3 #HREE

3.1 KREREHWHEEUFRTEERRSHT
3.1.1 R X K XRD R AE

WP 3 B 7 4 B8 4 4 38 A& Ln,Ce,O,(Ln=La™",
Pr’’, Sm™) AW H A CeO, Y XRD 3£ . i
XRD (%K A LI H, CeO, 7 Hi S J7 #e7 HFRAE
Mg gs A SCERIRE X T ALBO, AW,
FEER o /e PRHCBRER, M rpe A0
FLAE 1.46 ~ 1.78 i), T AR B 7 37 5 e e A 45
o TEAR/NT 1.46 BHRIUG 0 S7 J7 Bel b Al I AR
G B B S7 7 A A 45 Y0 X T La ,Ce,0,.
Pr,Ce,0,. Sm,Ce,O,, Afii 8 fii i La™*, Pr'’,
Sm™ B TR AR 4 R 116107, 1.13x107°, 1.08x

106

10" m, P B 7 6 Bifiifl Ce™ K424 0.87x10 " m,
4 La,Ce,O,. Pr,Ce,0,. Sm,Ce,O,H17usi /1pe: AT L
I3 133, 1.30, 1.24, BRBILEMET 146, #E
] La,Ce,0,. Pr,Ce,O;. Sm,Ce,O,- 11 1 T HlFf Y
S A S . X5 AP LayCe,O5. Pr,yCe,05.
Sm,Ce,O, B i Fl CeO, 3777 8 A7 F BN - AEAT 5
WL BB —3, MEMB AT RERH T L™, Pr'.
Sm™ A CeO, 1 ik 2k A Bl b A8 22 5 i1 . 14
4 75T Rh 57 #4405 5T 5 53 41 3%Rh/La,Ce,0; .
i & 4ME0 3%Rh/Pr,Ce,0,. i & 4 B
3%Rh/Sm,Ce,0,. JFi 43 5L 3%Rh/CeO, 1) fi7 5 I ,
A& HEARNHE, A RhO MNTHIE, X
Al g2 HH T RhO, JiT it 73 F0e Ik HIHAE #4431
B FE01

11
200 220 31

La,Ce,0, J\ A | )222 400331420

E Przce207 JLL J AA A A,

i

g Sm,Ce,0, L Il "

Ceonz Jkn‘k‘ 1 l‘.——l‘. A AAn

10 20 30 40 50 60 70 80

20/(°)

K 3 Ln,Ce,0,(Ln=La’", Pr’", Sm™") fn CeO, £ & XRD i%
Fig.3 XRD spectrogram of Ln,Ce,O,(Ln=La’", Pr'’*, Sm™) and

CeQO, carriers

111
200 220 311 3wt%Rh/La,Ce,0,
A 1222 400331420

3wt%Rh/Pr,Ce,O
LA | . BN

3wt%Rh/Sm,Ce,0,

M
l 3wt%Rh/CeO,
A AN A

10 20 30 40 50 60 70 80 90
20/(°)

B 4 J{E 4% 3%Rh/Ln,Ce,0,(Ln=La’", Pr’’, Sm’") fn )i & 4~
# 3%Rh/CeO, 1 .5 XRD i &
Fig. 4 XRD spectrogram of 3%Rh/Ln,Ce,O,(Ln=La’", Pr’’,
Sm™) and 3%Rh/CeO, catalysts

3.1.2 AR HR AT 2 R R AE
WP 5 7 4 58 4% A 3 A& Ln,Ce,O,(Ln=La™",
Pr', Sm™) MAAALYIEAK CeO, RIS EIER . E it

BB/ (au.)




Z ORAE: Besk O B AR ] TR BE R EU R R 28 A )

2025 455 2 1

PSRRI MR A TR S 70, 465 em™ AoAy
AU T AL T 5840 Fyy ", 570 em™ ZEAT I
ATk Ezs ", 4l CeO, HAF 465 cm™
A — By W, TR IBE S AT 3 D 3UA La,Ce,0,.
Pr,Ce;O;. SmyCe,O,, H: F,, W] 1 48 G HL I A7 i
# ., LayCe,0, Beldf1 Fo WEJLH WL, RIUT A fiL
BT La™. Pr'. Sm B A% BIL ) #AT CeO, fhA
H, 5 XRD 45—, sk, 3 R ERTE
570 cm” AbA %, BB Y La,Ce,0,. Pr,Ce,O,.
Sm,Ce,O; R f 45k 4843 7O H IR, Bl
AL 2 il 800 °C Kb, 4eas AT RRE AFAE
R pas A S AR HA R AR HESE T

La,Ce,0,
,; Pr,Ce,0,
< B i
= 594 470
% Sm,Ce,0, [} 368258 g3
CeO,

1400 1200 1000 800 600 400 200
hr 2 AL FE fem™

A 5 Ln,Ce,O,(Ln=La’, Pr’*, Sm™) #1 CeO, £ 1k & 1%

Fig.5 Raman spectra of Ln,Ce,0,(Ln=La”, Pr’*, Sm®) and

CeO, carriers

3.1.3 4 Al 70 SO Bk £ 4R X R AR

WA 6 T 718 h B8 4% 41 4] 1K Ln,Ce,O,(Ln=La™,
Pr'’, Sm™) KA CeO, HYMIRELILIR (EPR) Hh
LK. TLLEW, AE K S7E g=2.005 1
£=2.002 B 2 AN [A] SR EE R I, )R TR A T
O U, TR/ NI A B TR E 20
i EPR 234, 5 X} HORERRAAR CeO, ML, La,Ce, 05
Pr,Ce,O, 8K Y S 8 F O, 3 £, H
La,Ce,0, THARZMMEEFO0, , RIEIEIIZE
RAx T BB RZ .
3.1.4 {5 89 XPS KRAE

& 7 g J5i 2 43 %4 3%Rh/Ln,Ce,0,(Ln=La™", Pr'’",
Sm’") 1 5 5 23 B0 3%Rh/CeO, # #f 41L 77 9 Rh3d
XPS i & . Rh3d,,, Fl Rh3ds, YA HI7E 306 ~
311eV Ml 311 ~317 eV, T 306 ~ 311 eV [HYIERE
B, PR EFEIHE MM, iEFZ Rh (Rh') (1945
4 HETE 307.0 ~ 307.7 eV, Rh'I%5 4 BETE 308.3 ~
310.5 eV, M Al E 4 A B fF AL 5T 2 FE
308.5~309.3 eV INBL T U, JAJE T Rh“HHEIE,
B JIT A3 8 i A £ 75 RIS 38 JEERT Rh A 2535 8 Rh,O;4

—— La,Ce,0, g=2.005
—— Pr,Ce,0,
—— Sm,Ce,0,
—— CeO,
£l
Sl
i
=
. éﬁZ.OQZ
3460 3480 3500 3520 3540 3560
W32 58 B /m T

B 6 Ln,Ce,O,(Ln=La”, Pr’", Sm’) fu CeO, # /& EPR # %
Fig. 6 EPR curves of Ln,Ce,0,(Ln=La’, Pr’*, Sm®") and

CeO, carriers

Rh3d Rh3d;,

Rh3d
2 309.1
313.9
3wt%Rh/La,Ce,0,,

309.2
3wt%Rh/Pr,Ce,0,
309.3

308.5
3W%Rh/Ce0, 3133

314.1

HEIE /(a.)

3i0 3i5 3i0 365 300
“hitrhtleV
® 7 &4 % 3%Rh/Ln,Ce,O,(Ln=La’", Pr’*, Sm®") fu i &
4%k 3%Rh/CeO, 1 14 7| Rh3d XPS # A
Fig. 7 Rh3d XPS spectrogram of 3%Rh/Ln,Ce,0,(Ln=La™,
Pr’', Sm™) and 3%Rh/CeO, catalysts

Ols
0 Orirgs
ads : X _
3Wt%RNLa,Ce,0, 3314 0363/ é)z'“ﬁ
15289

3wt%Rh/Pr,Ce,0, 5313 /' 036;/%“:
: +529.0 -
3wt%Rh/Sm,Ce,0, 5%0“3/8)'”’

5/ (a.u.)

B8 JiE 4% 3%Rh/Ln,Ce,0,(Ln=La’", Pr’*, Sm™) fu Jii &
230 3%Rh/CeO, 1 14 7| O1s XPS ¥ A
Fig. 8 Ols XPS spectrogram of 3%Rh/Ln,Ce,0O,(Ln=La™", Pr",
Sm™) and 3%Rh/CeO, catalysts

A"

AIFMEALFI O1s XPS &I E 8 fifn, Wi
fb57) XPS FIEDEAT T o0, R PLATA k57 2 H PR
T 24N, 7F 528.8 ~ 529.5 eV IR A4 & T FH

107



2025 457 2

kB H K

F31%

FubE AR Oy FE 531.3 ~ 531.8 eV N ELAYIE T 8 T
TR Oy, ™o BLANSI N F T I O, ST
A S8 Oy XTI I T AR U AH Ao, /Ao, , KI5
#5 3%Rh/La,Ce, 0, i 1t 31l Ao, /Ao, [H f K H 0.82,
TR & 2 09 R WM AR, T 5%k
3%Rh/CeO, AL O,4/O THR/NH 0.42.,
3.1.5 {5 85 O,-TPD &R AE

[ & 7350 3%Rh/Ln,Ce,0,(Ln=La’", Pr’*, Sm’")
15T & 7350 39%Rh/CeO, 1L 5 1Y) O,-TPD 45 3 4l
B9 in, NIl AR G2k Rh A 40 i) G080 B L
Ko W T RR B ORI o P TR AR SN IR EE R 760 °C,
R I = 2 3HE 760 °C Z i A4 Rl B e o 5 A3 R
3%Rh/La,Ce,0, HEALFITE 76, 135 C AL AR HA
XIFRME R0, R RIFR SR LR, X0
56 B I 5 T AR B KR 4.4 3%Rh/Pr,Ce, O, 7E 80 °C
AAR/INE R, A A B8 BP0 1 L AE =5 18 396 °C.,
XTI U T AR 3.2, /N T A 434 3%Rh/La,Ce, 0,
WAL ARG TR . HEAPET 734X 3% Rh/Sm,Ce, 0,
T 25050 3%Rh/CeO, A A 751 Bt B g I 788 th 41K
I3 B0 e e WX L 433 R 81, 79 °C, WETHIFH 53]
1.4 F10.7, U TE FHAH L 5T 434X 3%Rh/La,Ce, 0,
FUT 5050 3%Rh/Pr,Ce,O, AL FIEL B WIFEAR . 25
o, BER3ER 3%Rh/La,Ce,O, 1Ak 71 4 it i 0 315 135
AR, HIGHARE N 4.4, BEIHZMALRIHE L AR
WA & A B A R G R BB %, RIS
SERERE R, X5 XPS 45 e —FH,

135
76 Area=4.4
3wt%Rh/La,Ce,0,

396
Area=3.2

3 /(au.)

MEE/PC

B9 Jii & 4% 3%Rh/Ln,Ce,O,(Ln=La’", Pr’*, Sm™) fn )Jii & 4~
#% 3%Rh/CeO, 1 1t 7| O,-TPD i &
Fig.9 O,-TPD spectrogram of 3%Rh/Ln,Ce,0,(Ln=La’", Pr’",
Sm™) and 3%Rh/CeO, catalysts

3.2 KREREWEEELTIEEEEE
321 E+ARAEREEG AL R
Ptk RN 25 3k 20 000 h ™', FRLIE N 760 C,
TR 1o 101 325 Pa, KEKEEA 50 1 DLRABRAEH
SRRSO, A 1 s E R
108

AR, 3T i 534 3% Rh/Ln,Ce,0,
(Ln=La™, Pr’, Sm™) M Jii /3% 3%Rh/CeO, {1k
FHFIE - 7NKE (CigHay) 7K 78 S 8 S (14 4 Ak T
P, RN 6 h J5 B AR A o X e an &l 1o fir
o MR EE AT LAE 3 R A R R A 2
3%Rh/La,Ce,0,. Fitm43%L 3%Rh/Pr,Ce, 0, Jiimsy
# 3%Rh/Sm,Ce,0,, FEIE 75 i f il S 1 £
RGP RO, bRk ®] 95% UL, 77
P A SRR EGEE) 68% LA, RIS IAFR A8
Mk HoAd, AR 534X 3%Rh/La,Ce,0, FYEL
B, 5ALIAT) 97.2%, P h A SRS
k%) 70.2%, RI7Y) & REEAL, WS (CHy) RS
BALH 0.03%, HIEA LW FEE (R % H £
0.000 01%), It4k C, ~ Cs A H A 0.000 5%
FE AL R P ORI R TR S B
TR E B N 2, X WIE A R B T R
AT HRINEHA RAFPURRERE . LayCe,O, 3
IRAER I AR 25 7 B B R TR 48O B T A A 4%
HAh#AATE £, H XPS F1 O,-TPD %4 .32 W] Fi i 4%
$ 39%Rh/La,Ce, O £k 771 A8 Lt I Ath i £ 77 2 1T 108 ff$
AR Z HBETER, X 55504k 3%Rh/La,Ce,0,
PEALFAE IE 7S bk Z8 R E A A i R 5
AL PERE R DA, DRI Sk ORI S ok 2 5 F
5% La,Ce,O, ZARMALFH

70 B 3wt% Rh/La,Ce,0, I 3wt% Rh/La,Ce,0,

[ 3wt% Rh/Pr,Ce 0, 0k [ 3wt% Rh/Pr,Ce,0;
§’ 60 | 3wt% Rb/Sm,Ce:0; c\\" . 3wt% R/Sm:Ce.0;
i‘m 501 B 3w1% Rh/CeO, i 0.8 I 3wt% Rh/CeO,
& QI
& 40T K 0.6f
§ 30¢ S
Eaol =™
S ol I K o2t

0 II I 0
H, CO, CO GH, CH,C=€; ~ CH, GH, C,—C;
ENEIE R e i ENEE P e i

B 10 C¢Hs, AR E 2R S 4 AR 4 3% 3t @H,0/C=5,
T=760 °C, p=101 325 Pa, % =20 000 h"’;
Fig. 10 Component proportions in C;sHj, steam reforming

reaction @H,0/C=5, T=760 C, p=101 325 Pa, GHSV=20 000 h'

322 YRMBRUAEREESALER K

B S A B E A A R, T E
IEMBERE (20% ~ 40%) . RAERESE (5% ~ 15%) .
Wk (20% ~ 30%) . F5EIE (15% ~ 30%) ZE4 . J
PRI AL 5T 5 534K 3%Rh/La,Ce, 0, BEA I FH T H.
SEEEh R K ZE R E R A, APPSR LUE oSk
FN JEEH SR L A3 SR G AEIE T S BEI AR
R 20% 1 LR R MARRI RS EE . LLOoR
FARE B BAIRIF IR L 1-F B2 N R R A LAY
Tl B ST E A R . SO0 RIS i F S L



Z ORAE: Besk O B AR ] TR BE R EU R R 28 A )

2025 4E55 2

25300 200000, EHKIRE N 760 °C, KSR
101 325 Pa, /KBRFHZY 51, 6h A= 4
o7 LUBERT 122 an &l 11 Fos . it g5 Rl A 4 4
A ERY R YT, SRR EE
hkasE, H-5PARARIE 7S bk B RS P A
LA HERET, 32 BRI ) ELAT X LSS
AT ZE AL AT T

70 F
< 50
240}
i
4o 30
=) —=— C,Hy
20 - —o— 80vol% C\Hs,+20v0l% Z K54
" —A— 80v0l% CyHagt20v0l% 23
—¥— 80v0l% C\Hy+20vol% 1-F 325
0 1 1 1 1 1 1
1 2 3 4 5 6
J W F[R]/h
(a) LT
20
sl \/v/v
—a— CH;,

—e— 80vol% C,Hy+20vol% LIt
—&— 80vol% C, H,,+20vol% £,
—¥— 80v0l% C,Hy+20vol% 1- 1 HEZE

C,~Cs & it/vol%
S

O B 1 1 1 1 1 1
1 2 3 4 5 6
F2 s ] /h
(b) VM
10+
8 L

—a— C(H,,
—o— 80vol% C,Hs,+20vol% Z LA bE
—A— 80v01% C,Hy+20vo0l% 2.4

—¥— 80vol% C,Hy,+20vol% 1-1 3%

C,H, &t /vol%

4L
il Av\ /\
O L A A B
1 2 3 4 5 6
SN s TE] /h
(c) %&th

B 11 R 5 A R A AR SRR A AR BT
Fig. 11 Component proportions in different diesel substitutes
steam reforming reaction @H,0/C=5, T=760 C,
p=101 325 Pa, GHSV=20 000 h™'

323 HELMBAKEIEEHALERREMN

TE T RS, AR A AR A 2 ok o
2T, I PRIE La,Ce,0; BRI
TE TR R R ATHE, AR 12 5t )8 Rh
(i BRI 273, #33BTEE 7340 190Rh/La,Ce,0O;
HEALT, DASRAT AR AP A 7 A o LAIZE A

R, BEIT A SCBRRE R B N SR A A A
SRR T HH T OB, PKah . SeilkZERE IR
RIYERE, HAVIoh S 92 SRISL TN, St
0 SR A S, MK TS Z AT R, TR
6 h JG PGS RN 12 Fin . Z5RRM, Fi s
19%Rh/La,Ce, O, Ak 7 75 48 il 7K 28 3 8 7% 2215
6 h i fEhEEbERe TR, By a4l b AR
SR RS . Seil K R R R
KM 129.8 mL/min, FEALRIE N 97.5%, =Y
AP B Kik# 67.9%, &= PARF 50
AR, Horh HBEARFSEUCR 0.002% ~ 0.150%),

70 5
60 - 1wt%Rh/La,Ce,0,Z SR 5G| 4
= 50 ——H, A CH, e
= r —e— CO, —— C,H, 3
m\; 0 . ——CO —s— C~Cs3 [ﬁ
i —
g 30 - / A\A* 2 =
J [
11
o T—= g - —3
b3 * @ * e 40
0 1 2 3 4 5 6 7
Sz i A/
(a) L
70 — g 8
Iwt%Rh/La,Ce,0, 7% SRS 44
60 L "_’.\I‘-—-\. T 7
. —=—H, —-CH, |, .
S50+ —e—CO, —— CH, =
2 —~—CO —+—CyCs5 45 £
4X 40 - - =
A 4
g 50l //‘ . 4 §
o T L
H20t A * — "0 E
= T
10 L §4—a\.—_¢ 11
0 L L L L L L 0
1 2 3 4 5 6
F2 s ]/
(b) ¥t
70 5
- ./.‘I\./F/d
60 - 1wt%RWLa,Ce,O, SR UHHE |,
=50 b —=—H, —a—CH, X
S ——CO, —— C,H, 3 S
EI\EH 40 L ——CO —w— C2~C5 ETHH
o Qs
30 12 R
£ £
20 - =
-—aA A A 4 A
10 _4-.’/ ¢
o L_t=—=s 4 4 4 $=10
1 2 3 4 5 6
S i A ) /h
(c) %&ith

B 12 FERBAKE R E R A o AR B e
@H,0/C=5, T=760 °C, p=101 325 Pa,
7 #%=20000h""
Fig. 12 Component proportions in real fuel steam reforming

reaction @H,0/C=5, T=760 °C, p=101 325 Pa, GHSV=20 000 h'
109



2025 457 2

kB H K

F31%

TR NN 0.004% ~ 0.040%, C, ~ Cs JRZAAFR
SHCH 0.004% ~ 0.070%, H &SR 6 h PEREA =
W, MR, KSR N T A

AT R P E BRI .
4 % i

1) A WF5E 6 % T AT AL o8 E 1Y Ln,Ce,0,
(Ln=La™, Pr', Sm™) Be4k £1 45 MM AL ) B 1A, 12353
Rh il & 7 ERAEIL], Hrh La,Ce,0, 2K HA T
I A B IR R O; B TR . FIE T
N bEoK ZE R E B W A b, it R &
3%Rh/La,Ce,O, flE L 7 S I 6 hJi , 1k 3R ik 5
97.2%, PP AR EGRE] 70.2%, R
F e AR B KAl 0.03%, H. 2 IR By 80T
0.00001%, I4h C,~ Cs KFL43 400 0.000 5%, 7E
IETASEER A RMA LR B CRARGERR) . LR
(AT ARD) A 1-HIBEEZE (25 RE) B LS5
AT K ZE T E RS S, B3040 3%Rh/La,Ce,0,
PEAL T TH R0 S A TE P b B e B, e
HHA 7 T ARSI B O 8 T

2) HiE— 2 HR5Y Rh/La,Ce,O, fi AL FI7E T RS
e N FH BT REYE , 3 A DT PR Y R
WA, & R34 1%Rh/La,Ce,O, HEALF], K H:
NFHF RIS B, Rl SEnlik RS E R, Seihik
ZERHBERERAL, PR KN 129.8 mL/min,
AR RN 97.5%, LY A R BU 0 B
KikF 67.9%, =P B bR LA B
0.002% ~ 0.150%, ZJHIEFSMECK 0.004% ~ 0.040%,
C, ~ Cs AR H 0.004% ~ 0.070%, Hi%ELE6h
FEIA A TOI AR, R R i T A AR A
RERIPURBURERE

3) ok W ALERIFFEIA A La,Ce,O, ZRAARTE 1)
T A S B R N 2 T 4HO, B T B DL &
Rh/La,Ce,0; H1 3= 5 177 Tk W B 580 0 b S Ak 480 4L
fE 1 (#115 Rh/La,Ce,O, AL FITEBESL Jy 28 H 1 56
BRI . A R BT i 704 1%Rh/La,Ce,O; fi
AT AT R FH RIS A Al SRR 1 7K 78 A B o
S0, WS RRIR Y BT SRR B R T Y R Ak
NS T A

S Z X Hf ( References ) :

(1] PASEL J, SAMSUN R C, MEIBNER J, et al. Recent advances in
diesel autothermal reformer design[J]. International Journal of
Hydrogen Energy, 2020, 45(3): 2279-2288.

[2]  PITZ W J, MUELLER C J. Recent progress in the development of

diesel surrogate fuels[J]. Progress in Energy and Combustion

110

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Science, 2011, 37(3): 330-350.

ALVAREZ-GALVAN M C, NAVARRO R M, ROSA F, et al
Performance of La, Ce-modified alumina-supported Pt and Ni
catalysts for the oxidative reforming of diesel hydrocarbons[J].
International Journal of Hydrogen Energy, 2008, 33(2): 652-663.
XU X H, LI P W, SHEN Y S. Small-scale reforming of diesel and
jet fuels to make hydrogen and syngas for fuel cells: A review([J].
Applied Energy, 2013, 108: 202-217.

PINEZE, AR, oAl 25, LGRS AL G WK R R AT
FERERE ). (LT HERE, 2012, 31(4): 801-806.

SUN Daoan, LI Chunying, ZHANG Wei, et al. Progress in hydro-
gen production from the steam reforming of typical hydrocar-
bons[J]. Chemical Industry and Engineering Progress, 2012,
31(4): 801-806.

YOON S, KANG I, BAE J. Suppression of ethylene-induced
carbon deposition in diesel autothermal reforming(J]. Interna-
tional Journal of Hydrogen Energy, 2009, 34(4): 1844-1851.
NAVARRO YERGA R M, ALVAREZ-GALVAN M C, MOTA N,
et al. Catalysts for hydrogen production from heavy
hydrocarbons[J]. ChemCatChem, 2011, 3(3): 440-457.

XUE Q Q, YAN B H, CHEN M, et al. Hydrogen production via
model diesel steam reforming over a high-performance
Ni/Cey 75La950,_5-y-AL,O; catalyst with oxygen vacancies[]].
Industrial & Engineering Chemistry Research, 2020, 59(34):
15188-15201.

GRANLUND M Z, JANSSON K, NILSSON M, et al. Evaluation of
Co, La, and Mn promoted Rh catalysts for autothermal reforming
of commercial diesel: Aging and characterization[J]. Applied
Catalysis B: Environmental, 2015, 172: 145-153.

XU J W, ZHANG Y, XU X L, et al. Constructing La,B,0, (B = Ti,
Zr, Ce) compounds with three typical crystalline phases for the
oxidative coupling of methane: The effect of phase structures,
superoxide anions, and alkalinity on the reactivity[J]. ACS Cataly-
sis, 2019, 9(5): 4030-4045.

ZHANG Y, XU J W, XU X L, et al. Tailoring La,Ce,O; catalysts
for low temperature oxidative coupling of methane by optimizing
the preparation methods[J]. Catalysis Today, 2020, 355: 518—528.
HAYNES D J, BERRY D A, SHEKHAWAT D, et al. Catalytic
partial oxidation of n-tetradecane using pyrochlores: Effect of Rh
and Sr substitution[J]. Catalysis Today, 2008, 136(3-4): 206-213.
KARATZAS X, JANSSON K, GONZALEZ A, et al. Autothermal
reforming of low-sulfur diesel over bimetallic RhPt supported on
Al O3, Ce0,-Zr0,, SiO, and TiO,[J]. Applied Catalysis B: Envi-
ronmental, 2011, 106(3-4): 476-487.

LEEJ H, JO DY, CHOUNG ] W, et al. Roles of noble metals (M =
Ag, Au, Pd, Pt and Rh) on CeO, in enhancing activity toward soot
oxidation: Active oxygen species and DFT calculations|[J]. Journal
of Hazardous Materials, 2021, 403: 124085.

XU J W, PENG L, FANG X Z, et al. Developing reactive catalysts
for low temperature oxidative coupling of methane: On the factors
deciding the reaction performance of Ln,Ce,O; with different rare
earth A sites[]J]. Applied Catalysis A: General, 2018, 552: 117-128.
HU H, NIU X F. A facile hydrothermal synthesis of large-scale


https://doi.org/10.1016/j.ijhydene.2019.11.137
https://doi.org/10.1016/j.ijhydene.2019.11.137
https://doi.org/10.1016/j.pecs.2010.06.004
https://doi.org/10.1016/j.pecs.2010.06.004
https://doi.org/10.1016/j.ijhydene.2007.10.023
https://doi.org/10.1016/j.apenergy.2013.03.028
https://doi.org/10.1016/j.ijhydene.2008.12.016
https://doi.org/10.1016/j.ijhydene.2008.12.016
https://doi.org/10.1002/cctc.201000315
https://doi.org/10.1016/j.cattod.2019.06.060
https://doi.org/10.1016/j.cattod.2008.02.012
https://doi.org/10.1016/j.apcatb.2011.06.006
https://doi.org/10.1016/j.apcatb.2011.06.006
https://doi.org/10.1016/j.apcatb.2011.06.006
https://doi.org/10.1016/j.apcatb.2011.06.006
https://doi.org/10.1016/j.jhazmat.2020.124085
https://doi.org/10.1016/j.jhazmat.2020.124085
https://doi.org/10.1016/j.apcata.2018.01.004
https://doi.org/10.1016/j.apcata.2018.01.004
https://doi.org/10.1016/j.apcata.2018.01.004

Z ORAE: Besk O B AR ] TR BE R EU R R 28 A )

2025 455 2 1

[17]

[18]

skull-like CeO, nanostructures with many holes and their optical
performances(J]. Journal of Materials Science: Materials in Elec-
tronics, 2017, 28(15): 11306-11310.

ZHANG F X, TRACY C L, LANG M, et al. Stability of fluorite-
type La,Ce,O; under extreme conditions[J]. Journal of Alloys and
Compounds, 2016, 674: 168—173.

LECOMTE ] J, GRANGER P, LECLERCQ L, et al. An EPR inves-
tigation on the reactivity of oxygen from ceria modified bimetallic
Pt-Rh/ALO; catalysts in the CO+NO reaction[]]. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 1999,
158(1-2): 241-247.

[19]

[20]

[21]

CHEN Y S, FAN J, DENG J, et al. Synthesis of high stability nano-
sized Rh/CeO,-ZrO, three-way automotive catalysts by Rh chemi-
cal state regulation[J]. Journal of the Energy Institute, 2020,
93(6): 2325-2333.

NOSAKA Y, NOSAKA A Y. Generation and detection of reactive
oxygen species in photocatalysis[J]. Chemical Reviews, 2017,
117(17): 11302-11336.

SHEKHAWAT D, GARDNER T H, BERRY D A, et al. Catalytic
partial oxidation of n-tetradecane in the presence of sulfur or
polynuclear aromatics: Effects of support and metal[J]. Applied
Catalysis A: General, 2006, 311: 8-16.

111


https://doi.org/10.1007/s10854-017-6922-6
https://doi.org/10.1007/s10854-017-6922-6
https://doi.org/10.1007/s10854-017-6922-6
https://doi.org/10.1007/s10854-017-6922-6
https://doi.org/10.1007/s10854-017-6922-6
https://doi.org/10.1016/j.jallcom.2016.03.002
https://doi.org/10.1016/j.jallcom.2016.03.002
https://doi.org/10.1016/j.joei.2020.07.005
https://doi.org/10.1021/acs.chemrev.7b00161
https://doi.org/10.1016/j.apcata.2006.05.042
https://doi.org/10.1016/j.apcata.2006.05.042
https://doi.org/10.1016/j.apcata.2006.05.042
https://doi.org/10.1016/j.apcata.2006.05.042

	0 引　　言
	1 催化剂制备
	1.1 烧绿石结构载体制备
	1.2 对照金属氧化物载体制备
	1.3 贵金属负载催化剂制备

	2 催化剂评价与表征
	2.1 催化剂评价
	2.2 催化剂表征
	2.2.1 X射线衍射法测试(XRD)
	2.2.2 拉曼光谱测试(Raman)
	2.2.3 顺磁共振测试(EPR)
	2.2.4 X-射线光电子能谱测试(XPS)
	2.2.5 程序升温脱附（O2-TPD）


	3 结果与讨论
	3.1 烧绿石结构载体催化剂表征结果及分析
	3.1.1 催化剂及载体XRD表征
	3.1.2 催化剂载体拉曼测试表征
	3.1.3 催化剂载体顺磁共振测试表征
	3.1.4 催化剂的XPS表征
	3.1.5 催化剂的O2-TPD表征

	3.2 烧绿石结构载体催化剂重整性能
	3.2.1 正十六烷水蒸气重整制氢结果及分析
	3.2.2 柴油替代物水蒸气重整制氢结果及分析
	3.2.3 真实燃料水蒸气重整制氢结果及分析


	4 结　　论
	参考文献

