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F125 bar). ¥4 41 (K) AR (Mn) 1 9B AL RIET, Fe/NCNT JEILH AL R (1) CO, IN&A MERE, 7EMA
A (GHSV) M 3.1 L-(g-hy ' B B0 AT ik 34.9%. 4fi I K VBB AL IR, SR 0d Jeis e A
BRI HAT S AL FEE . 2 K A0 Mn [RIRE Y B AL AU, A A R P RS R s 4k R 60 ho BN
FEAGTR] Mn (8 45 R 80N I X 2T i SRR PRI )5 L Sl 10 XS 2 W WSOk 40 45 # kAT 3=
1. Bl 7R Mn MY BB FRE Th RIS FeO, H.AEBRARFE 7 FHIRIC S I R A 0 2 o i I BRAEL S B
NH, WA o fR SR RAEBIHEAL T80 o 4 KA Mn AE NBIEAL IR, Fe/NCNT AT B it s vk

IR JFEMT, 24 K A NIRRT, Fe/NCNT HAT A5 1 ke tk .
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1. 5]

N5 B8 A 5 SR HEBOLH R Sk (CO,)
(K HERGI SR SR A Wt B . CO, A G FE g A e —Fh
ATAT [ AL A A AN E A 255 S B R T 7
HonEE AR 3 B SR B . DK
PR (RWGS) NV @RFTE BU(FTS) i £ [1.2].

RWGS: CO, + H,=—CO+H,0
A Hsy =38 kJ-mol™
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FTS: nCO + (21 +1) Ho—— CiHanz2 + HoO

2
AgH, =—166 kJ -mol ™ @

TERWGS W H, H,5CO,x M4 /K fllco, L
b A A7) 32 R B VU Ak =8k (Fes0,). A COE N
FTSI A2 AR S N, 7EH, AT i i R & -5
ERNARIREANE Y. FTSIE AR EEE 4. 2. 47
S, BAEATIE T REARSES .. BA5S
RWGS VG 7= A 55 2 I Je AN SR AL S ) R R
R BT T CO AT FE[3-5]. S AFIANE
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T CO A, B 7ERWGS B Ff if A Mn K B
7, HEALIICOMI 4T AT SRR -

Riedel&5[6] K ILNT T FTSHIRWGS, 7EFefiAb 74
ANKIWFIZ 5, AL S AT 32 (0 AR A S5 AR L 1
RWGSISFR A F I3 )5 X [ ZE LL FTSIE RR 3] )1 24 X
BB, EFEE S R B R COMNE RN 5 COMY BT 72
FARFERAE[7,8]0 AN IBARIE T /ERWGS R M A CO
B R, AR BRE IR R T A B (6] X Tk
o7, R 2 I PR TE R RT3 [4,9-15]. KB
TR DN g A B ok 2 sy 4 e 750 SR 11 1) L e 25 O o £
[6.7,16,17]c J@ITIXFERIA I, Eem TR IEREE,
[0 T B KAORERE,  Ji T b AR A, R T B
BRI [ 15,18,19]. SRTH, BRRTHAIRIEH 2518
TR I3 . Ml FRIAE o 45 1) BY R0 B 7 B Bh 7], 3
07 A ERAE R G/ BORE R L BRI T A ORI
TR AL R R I DA E . DRI, Hoos/) 1 Bk
TEACTIAE SRAE A B N H 1 2R3 % [20-22] . Davis[23]
B R R S R AT e SRR T 51 R B B I COER
CO,. TERPMIZZMT, AR HFe,0, 410, HRMH A
T ERAER, N R R AR S R — B R

TR 9K 8 (CNTs)E Ry — P B A T 5% 0 4k 7] A
[24-27], HABKKREF, BT LMRG Lo 5O A f#
G RRL T [28]. AR AT CAB IEReSE Bl %, [t
TE$ o Bk ik 2l T 3 R A A0 700 0 R 1 AT e 3 1 7 THT R
A RIFER8,17]. Bk E d i) & E A& A T he
P [F Bt AT DA Sy 4 i M Al T BC AV 1 (24,251, BB
RGIKE (NCNTs) AT LS A g oK & 7R RS H 10 5 b
B AL A3 21 [24,29]. Kunduf$[29] A IR <AL
673 KA AL 5 NCNTs & S5 A g AU L [,
Pl T M S BRI AT A . ChewZ5E[2]K 3 753
KHALIE 5 hJ5 15549 %[H FeOFI5 1 %[ FeH i (144 @
JREW). Fe/NCNT. Fe/OCNT. Fe/SiO,HH T-CO, & s
FEl}, Fe/NCNTLLFe/OCNTEA BRI COMELFENE. Fe/
Si0, 5 Bk 9K B MM EH LA LE, 7ECOL A
TR ARLRSE . ETFCOMA RN LT, H£RWGS
A ) COTE I N H AR ik &4 &4 . Chew 521K
WL COTEFe/NCNTHR [ 1 E A H LEAEFe/OCNTERHI [
SACTER ED, W HAA B R NSRS, R EH
RALZ

NH, 5 fiff s B2 & — B nT DLV 22 3ok I 4 R T ik
PIRNE[30,3 10 A2 W B Ji 7 80 1) 25 4H A A i & NH
Ir R RE TR AR e B IR (301, BRIk, ZI7VERT B

T ARAEN N ) BT (A7) () FARR o T R B

AR IVE T KAMnE 7516 T8 005 40 K 8 1 ik Ik
AN YE . PPk B R e . 7
NCNTSs I {98k 55 g0 K U@ 132 153 05 v il AL
FRIRE 2 A 3ok X R AT S (XRD)EAT . HLFE 5 THIRAE R
(H,-TPR)A 5 A7 X5 2 M Wil i1 45 74 3 it (XANES ) i FH
T TR AL B AR B . 7EK/MnBh AR EE (1) 45 A
TR AN 1R Bk 0 K URL A A1 75 (R NHL 3 i AT COL N
W TP AP e AN ST B R . 3 R IE ()
WF 9T BT T B =4 40 AT I 5 [32]

2. SR T5A

2.1. JEAL SR 2%

ARG AT R BRI A Bk I A SR AT Ok A4, i
R ER T AR T BB gk E 2 . MG, @
Tk {8 A Tl TR A R Y R R VA VR R IR B I T AR B A K
FAMnBO AL 75 )R 218 AL 77 (K/Fe/NCNT), HARIEFETE
W25 3CHR[32].

2.2. RALTTI%

MEALEE 73 P a5 IR 23 D' G FE R (A AS )i AT
M. XRDJ7vE T 20t fi A6 550 b 5 St Al . i
AT MR A T 1 2 D RE R R AT A, R
Cu Ka radiation (2=1.54 A), #AE5&AFHIR40 mAFIN
HHE 45 kV. iSOy 0.026°, HEETEEI208
20°~80°, & f A PR 5 3 A DT ATL ot 4 45 A i e
(ICSD)#ff 2 » H,-TPRIVHERAEIIFE N : TN 40 mefE{b ],
IATHEEF 10 Komin', FRRRFFRETP AT EH
4.73%0H,, EEN84.1 em’ min . fNIHGEE M323 K
F1073 K, £F421 h,

TEAL TR )8 M3 A2 HL S0 R B R A7 XANESHR
fiE. B [a]5 3% R4 N XAS beamline(BL2.2)[Synchrotron
Light Research Institute (SLRI), Thailand]. &&= tAHEA
R B i T Si(111) F T X0 4R 2 () X 26 R 2
i [35]0 XU R ZE I A i AR 5 0 S5 ol 213k R R
2% (NMOS-linear image sensor), E{EZ&MF: REERT RN
250 ms. 4.5 mght i B il & R E A4 mmPT & . AR R
Ik JE i FE i Fe K-edgel5ii. XANES. #AE %A+ K
4 cm’-min 'fRH, 7 # A180.1 cm’-min AR H. M
323 KEA10 K-min™ ' fiy s 2 in#42 h 42923 K. 2kiE
T4FIF Fe K-edge 77112 eV T (WUt . 22k (511953 7



F AthenasSEZI[36]. k¥, FeO. Fe,0, flFe, 0,8 1E N
M TS % .

2.3, A SIS T

NH, 7 i AE SR ik 52 56 FH T 29 b Bh 790 () 4 FH R A
AR B AR E 1 . NH 73 fif S50 7E UL 0% i )37 2% Hh gk
iT. 10 mgfHEALFIAT 100 mgfISICHIR S YA T4
PMREZ ). FEMEALSZIORT, MEALFIE2S om® min [
He <. F i T #1630 min., 2 536 J5 9206 76 i &
H25 em’ min ' H,ZE TR, JFEA T 673K LS K-min ')
FHEHRZEINFAT he RS RE, RSZEE323 K. i
425 em’ min I He AR, WA R TIIH,. B,
BAAAR(S em® min ' I E 10% NH; I He. HeJ9iE
45 em’ min BN N 25220 minf5 AR E. 25,
SN2 A RE LS Kemin 'R 0 HGH S #2923 K, i
JETE923 KM Fhn#kl he b5, MN#EM923 KLA
5 K-min ' B PR R A E E S B R NS A
N A BT MR 2% (BINOS) SR I 2 Rk 1

HFCONNEIEFE, 40 meffEAL 7 F1160 mgff)SiC
TR G 78 T g 2E 2 1] . SICHE R RE 78 /N ik
PO B FE A AR R R SIS 2 BT, AL
7E 653 K125 bar/k /7 F, 4ERF 50 cm’ min ' (Y H 55 H
WES he ZJE, MNgsiEd 633 KR ArLA30 cm® min
(R B VA A, WA RORE A I, e OSSR (H 3
5225 ecm’ min'. COME A7.5cm’ min'. ArfiiiE N
3.3 cm’ min " )iB AL IR E ERF 2350 L (g-h) s
Ly 633 Ko JE /7225 bar. =4 B 4230 i #4546 )
#5 (TCD)IEBAE L 1 S B AL (GO BEAT 20 b, Hor,
UK NS T AAG I 2% (FID) 3 F ArfE 9 N B An . Bk
(RSB B A FEAE SCHR (3717 04T T VEAH A .

3. 4R 51418

T AASH AT RS e 5 1 4 o B oy el R |
FrR[32]. KRB Fe/NCNTH XRD K% 1 A 1)
A Fe/NCNTRs B 5 (1 B o, DU =8k (Fe,0,) 72
BRABALFIHBR T /S AT A 2 ) 2 BEAH [32] 6

S5 JE I Fe/NCNT, K/Fe/NCNT. Mn/Fe/NCNT #il
K/Mn/Fe/NCNTHFE/F FHEIEJE (TPR)SE S an < 1w .
X6 T B AR b B 145 BRI AN KA T Bk 2 S Ak P 0 K SR
[ 1(a)], H:AES584 KAI613 KIHIHTANE /N (1) 04k L 0 51,
X3 )2 R DR AL R SR T A o A8 5 HLF e, O53 J5L

3

Fe;0,[2]. 773 KALUE H T Fe, O 3k — 14 J5 pli 4 Ji Bk
kb RIERG)MTPREE R, KA NIZ L ik
J5[5,38]:

Fe,0,——Fe,0,——Fe 3)

K/Fe/NCNTHJ TPRZS i i 7 7] (598 K. 636 K
F1792 K)[FE 1(b) [E R 2= B KB 75 45 73 4 44 771 340 Ji ik 72
BEAELZ[30]. 5 AR EAT By 7] b BE 5l 38 KB 77 Ak 34 1) 2 i
AR EL, Mnf7i i 2k B8 AL 771 (Mn/Fe/NCNTHIK/
Mn/Fe/NCNT)FI 4634 Ji I 5 485 K ] B il 5 420 K
ERE (). (d)], [FIE 3 2 1 2k S AL T H LA /S
FRIUGE o 33K — R 30 156 B Ak B8 A 90 K R 7E Min Bl 351 Ak 2 5
AR SE I 40 8, ATTTRE S SE 2R Gy a0 iR, X — 3
I R 5 Tao%E 20145 - —3% . %F T Mn/Fe/NCNT/H4L
), U H IR IRE (615 K), I Fe,O 414 J5 il N
Fe,0,, [AII 78 m i B (753 KFN821 K) T H B A U4 2 |

R/L WGP E RO [32]

Sample Weight content (%)
Fe K Mn
Fe/NCNT 34.2 — —
K/Fe/NCNT 31.2 1.3 —
Mn/Fe/NCNT 32.8 — 7.1
K/Mn/Fe/NCNT ~ 22.5 1.0 5.4
744 807
(d) KIMn/Fe/NCNT 755 221
615
5
< 1
5 792
£ [(c) Mn/Fe/NCNT
% 598
5 636
=~
(b) K/IFe/NCNT
584613
(a) Fe/NCNT

— T T T T T T T
400 500 600 700 800 900 1000

Temperature (K)

BEl1. H, TPR Kibe /s RIIATHIZEH: (a) Fe/NCNT; (b) K/Fe/NCNT;
(c) Mn/Fe/NCNT; (d) K/Mn/Fe/NCNT.
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T Fe, 0,08 — B8 5 i A Fe[ [ 1(c)]. i 5T F i
S Fy 5 BRI AT DA UE BT Fey O, 4 38 Ji i Fe O (1 Sy v ] 7
Yy, SRJG Gk — BB F S Fe, 1A ZFe,0,/E773 K
T T L — IR R i Fe. MnBh#) () 4k B4 15 Mn**
B FeO i 4% it 31| F2 58 FeO s A% IHI1E I [20]. 5 Mn/
Fe/NCNTAHIE K2, fEK/Mn/Fe/NCNTIA 7 5256 i 7F
(744 KA 807 K) RS KR I T WAL R[] 1(d)],
HHFe,O, > FeO — Felf]if Ji i & B AR, ¥ BHKELF
AL 1S FeOR Fa 52 M F# k. Pernicone®$[39]45 H,
FeOSINA Z ik 5, S54ES M Fe, O, MEMAFIFHLL, HXT
TR GO R RAE S PEME. Bk, fEMn/Fe/NCNT
W, FeOfE NI YAAAE Tk ik fE v, 24~
& JBFed K ik, 4 Fe/NCNTIRE B i AKE) 7 F1Mni
FBT, FeOHH a4 B8 0k 75 55 140 J5 R Bk AN K BTk .

JR AL TPR XANESSLEG ] T 3 — 2P /R 7ECO,L I A
AR AT I H G JF R, BRI R (W Fe/NCNT. K/
Fe/NCNT. Mn/Fe/NCNT. K/Mn/Fe/NCNT)F) 45 ¥ i
A E2REIR T AEH A E R 323 K #A £ 923 K14
P AL 7 I Fe K-edge XANESHIHE S ik, otk & [
il BT b T T & W TR B . XANESH R AE AR 44
R PR LA 2 B8, T W AT U 300 5% ) BRI 1)
7 R RIS A B R, B S8 B E R
WA, TR OGS R T AR A S R R AR L.

FeO + Fe

FeO + Fe
Fe,O, + FeO + Fe ,

Fe,O, + FeO

.

Fe,0, + Fe,03 %

Normalized absorbance (a.u.)

Fe/NCNT

T T T T T T T T T

7200 7250 7300 7350 7400

Photon energy (eV)
(a)

T T T T T
7050 7100 7150

Fe,O, + Fe:39

7

Normalized absorbance (a.u.)

Mn/Fe/NCNT
T T T T T T
7200 7250 7300 7350
Photon energy (eV)

()

—
7050 7100 7150 7400

EI3FT /N, 2Rl A (LCF)BE Ja 4 F T 70 B 78 2k 2 i 1k
734 53 AR v AR o B A . FE BT IR 4
XANESYG A0 27 1 AH 36 A B A7 76 1) = AP 3R
Fe,0,—Fe;0,—FeO—Fe. AN[FI[K)H & EEFh AL BT
R B AN B8] P 5 87 3 22 AR AL B U A o 3R ) SR 45

AT T AN B FAE BT (kB A 77 1 25 5 AH —
;2] TERMNIFFEEBEL, BT K/Fe/NCNTH # & i
Fe,0,4H %, i J i A gk 44 K843 /& tH Fe, 011 Fe; O,
Mo Fe,0538 Ji i Fe,O, )it #2, % T-Fe/NCNT. K/Fe/
NCNT. Mn/Fe/NCNTHIK/Mn/Fe/NCNTA [ F it k.75 73
WITTFHET473 K. 473 K. 613 K. 523 K. H F|Fe,0,%4
AU NFe,O ), AL FEA IR H 4G, o, K/Fe/
NCNTAHIK/Mn/Fe/NCNTH AL IR EEAE593 KF623 K.
AR, % T Fe/NCNTHIMn/Fe/NCNTHEALF],
Fe,O,JE i HTIE JRY) th Fe, O MR AL B P AFEAE, HFeAL
IR JE 4 MIAES13 KAI773 K. Fe, 0,784 Al 4 J& Bk ity it 72
BN R, RS R, W
VLI A2, 7EMnBh )4k B 3d FIMn/Fe/NCNTHIK/Mn/
Fe/NCNTHEMWFIH, FeyO, )L 4 # 5 AL sl 8 A Bk R4
88%~100 %A MER), ARG HEBM NSRBI, X
— I GAE HoAth 1) TR S B8 2H b AR B R B . 7EFe/
NCNT. K/Fe/NCNT. Mn/Fe/NCNTHIK/Mn/Fe/NCNT
AP R B R R BT AETT3 K. 773 K. 823 K.

FeO + Fe

FeO + F
Fe,O, + FeO + Fe

Normalized absorbance (a.u.)

K/Fe/NCNT

. T : T v T g T v T "
7050 7150 7200 7250 7300 7350 7400
Photon energy (eV)

(b)

—
7100

Normalized absorbance (a.u.)

K/Mn/Fe/NCNT

T T T T T T T T T T T T
7100 7150 7200 7250 7300 7350 7400
Photon energy (eV)
(d)

—
7050

E2. XANES )% i [%], (a) Fe/NCNT; (b) K/Fe/NCNT; (c) Mn/Fe/NCNT; (d) K/Mn/Fe/NCNT, #1E % 1F: 7 & J4 cm’ min B H,
80.1 cm’ min '[9 ArfJS ARG BT, M323 KIN#ZE923 K, FHEIHEZ )10 K-min ',



"yl
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mFe,O, 'Fe/NCNT
1007 @ Fe,0,
A FeO % vyVyvy
soL¥fe [ o r
[ ] A
- |
2e0{ " m e Altavw
e
8 404 R ® ® A ® Vv A
v
| m < an
2 A A
AA
P A
0 T . T e/
300 400 500 600 700 800 9000 60 120
Temperature (K) Holding time
min
@) (min)
II/
1004 ™ F&Os Mn/Fe/NCNT
®Fe,0,
A FeO A
80{L¥Fe e % 4 yvvv
S o Avr
£ 60+ N
£ [mgeeee . @
= [ ] | B B | A
c [ ]
S 40 v
204 u AA ® Asa A
v
o T T T T A - T . T A T T
300 400 500 600 700 800 9000 60 120
Temperature (K) Holding time
(min)

(c)

Content (%)

Content (%)

"yl
7

100 w - K/Fe/NCNT
O |
v
u ° v
80 1 ° wv
u A
[ ] A
60 H Fe,O,
® Fe,O, - A v
A FeO ® ®
404 ¥ Fe
A v
20 ° & a,
@ A AAA
0-—‘... A -
300 400 500 600 700 800 9000 60 120
Temperature (K) Holding time
min
(b) (min)
W Fe0 e
273 K/Mn/Fe/NCNT
1001| o Fe,O, ° A
A FeO [ ] A
o F
80 ¥ Fe ® % i A
- . L Ty
60 - oo ® A v
4] ™ mm e} o -
] ‘A v A A A A
204 ™ ® v
A [
0 T T T - T s T T A T T
300 400 500 600 700 800 9000 60 120
Temperature (K) Holding time
min
) (min)

3. # AL A AL Y TR AL XANESIE JR 45 B o 454E2%F: 4 cm’ min ' H,A180.1 cm’ min ' ArfI U5 E T, M323 KIN#AE923 K, THE
HEE 10 Komin™', 7ERAIREZIFE2h, (a) Fe/NCNT; (b) K/Fe/NCNT; (c) Mn/Fe/NCNT; (d) K/Mn/Fe/NCNT,

803 Kikl ¥ NA . 76923 KIN#I2 hiF, &FFhEILH13
H 4 Bk LR, AR D B SRR LE .

NH, 73 fif 5256 FH T 23 At Bh 5t T A0 70 34 g e e
W, AR IR T AE A R 5 AR EE 46 7 T NH 4L
KRR E AR L. 7528 A R sEie 4, NH,HE 3
923 KA FF4h4r i, UiPATE923 KEL FNH AR A
fifto X TR A AL FUAR R A2, NH 2 i S s 6 % L
SEHRLES30 KA AT . Fe/NCNTH# AV 7 41 (I NH, 4k AF
NG R — BN, 76923 KikE B R4k ZaT DLk 3
98%, UtEHTESS EIRGNKE T 12k K ORI X T NH,
I RBEATENE . SYkEAE923 KIEFE RNl h, NH %4k
ZIN98% T [ 287 %, Ut BHMEALFILEIZ W Jid . NHLTE
& B ERR I A AL P 2 5, A HENH A F2 [40]

NH,—*+*——>NH,—*+H—"
NH,—*+*——>NH—"+H—"
NH—*+*——>N—"+H—"

IN—*"+"——N, +2*

4
(&)
(6)
(N

Kb, AL EFeR M — 20,

XT T K/Fe/NCNTHEAL 77, NHy 73 fift 11 62 46 iR B2
583 K, 5Fe/NCNTHCUGIREAH LR ULAHX AR
kR B, B R R LA R [(7) R NH A
R PE A [30]. KBIFIESN—*F A fase, Kt
& 7 K/Fe/NCNTHEAL T INH, 7 fif 0035 M. BRI 4F,
Jedynak®5[4 1] BLK B 71 b BE ) {44757 B A 58 i i Ak ik
AT 2 BUORE o« (R NH, ) 5510 R 75 840 K& A7 FF Ui
R, XA H T Fed KBk Be st Bt i . 2475923 K
i1 i, i T K/Fe/NCNTAELE ] 281 1E ], NH,
IR B AL ZE T A T0 %

5 Fe/NCNTHIK/Fe/NCNTHEALFIAF ()&, NH,#%
L ZEAEMn/Fe/NCNTHEALFINE A T ik Bl & = oK-F, JL
TAE99 % /KP4 fa g« Ui B 75 i FE 4E F7 7£.923 KI,
Mn F&5E T & @ Fedkhi 7. K/Mn/Fe/NCNT{#E 4k %}
T NH 7 i S 87 I H e A i i g, il B ik 31760 K
N 4 4 Sk 38 e KA R PR IR S N B R e e v
IXFE I 45 R U KEFRIVE 9 7B 7, A N—* A
Fase, R E 7T NHEA S YE,  wMnBh7 e N &



Blank
e Fc/NCNT
|| s— K/Fe/NCNT
0.8 -{| @ \n/Fe/NCNT
|| e K/Mn/Fe/NCNT

Degree of NH, conversion

&t 7 % & A L[ ¥ 1 LY B &7
400 500 600 700 800 900
Temperature (K)

B4, AF 7 AR TR A T NH S A FR B B2 AR 1 i 2

PP B, F5 RLPH L T Fe A0 7 1) 7 55 1 45 H2 1) g

YU TE B U 1ok 72 (1 NHL 20 R A, 322 55 hin 72
ARG, X2 A RS PEAE923 KRBk, IXFE
(R B G AE AR AL 70) b 257 B o ok Ll A 3R 3 £ 4 e i
1655], K/Mn/Fe/NCNTH A RN i m AR . 1L
FAE B RO R P A TS 1. 7E860 KT, K/Mn/Fe/
NCNTIRGEFETE99 % 4L % Mn/Fe/NCNTH#: 4k %
990%; K/Fe/NCNTH:AY % J945%; Fe/NCNTH: L% Ny
65%. AR, MnBhFRIINGE T 8k 4 @ 9K kL (1) 43 5k
R IA RLBH IR T 4 AR FE [42]

BT A A 500 4 T 4E633 K125 bar K HCO, 1A
R, OSIEAIDN60 he 7RISR Z )G, fEALFE
IXRDZE ME, W1 K5HT~n. Xt T Fe/NCNTY# 1L 75 [
5(a)], TS BIAE40.9°, 43.5°H144.2°00 8, FHIAF
fEy-FesCyo TMAE30.4°H135.8° AT H 1K1 I AE(EFe, 0,0
TECOMNEIEFRE T, HE R B AH 2 5 w4 it 2k,
FO R FC I B FE B AT fHEATE I, SR F TSI A2 = AR 1
IK Ao Fel L AE i Fe 0,0 341, RIS 7E60 hif) 2
MFJE, K/Fe/NCNTHEALAI[IE S (b) 15 8R TR 4F T x-FesC,
RN FERM . Mn/Fe/NCNTHIfTHERE[1E5(0) %M, fiT
Shig HERAE40.9°, 43.5°F144 200 B, SRR
Nyx-FesC,, FRIZ AMNEAFELE24.3°, 31.4°, 51.8°hLHE )
MnCO,IHF5 % . K/Mn/Fe/NCNTHEALFI[E5(d)]+
MnCO, 7§ 1§t B B AF7E. Grzybek®[43145 i, Mn/
Fefe bW R I AF/EE REMn %, HRKEM
P& FH L T Feot 2 A AE BliFe,0,[43]. MnJc & A54R A]
DA SE 2% 7F 2 87 ot A2 HP 48 A B 28 2 1 4 K B0 1) 2R 4R
%[42]. 7660 hiR N2 J5, K/Mn/Fe/NCNTHEAL 3 it

(002)
graphite

_____ Fe
..... Fe,O, (magnetite)

— x-Fe,C, (H&gg carbide)

(d) K/Mn/Fe/NCNT

=]
S
= (c) Mn/Fe/NCNT
‘»
C
2L
£ | (b) K/IFe/NCNT
I
: E : (a) Fe/NCNT
| : ' ‘ I
aoad H ' :
e :|_|5, I,t.:.‘h |. fl‘ll‘. | i : i g N P
20 30 40 50 60 70 80

26 (%)

5. ££633 KH125 bar F#4E60 hj5 CO,INAXRDEiE . (a) Fe/NCNT;
(b) K/Fe/NCNT; (c) Mn/Fe/NCNT; (d) K/Mn/Fe/NCNT.

XRDERERAE, h8R Bon bR H B A K& R B
PELH 73 x-FesC,, & AT KT IN 21 (1) Fe, O, I RFIE I o

6378 T AN [E AL 7] Fe/NCNT. K/Fe/NCNT.
Mn/Fe/NCNTAHIK/Mn/Fe/NCNTX} T CO, 44k KBt &5 4T
I IE] IS0, RAETR 9633 Ko Fe/NCNTHEAL I KN
TERIT IR H A 38 %I COFLAL A, FEAE 1o 4T I [A) IR [ 1)
WK, RONIIE PR A B AR o AR 1) 75 1 PR A Pl T
BRBURLAE = iR AV KIS AT I R R 45 £ . MnBh 7k
FEAEAFITE BT IE R I BRI, HEZ30%,
L LA AT P ) R e T L R o N B 751 1 Ak B A A7)
FAhf. Grzybek&E[43 148 7L e il f5 AL R A FH
KEMMGER . ULIITE R BNt FE A, A7) 2 1 K &
IMnyC 2 B 5 1 75 N I Felf 3G A7 fi[42], {HA2&
BRIE ISR e iEd y B 7 X, il E A Mot R
B2, EEA IS ERRALER[43]. AL MnBh5
SEGEPERF, AT DARR R SR AH R BV, anFRATTZ AT
I TPRAF BT ANE 53 AR 9258, [RILTE 60 hifJig AT B ] 475448
HAFE I COMNE B A I 1 o KBh 71 A B fr 2k 22 i
R I I CO Atk 2, Hilid30%. @it
X740 B ) K /Min/Fe/NCN TR AL 7] g IR H AR Y
AL, N30%, (HR2COMNEAMEREE taE. RER,
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6. (a) CO, AL B AT M ALK FR: (b) k£t

R2 LRk, CCu AR . SCRERIETR (o) T COLHEAL TR (Xeo V1A [FMIEAL AR BE R I24T 60 hJ 4G

Catalyst Product selectivity (%) C,—C,_/C,—C; o Xco, (%0)
CcO C, G, C, C, Cs, Alcohol
Fe/NCNT 384 39.8 12.1 6.3 1.9 1.2 0.2 0.09 0.29 254
K/Fe/NCNT 74.6 5.6 52 5.3 3.1 3.7 2.0 0.87 0.44 31.8
Mn/Fe/NCNT 48.5 35.6 9.3 43 1.3 1.0 0.1 0.11 0.34 27.6
K/Mn/Fe/NCNT 72.1 5.9 52 5.9 3.7 4.9 2.4 0.89 0.45 30.1
Reaction conditions: 633 K, 25 bar, GHSV of 50 L-(g-h) .
50
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®’3 60 hIBATH RS540 (a) 40 mg. (b) 160 mg. (c) 640 mg

Catalyst Product selectivity (%) C,_—C,_/C,—C; o Xeo, (%)
CcoO C, C, C, C, Cs, Alcohol

K/Mn/Fe/NCNT* 72.1 5.9 52 5.9 3.7 4.9 2.4 0.89 0.45 30.1

K/Mn/Fe/NCNT" 50.5 9.9 9.3 11.1 6.4 7.8 4.9 0.90 0.45 31.0

K/Mn/Fe/NCNT* 29.5 14.0 12.7 14.9 8.7 11.0 8.4 0.90 0.47 349

* The catalyst mass is 40 mg and the GHSV is 50.0 L-(g-h) .
" The catalyst mass is 160 mg and the GHSV is 12.5 L-(g-h) .
¢ The catalyst mass is 640 mg and the GHSV is 3.1 L-(g-h) .

4. 4518

ASCWEFE T AE25 barfk 7] F COMEE 2 i KB 55
FIMnJ 7% T Fe/NCNTHEAL 77 1 52 Wi o K5 b B B A
b7 F BN Fe 04, 1 ECO N AT R JL A 3 e 4k Ny
T x-FesCyo MBI AL BRI J5 B 48 A6 55K/ Mn/Fe/NCNT
ERMIL G, BT FEEEMy-FesCo 4b, BAFAE — L8
MnCO,. TPRAIJE 7 XANESHE 7, KHHFEAE T 4k
FURE SR . MnBiFEaE T FeO, B#K T TPRAHT L
B . NH 2 AR T HRE OB, R 3 Eh 751 Ak 3 1)
TEALFFIK/Mn/Fe/NCNT A5 1 55 i I HE AT P A Fz e
P [FIITK/Mn/Fe/NCNT 2R B AR GF (1 B FEt FEvE 1, R
BN B A BERCO IR, BRI EEERE. BE
(RIS IR 1 . 7ECO A3 934.9 Yol A I AT 4L
R EL AR, RN AR AR 253 3.1 L-(g-h) ',
COMIEFEIE I 1£29.5%, S50 25 BIE 2 Hh 7R 1 KB
A Sy FL - B 7 25 ) oK SR 2 THT A, 2% 50 R R A
T MnBhFIVE R G5 R B FHIH] 7 Rea5 IR, S 1 AL
HIFeE 1 .

Acknowledgements

This work is supported by the Synchrotron Light Re-
search Institute (Public Organization), Thailand (GS-
54-D01) and the Commission on Higher Education, Min-
istry of Education, Thailand, and was performed under the
project “Sustainable Chemical Synthesis (SusChemSys),”
which is co-financed by the European Regional Develop-
ment Fund (ERDF) and the state of North Rhine-West-
phalia, Germany, under the Operational Programme “Re-
gional Competitiveness and Employment” 2007-2013.

Compliance with ethics guidelines

Praewpilin Kangvansura, Ly May Chew, Chanapa Kongmak,
Phatchada Santawaja, Holger Ruland, Wei Xia, Hans
Schulz, Attera Worayingyong, and Martin Muhler declare

that they have no conflict of interest or financial conflicts to
disclose.

References

[1] Wang W, Wang S, Ma X, Gong ]. Recent advances in catalytic hydrogenation
of carbon dioxide. Chem Soc Rev 2011;40(7):3703-27.

[2] Chew LM, Kangvansura P, Ruland H, Schulte H], Somsen C, Xia W, et al. Effect of
nitrogen doping on the reducibility, activity and selectivity of carbon nanotube-
supported iron catalysts applied in CO, hydrogenation. Appl Catal A Gen
2014;482:163-70.

[3] Schulz H, Riedel T, Schaub G. Fischer-Tropsch principles of co-hydrogenation
on iron catalysts. Top Catal 2005;32:117-24.

[4] Schulz H. Comparing Fischer-Tropsch synthesis on iron- and cobalt catalysts:
The dynamics of structure and function. Stud Surf Sci Catal 2007;163:177-99.

[5] Abbaslou RMM, Tavassoli A, Soltan J, Dalai AK. Iron catalysts supported on
carbon nanotubes for Fischer-Tropsch synthesis: Effect of catalytic site posi-
tion. Appl Catal A Gen 2009;367(1-2):47-52.

[6] Riedel T, Schulz H, Schaub G, Jun KW, Hwang JS, Lee KW. Fischer-Tropsch on
iron with H,/CO and H,/CO, as synthesis gases: The episodes of formation
of the Fischer-Tropsch regime and construction of the catalyst. Top Catal
2003;26(1):41-54.

[7] Riedel T, Claeys M, Schulz H, Schaub G, Nam SS, Jun KW, et al. Comparative
study of Fischer-Tropsch synthesis with H,/CO and H,/CO, syngas using Fe-
and Co-based catalysts. Appl Catal A Gen 1999;186(1-2):201-13.

[8] Srinivas S, Malik RK, Mahajani SM. Fischer-Tropsch synthesis using bio-syn-
gas and CO,. Energy Sustain Dev 2007;11(4):66-71.

[9] Chen W, Fan Z, Pan X, Bao X. Effect of confinement in carbon nano-
tubes on the activity of Fischer-Tropsch iron catalyst. ] Am Chem Soc
2008;130(29):9414-9..

[10] de Smit E, Beale AM, Nikitenko S, Weckhuysen BM. Local and long range
order in promoted iron-based Fischer-Tropsch catalysts: A combined in situ
X-ray absorption spectroscopy/wide angle X-ray scattering study. ] Catal
2009;262:244-56.

[11] Pour AN, Housaindokht MR, Tayyari SF, Zarkesh ]. Fischer-Tropsch synthesis
by nano-structured iron catalyst. ] Nat Gas Chem 2010;19(3):284-92.

[12] Pour AN, Housaindokht MR, Tayyari SF, Zarkesh ]. Deactivation studies of
nano-structured iron catalyst in Fischer-Tropsch synthesis. ] Nat Gas Chem
2010;19(3):333-40.

[13] de Smit E, Cinquini F, Beale AM, Safonova OV, van Beek W, Sautet P, et al. Sta-
bility and reactivity of e-x-8 iron carbide catalyst phases in Fischer-Tropsch
synthesis: Controlling p1.. ] Am Chem Soc 2010;132(42):14928-41.

[14] Xiong H, Moyo M, Motchelaho MA, Jewell LL, Coville NJ. Fischer-Tropsch syn-
thesis over model iron catalysts supported on carbon spheres: The effect of
iron precursor, support pretreatment, catalyst preparation method and pro-
moters. Appl Catal A Gen 2010;388(1-2):168-78.

[15] Yu G, Sun B, Pei Y, Xie S, Yan S, Qiao M, et al. Fe,0,@C spheres as an excellent
catalyst for Fischer-Tropsch synthesis. ] Am Chem Soc 2010;132(3):935-7.

[16] Dorner RW, Hardy DR, Williams FW, Willauer HD. Heterogeneous cat-
alytic CO, conversion to value-added hydrocarbons. Energy Environ Sci
2010;3(7):884-90.

[17] Dorner RW, Hardy DR, Williams FW, Willauer HD. K and Mn doped iron-
based CO, hydrogenation catalysts: Detection of KAIH, as part of the catalyst’s
active phase. Appl Catal A Gen 2010;373(1-2):112-21.

[18] Bahome MC, Jewell LL, Hildebrandt D, Glasser D, Coville NJ. Fischer-Tropsch
synthesis over iron catalysts supported on carbon nanotubes. Appl Catal A
Gen 2005;287(1):60-7.

[19] Ribeiro MC, Jacobs G, Davis BH, Cronauer DC, Kropf AJ, Marshall CL.
Fischer-Tropsch synthesis: An in situ TPR-EXAFS/XANES investigation of the
influence of group I alkali promoters on the local atomic and electronic struc-
ture of carburized iron/silica catalysts. ] Phys Chem C 2010;114(17):7895-903.

[20] Tao Z, Yang Y, Wan H, Li T, An X, Xiang H, et al. Effect of manganese on a potassium-
promoted iron-based Fischer-Tropsch synthesis catalyst. Catal Lett 2007;
114(3):161-8.



[21] Campos A, Lohitharn N, Roy A, Lotero E, Goodwin ]G, Spivey JJ. An activity and
XANES study of Mn-promoted, Fe-based Fischer-Tropsch catalysts. Appl Catal
A Gen 2010;375(1):12-6.

[22] Ribeiro MC, Jacobs G, Pendyala R, Davis BH, Cronauer DC, Kropf AJ, et al. Fischer-
Tropsch synthesis: Influence of Mn on the carburization rates and activities
of Fe-based catalysts by TPR-EXAFS/XANES and catalyst testing. ] Phys Chem
C2011;115:4783-92.

[23] Davis BH. Fischer-Tropsch synthesis: Reaction mechanisms for iron catalysts.
Catal Today 2009;141(1-2):25-33.

[24] Torres Galvis HM, Bitter JH, Khare CB, Ruitenbeek M, Dugulan Al, de Jong KP.
Supported iron nanoparticles as catalysts for sustainable production of lower
olefins. Science 2012;335(6070):835-8.

[25] Tavasoli A, Sadagiani K, Khorashe F, Seifkordi A, Rohani A, Nakhaeipour A.
Cobalt supported on carbon nanotubes—A promising novel Fischer-Tropsch
synthesis catalyst. Fuel Process Technol 2008;89(5):491-8.

[26] van Steen E, Prinsloo FF. Comparison of preparation methods for carbon
nanotubes supported iron Fischer-Tropsch catalysts. Catal Today 2002;71(3-
4):327-34.

[27] Schulte HJ, Graf B, Xia W, Muhler M. Nitrogen- and oxygen-functionalized
multiwalled carbon nanotubes used as support in iron-catalyzed, high-tem-
perature Fischer-Tropsch synthesis. ChemCatChem 2012;4(3):350-5.

[28] Dorner RW, Hardy DR, Williams FW, Willauer HD. Catalytic CO, hydrogena-
tion to feedstock chemicals for jet fuel synthesis using multi-walled carbon
nanotubes as support. In: Hu YH, editor Advances in CO, conversion and utili-
zation. Washington DC: American Chemical Society; 2010. p. 125-39.

[29] Kundu S, Xia W, Busser W, Becker M, Schmidt DA, Havenith M, et al. The
formation of nitrogen-containing functional groups on carbon nano-
tube surfaces: A quantitative XPS and TPD study. Phys Chem Chem Phys
2010;12(17):4351-9..

[30] Kowalczyk Z, Sentek ], Jodzis S, Muhler M, Hinrichsen O. Effect of potassium
on the kinetics of ammonia synthesis and decomposition over fused iron cat-
alyst at atmospheric pressure. ] Catal 1997;169(2):407-14.

[31] Arabczyk W, Zamlynny J. Study of the ammonia decomposition over iron cat-
alysts. Catal Lett 1999;60(3):167-71.

[32] Kangvansura P, Chew LM, Saengsui W, Santawaja P, Poo-arporn Y, Muhler
M, et al. Product distribution of CO, hydrogenation by K- and Mn-promoted
Fe catalysts supported on N-functionalized carbon nanotubes. Catal Today
2016;275:59-65.

[33] Xia W, Jin C, Kundu S, Muhler M. A highly efficient gas-phase route for the
oxygen functionalization of carbon nanotubes based on nitric acid vapor. Car-
bon 2009;47(3):919-22.

[34] Boot LA, van Dillen AJ, Geus JW, van Buren FR. Iron-based dehydrogenation
catalysts supported on zirconia. I. Preparation and characterization. ] Catal
1996;163(1):186-94.

[35] Poo-arporn Y, Chirawatkul P, Saengsui W, Chotiwan S, Kityakarn S, Klinkhieo
S, et al. Time-resolved XAS (Bonn-SUT-SLRI) beamline at SLRI. ] Synchrotron
Radiat 2012;19(6):937-43.

[36] Ravel B, Newville M. ATHENA, ARTEMIS, HEPHAESTUS: Data analysis for X-ray
absorption spectroscopy using IFEFFIT. ] Synchrotron Radiat 2005;12(4):537-
41.

[37] Chew LM, Ruland H, Schulte HJ, Xia W, Muhler M. CO, hydrogenation to
hydrocarbons over iron nanoparticles supported on oxygen-functionalized
carbon nanotubes. ] Chem Sci 2014;126(2):481-6.

[38] Wimmers O], Arnoldy P, Moulijn JA. Determination of the reduction mecha-
nism by temperature-programmed reduction: Application to small iron oxide
(Fe,05) particles. ] Phys Chem C 1986;90(7):1331-7.

[39] Pernicone N, Ferrero F, Rossetti [, Forni L, Canton P, Riello P, et al. Wiistite as
a new precursor of industrial ammonia synthesis catalysts. Appl Catal A Gen
2003;251(1):121-9.

[40] Yeo SC, Han SS, Lee HM. Mechanistic investigation of the catalytic decompo-
sition of ammonia (NH;) on an Fe(100) surface: A DFT study. ] Phys Chem C
2014;118(10):5309-16.

[41] Jedynak A, Kowalczyk Z, Szmigiel D, Rarog W, Zielinski ]. Ammonia decom-
position over the carbon-based iron catalyst promoted with potassium. Appl
Catal A Gen 2002;237(1-2):223-6.

[42] Dad M, Fredriksson H, van de Loosdrecht ], Thuene P, Niemantsverdriet ]. Stabi-
lization of iron by manganese promoters in uniform bimetallic FeMn Fischer-
Tropsch model catalysts prepared from colloidal nanoparticles. Catal Struct
React 2015;1(2):101-9.

[43] Grzybek T, Klinik ], Papp H, Baerns M. Characterization of Cu and K contain-
ing Fe/Mn oxide catalysts for Fischer-Tropsch synthesis. Chem Eng Technol
1990;14(1):156-61.

[44] Lee JF, Chern WS, Lee MD. Hydrogenation of carbon dioxide on iron cata-
lysts doubly promoted with manganese and potassium. Can J Chem Eng
1992;70(3):511-5.



