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MoO; HIE-2 10-50 FH] 2 Wstslo] Alxg Mo-Al %%‘ AR Aol 24 F S AshikeS Tl A
Mo-Al A3 “dolx] gFauol Eaikgoll 9] Foff 84S AEsIint. Alze Svjo] Ze]-318ks 548 Yolny]
flato N, FHEH, XA §V4‘:‘“(XRD) XA »H%katg(xpsx T4 SEFHA(H,-TPR), FIHIAHAV]Z (TEM)
BAE sk 600 °ColA A4 F Mo-Al HAFHEE y-ALO;8 AL(MoO,); A7848& veERder Ashke-
Fo dske2 ndd Fels HoFsl E} PRS- F2] WA Mo0,2] F1gkge] s Mo dsha 94
o= Qs 5—7}0}31201 Mo AglEo] y-ALOsol BAE FHE BTt Frvjol Fauk-gell 9] Sl 2
40 wt% MoOy7} 7F¢ 2 8748 HolFqlaL, dshikg: ARle] T71gtel] et &do] S7ketglon ofel) uke} 24y
sfellutA] 72 JakE vebllck.

Abstract — Catalytic activity in ammonia decomposition reaction was studied on Mo-Al nitride obtained through
temperature programmed nitridation of calcined Mo-Al mixed oxide prepared by varying the MoO; quantity in the range
of 10-50 wt%. N, sorption analysis, X-ray diffraction analysis (XRD), X-ray photoelectron spectroscopy (XPS) and H,-
temperature programmed reduction (H,-TPR), and transmission electron microscopy (TEM) to investigate the physico-
chemical properties of the prepared catalyst were performed. After calcination at 600 °C, the XRD of Mo-Al oxide showed
v-Al,O; and Al,(MoO,), phases, and the nitride after nitridation showed an amorphous form. The specific surface area
after nitridation by topotactic transformation of MoOj to nitride was increased due to the formation of Mo nitride, and the
Mo nitride was observed to be supported on y-Al,O5. As for the catalytic activity in the ammonia decomposition reaction,
40 wt% MoO; showed the best activity, and as the nitridation time increases, the activity increased, and thus the activation
energy decreased.
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160 ERER

ol Zul @42 Ru Aaéds AREE wiRrh= 9 s
HolAut Al54& tiAstas) she B Al=7F K3 = 1 ek
[1,6]. o121 3 AFES XSt} s A =2 A gokst AE%
o] 99| B o] AMg-H a1 gt} o} | Hk-g-oll AFS-E = 1)

=4 F R dolaSAsE-gEelvE EEER], UR4],
21F ©]v]=[7], Li,NH-Fe,N[8], Cu-Zn 7]RF B L F1]|[9], MoN/
SBA-15/rGO2} Mo,N/SBA-15/tGO[10], Z7]5 A 2| 7pHE Ao 2
%1% Co-Fe 223 L3 11], Ba-CoCe AF3HE[12], Co/CeO,[13],
TG Cosl Fe, =& A% 53& 2= o]Fa< CoFe[14], ©]
54 M(M=Co, Fe, Cu)Ni/Al,0,[15], CoCeAlO E-3AFHE16)],
S TRFst Ade] nlA TS0 AREE AL Qi)

A= FollA] Ruol 7HE £& &35 Rvk= A2 Atslslat
We A3 Avz 9] B vk Qt1-5]. Ru2 4 42 9
Fo} koA Sl &3-S =o]7] Sl AlE R thefst $AlE
Rt} AR5 1 Qe 17-28]. AHE-E 013 Sl = Ruky-AlLO;,
[18,19], RwC FHvllol Cs 712 FulEAd & F31[20], FHEF o}-
Ce0, H3Mtsla G415 o]43 Ru F[21], Ce0,= TAE AHE-
&} Ni, Ry, Ni-Ru ©] & 5470] B4 5ul[22,23], BaC & B¢
70, HA ol FA1%¥ Ru 57l [24], Rw/ L3 v 5918 92 [25],
SmCeO, ol B4 2 Ru F7[26], Ru Y= A Foj[27], SiCE &
A2 AFES Ru F1[28] 5 0.2 thakst 9AlE Algslo] o) &
’d& vl

Ru 7|8} ] o 9]ef| = Ho|gdilshas dmLjole}l HEgAI7]=
52 A3ME-g-(Temperature Programmed Nitridation, TPN)S A
slo] 24 AFEE A% § Ry o} Baul-3o 288k gtk
olgf st A 3FE Folli 2 W)W A4S 2= Mo,N, MoN &
o] ZE|BH AgkEo] rryol EaNkel 7 g A=l
21 tH29-33]. 58 Mo,N % ull[29-32], Co, Ni, Fe7} Mo$} A%
3+ 5813}19HE CosMosN, NisMosN, Fe;MosN[29,31-3317F 9
o} Ha| k3ol ARE-E o] <573 Mo,N Xt} BAo] gt = o]
w5 oA Y] 54E RISt

Eg v dF A3 Mo AHHE[29-3715 A TFAI = AR5l
24 3-8 (Topotactic nitridation)© 2 1 m? ¢! ©13}2] MoO;Z &
3150 m? g'9] B EHA S 2 vA7] S v Bk ol
U o} Rajuk-g-o &g ZH= Mo A3k A7) 7hs it
[30]. BAIRE 37] ol '=F Aol akae] SAatel] o3t 543 1
XA AE HAFER QPYAd S SlojAl Ealdt Mo
UTH30]. Lo} Fal|uk-g-<ll 3lo] 4421 Mo H3l&E2 AT
A2 AHE 4 s MoOyALO, Fle FAH71Eshks
A o] = HTENEE-& Fl[39], 4 AT vl
& Z[40] 2] ThFSE REE-o]l 2ho]a1 §low, AT} EAah=
ZFEfell Al Al 2 Mo 5280l 25t A7 Al (MoO,); 2] Al
Z7} 7FsskeHa.

o]2gt B 2 Ao =Mo-Al EFHAEEE-S TPNS A}
£31] Mo H3HE/ALOyE AZ § PEYoREs||uk-g-o) 483}
Zul) GAS v Wkt 249 Mo-Al EEAFEHET} TPNO. 2 A
Z¥ Mo-Al AslE oA ] dEY o} faikg- Snl| &d& 54
A7 A#sH] A5k XA 3] -4 (X-ray Diffraction, XRD),
A 22 24, Mo-Al A2 3H AsS A7) 918 4
%289 (H,-Temperature Programmed Reduction, H,-TPR), 2 3}
B A5 AlA £917] St A Bl S 913 52 Alsh-s
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(Temperature Programmed Oxidation, TPO), X-A1 47 A2 (X-ray
Photoelectron Spectroscopy, XPS), 2 2F& 1|73 &4 (Transmission
Electron Microscopy, TEM), A 9] A 59 54745
sl
2.4 o

2-1. S0 M=

2 Aol A AFE-E Mo-Al mixed oxide S A|Z3}7] $]3H4
MoO,%} AlLO; 7152 % MoO; A& H]-E-5 10914 50 wt% <]
el A wskskih. AR Mo A4= (NH,)gMo,0,4-4H,0
(Ammonium Molybdate Tetrahydrate, AMT, Samchun Chemicals,
Korea)2} Al 7= AIOOH (Osang Jaiel, Korea)ys AM-3131t}.
A= o Mo A7 AMTE #Y 9] &= &35 $ AIOOH
TS 2olA 781 5 1 h &)t wRkskgit), wRk - 3o s
AR B2 70 °CellA AT E ARgSt] Al Sk Al
TFELS 2EOAA 100 °C 4] 24 h 1% F, 37] 5 Ae|ellA
600 °C, 2 h 22A8k5iTh Zuj) 752 9]510] o2 S0 CIMoYAL>
10 Wt% MoO5-90 wt% ALO;S 600 °CellA] 2417t 243 3k Al ot).

24" Mo-Al EFASELS 52 A 3IRE-S(Temperature
Programmed Nitridation, TPN)S 5-5F0] &2| Bl 23 NMo-
AlLE AZ=3HlTE g3 S A2 200 °C 7HA] &5 4
SHE 5°C min 2.2, 650 °C7HA1= 1°C min' 0.2 52 & %
=520l 7 h FAESI WA WIS f18ke] 650 °CollM At
RES AI7HE 7,48, 120 AZEO. R RISIAIA A 3900k Fof) e
3te] & S0 TNIMo9ALE 10 wt% Mo0;-90 wt% ALO; 0.3 g
& 650 °ColA =57 YO 7 60 cm’ min O % 7413 A3}
W= g Al Rolth

2-2. 54 BM

A7 Hulo] AAAS eobry] 915k XRD (Discover,
Bruker AXS)A12 359l T}, ofuf ARS-SE X5t Bl A= 30 mA,
50 kVolal, Cu Koo 3H4-(1.5428 A)yS AHE3F 27, 0.4 degree
min™ €] FAF SR 20=10~90°9] HL]olA EA BRIt Fule] A
A F2F Y g T2, v A, 7] AR, F S e
73171 $15H Micromeritics®] ASAP 2020 A3l -196 °CY]
NAE A 25 slelld A FE S TSIt Bl A BET
2] (Brunauer-Emmett-Teller equation)= AF-&3}o] P/P=0.05~0.2
e el F43181L, F 718531 PP=0.9959142] AA &
2he-S- 23 At 71837133 (Pore size Distribution, PSD)=
&2t 5= ° 2 FE BJH 2] (Barret-Joyner-Halenda equation)=
o] g3l ATt Axgk Abske Fal o] #1A AsS st
3 4 =3 (Temperature-Programmed Reduction of H,,
H,-TPR)= 88iSitt. WA Z424e] AR 0.1 g2 U A9 1145
HEE7]of] 221 A17) 5] Ao 5E] 300 °C7HA] 30 cm® min'2] Ar
21710141 10 °C min 0. & F2A1A 1 ARF Al 55 A el
O F Ao R A3 thA] 10 °C-minT &2 700 °C7H4] 30 cm?
min'2] 5% H,/Ar 917|114 Z &2 7] (Balzers QMS200)=
AE 7h~E AT AES Fof] Aka 917] shell Al e <k
s FAdsuA 5 AFs-g(Temperature Programmed
Oxidation, TPO)= T35}t H,-TPR # 5 sk 0= HA
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TS s o vk 71A 35S T4 5% 0,/Ar 0%
113521 NH,2F Mo-Al oxide 7H] 45285 &
olr 7] 9J5te] YR Yo} 52T ARE-S(Temperature Programmed
Surface Reaction of NH;, NH;-TPSR)E ~3313it}. AX|2]= H,-
TPR¥} F3131 01 100 °C 714 ¥2F 5= 700 °C714] 10 °C min
O & Z2A1A 30 em® min9] 5% NHy/Ar 3171014 AgHE47]
(Balzers QMS200)= A8 718 24T Fof Alx 250
& S 32 sl tig A LS dobry] $lal X-
A 337 A) 341 (X-ray Photoelectron Spectroscopy, XPS)S =34
3}3ith. o)W, PHI Quantera 1T (Al Ka; hv = 1486.6 eV) 71712 A}
3101, Al A= €, =284.6 eVE 7|5 0.2 HASITL
STEM (Scanning/Transmission electron Microscopy, STEM) 2] =
95l HAADF (High Angle Annular Dark Field) 7 %7] 5 A}-g-3}o]
Al Sl Z4zke] A4 G WskE Bl oluA] 44
33 (Energy Dispersive Spectroscopy, EDS)-4-2 53l Ff
e A2 s Fdselth ol AHER 7171 FEI
Talos_F200X (TEM), Oxford X-Max 50 mm’ (EDS, Mn Ka; hv<129
eV) ©]aL 7F5 kS 200 kvelth. STEM %! EDS 4] ol AR8-gk
A5e AxT FE A% 23 F EF0(99.8% C4H,CH,,
SAMCHUN)e|| 0]31, 2532 FAb AT 71 5 TEM 12| 4
7k flell #ARE AR5 &2]aL 2447 A xsIiT

2-3. Ui HX| H Ay 2

Az Fnje] REgA S sty el Ry o} Eafinke-S A
el A UAb Beke] A4 145 vhg7]el 0.3 g FulE 33t
FYBISATE. 2d=20114] 200 °C7FAI= 5 °C/min, 650 °C7FA1= 1 °C/min
07 £33k P3l= 2% 650 °C 7HA] 4273 kR Lo} 60 cm?
in! &5 ol A P3R= AIZFEE TPNS AR FHj] 2ol obmt
Yole] §3& 20 em’ min! 2 U Aol 400~650 °C H ] U]
of| Al 25°C 712 0. FE o} Eauk-gol thst S S =
STk, @A & F-3] 75(Gas Hourly Space Velocity, GHSYV,
em® h! g2 AIZE G R Yol 45 £ (em® h)E 23 Al-
Mo Atshz A €] &) 57 (9= vhr #te® g ofsislvt
A 7IA 9 RESES AHREHET I AR 7h s ARekE Y
3} (Varian CP3800)% #4313tk 217 | A= AAE ARE-319 0
], A E2] Bl S 95k 18" 57 A7 (Porapak Q 1/8" x 1.8 m)
S AHgSIGl o HEES R Yol BalHkEolA] A EE A

S a33te] thy 2o® Aelste] Akt

s}

8
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Fig. 1> Mo/Al M) & ¥ 8lab A 23 2273 $F Mo-Al E3H4ks)
=7 TPN § 9ozl Mo-Al A}l tsh XRD FEHE Rl
AT 24 E Mo-Al AFSHE Al B 500 °CollA] 2433 Al =o]) o
31A1= v-ALOy, Al Mo 4% 218 23l Foizl A% ALMoO,),
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Fig. 1. XRD patterns of (a) Mo-Al mixed oxides with different Mo/
Al ratio in weight calcined at 600 °C for 2 h, (b) samples obtained
after temperature programmed nitridation at 650 °C in flowing
pure ammonia, 60 cm® min™! with 0.3 g precursor.

2} MoO; = T o] Qle-& BofF=aL Qlvk Z12fut, 600 °C ©]7d-2]
A ol HFoR EAlsh= Al ARl 23l 2ol Mo Ad27}e]
A5 A4 SV QE] Al(MoO,), T EAE-S o 5= 2191t 650°C
ol A TPNS =83+ Mo-Al A= Mo0,2] TPNelA dofxl A4
Mo,N [30-32]& 2] ALO; o]2lell= thE A o] AEH A &
ATh Mo ol S7ksh= Alsell Qlo] A2 o ALO; F] = A7)
7} AR 07 Fhashe Zlo] FRIFESGIL o] ALO; XAl AL
T2k 0] Q= Mo sl A o w2 A4S Fdska A
U2-S ou|slo] XRD #4107 HEHA] 9= 3107 o A%
Fig. 2¢1] 2273+ Mo-Al £34tsE 7 TPN % Aozl Mo-Al &
skl tigh N, 592 5241 Wskel pSDel| digk 24 73 W
sl that A3= Q] 3ISITk Mo o] 71kl ufe} Ak 4 slell
%] AlZF Mo gz 2ol ot Al 22 3R] AL (MoO,);
&gl oJal] 2d 8t Mo-Al &3 AFsHEC] BET W4 £V %
v o} vl glako] 74Tk 50 wi% MoO; S LFERRE A1 E4)
C5MoSAlel Qlo1A = Al A R0 WA & AME-8 Hanfo] E,
AIOOHZ 600 °CollA 2 h 37] Foll 2413+ A 5.9] BET surface
areat= 88 m? g''ofl IS AFS] 2 17 m? g9 v|THA S B
o] FQlt}. o]l §k HApA 9l v A A 7= Mog) Al AFE Ao
1% MZE A AL(MoO,); [38] B3l 1@ Zolet & = 3
CHFig. 1). AAIZ O Z Mo o] S7Ilel whzt A7/ o] F7lsh
olefgt A} T7hR= A o= w3 A AE ofn|E = qlrk
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Fig. 2. N, adsorption-desorption isotherms of (A) Mo-Al mixed oxide calcined at 600 °C for 2 h with different ratio of Mo/Al; (a) CAl, (b)
C1Mo9Al, (c) C2Mo8Al, (d) C4Mo6Al, (e) CSMoSAl, (f) MoO; and (B) Mo-Al nitride after temperature programmed nitridation at
650 °C for 7 h; (a) 7NAL, (b) 7N1Mo9Al, (c) 7N2Mo8Al, (d) 7N4Mo6Al, (¢) 7N5SMo5Al, (f) 7NMo. Inset corresponds the pore size dis-

tribution using BJH equation calculated from desorption branch.

r‘_

(Table 1). 650 °ColA ALO,9}F SR olebe] BES-Q1 TPN o]
oJ Iz HlEH A gl F7] 53] ghell QlejAls & i} =
2T 10 wt% MoO; A1 5.2] TPN F-of] QlojAl=
oF7Ee] kAT Mol 9101, 20 wi% MoO; ©]/dof
TPNO| Fgige]] wheh 14 Q1 v E 2 o] 271 LERIch 1 m
ZJre2] BIFEE S Zh= =73 MoO, 9] TPN $oll A9H 142 m? g!
o] 2] 9} Hlawated, 50 m? g ] AS ZH= C3MoTAl A2
TPN 3] 84 m® g, C4Mo6Al AF3HE-E 26 m? g'lﬁi TPN %]
85 m? g O FAT H|EHA gro] FEFE & 4 AUSITh At
HEg- Al7to] ZfolE 1.

7kl wket vl grell slojr= 2
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o|7] ¢Sktt. Baulo] E AIOOHE 2/d3te] fojzl ALOSE 7%
o% BIHZ|E7] BE= 10 nm J 9] 7|8 A& 7eow
AR} 212 27 e 9lo] A== 50 nme] tl7]F0] Sl o] F 7]
3 FEE HolFa Qv &3k T2 04 fojA= PSDe]l Q1o
A G2 o] @l Adol ofal] FA ¥ = 3.8 nm 7€) 7] Q1
A Y(Tensile Strength Effect)[42]°ll <]l Mﬂ~ 7} A2} g
= SITh. 40 wt% MoO; o1& S-Sk Q= Mo-Al AbshzEel| 91
of A= w2 HsE A o 7 lalf Fvute] 23] €4 %= 10 nm
718 F71F0] TAEHA o= FElE HoFrh AnkA <1 Moo,
o] Azl 23] P ER= Mo N YAt Fei7F 1H4 v m] Al
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Table 1. Textural properties of calcined Mo-Al mixed oxide and nitrided Mo-Al samples

Mo-Al oxide calcined” Mo-Al nitrided?
saplenane’ (B meme) omy namd  algh o emaom o

CAl 88 0.248 10.7 TNAI 83 0.252 10.9 -
CI1Mo9Al 84 0.241 10.1 TN1Mo9Al 78 0.246 10.9 1.3
C2Mo8Al 74 0.236 10.4 7N2Mo8Al 81 0.213 10.5 1.9
C3Mo7Al 50 0.166 13.3 7N3Mo7Al 84 0.132 11.0 2.8
C4Mo6Al 26 0.091 11.5 7N4Mo6Al 85 0.125 6.6 2.7
48N4Mo6Al 79 0.125 6.9 3.2
120N4Mo6Al 81 0.150 6.6 34
C5Mo5Al 17 0.05 8.8 7N5Mo5Al 75 0.095 4.7 4.0
CMo 1 0.003 15.3 TNMo 142 0.093 2.6 8.1

“C in sample name means calcination of sample at 600 °C for 2 h in air flowing.

The 1% number in sample name means nitridation time in hour at 650 °C. TPN was performed at 650 °C in flowing pure ammonia 60 cm> min™' with 0.3 g
calcined Mo-Al oxide.

Sy for surface area (m?/g), ¥, for total pore volume (cm*/g) measured at P/P,=0.05-0.2 and D), for average pore diameter (nm) of catalysts was evaluated
at the maximum of pore size distribution calculated by the Barrett-Joyner-Halenda (BJH) method from desorption branch. Total pore volume was measured at
P/Py=0.99.

& 7150] FAEE RS ot viH W 7] E FPo = ofsl FA e v A AE e E AR B Aldet 72
vt Ao F7Fehh30-32]. 53] PSDEFE] A7l 7]& A7+ 7} F Q8ltt,

Mool 7kt wheh JabA o =2 Ftadhs A wA et 8t Mo0;°] A3Eg-o) A A 7HedF Mo,Nel| glofA] o] 4 N
ARE TPN AIRE S7el] b B]3E 4] S7h nlv|sHAtl S7kshe FHIES 6.8 wi%= AlAFE o] XITh FARE AAl = 749 N S
A Holal 9lom, ¥7] Foll mEFH = Algto] Skl whet 2 TNMo Al 50l QlofA] 8.1 wi%® o] &4] SHidrtt £/ =
37| Foll EATh= AkAeke] Hhgoll &]gk 372] Mo 4hshe el A A& =2 v U4 MoNxOy FEf Q] A3l 3HE el &
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Fig. 3. TEM images of (a) 7NMo, (b) 7N1Mo9Al, (c) 7N3Mo7Al, (d) 7N4Mo6Al, (¢) HAADF image of 7N4Mo6Al, and (f) mapping image of
(e). Inset in (a) shows the image of MoOj;. Nitridation was peformed at 650 °C for 7 h.
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Fig. 5. TPO profiles of nitrided Mo-Al catalysts; (a) 7N1Mo9Al, (b) 7N3Mo7Al, and (c) 7N4Mo6Al.
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