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NO, Storage Capacity Enhancement on NiO/Al,O; Pretreated
with a Non-thermal Plasma
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Abstract: In the NOystorage reduction (NSR) technology used to remove NOy from lean burn engines, the NOy storage material is crucial.
For NiO/AI,O3 catalysts with different NiO loading prepared by coprecipitation, the maximum storage capacity for NOyx occurred at a Ni/Al
molar ratio of 0.3 in the catalyst. The intensity of the NiAl,O, diffraction peak decreased with increased nickel content. When the catalysts
were pretreated by a non-thermal plasma (NTP) before calcination at high temperature, the adsorption capacities for NOy increased, with an
increase from 345 to 477 umol/g on the NiO/Al,O; catalyst with the Ni/Al molar ratio of 0.3. The metal dispersion was increased with the
NTP treatment, which resulted in a high surface area. The NOy storage mechanism was discussed on the basis of DRIFTS results, which
indicated that NO was first adsorbed on the surface as bridged nitrites, and then the nitrites species was transformed into different kinds of
NO3™ adsorbed species.
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HEAL 7 (4 PY/BaO/AlLO5) Y, 5 4 J 2 M Ak 5 A 3
Y157, B L 42 R A P A NO i A7 J7 THI S 45 4L
YE T T 75 200~500 °C %5 B (1 3 B 3 [ P
NSR {1k 5 E AR T N H A7 5 K 1 NOy fifs 47 g
A R S £y R TR0 N NG (R
PRI 4 SR (UL 2 NiO), IR B A R 4 ik
PRSI BT T8 22 S ek R O 5 A AR IR 45 8 1
A& (NTP) Ab FH N 35 4 44 751 AT B2 K e 3 L g 120471,
SR, A7 0T N SE A 10 771 1) NO TR B P BE R F 53 18
A WLHRIE . A SR 2R P 127 %% NiO/ALO; fiE 1k
T, IEAE =B AT P AR 25 B A A B 25 s LG
A AT NOL IR RE 1, FEHR 1T FL A A7 NO I ML EE.

1 SEIGERS

1.1 fELFIE G &

K SLUTvE 1 1 4% NiO/ALOS i1k 7). 45+ 200
ml 0.6 mol/L 1) AI(NOz)s ¥ ¥l Fll — & 3 £ B
A F) 500 ml = UM, TN DU I (NH,),COs, £
70 °C it 41 6 h 5, 2 5l #% Ni/Al BE /R T 24 0.15, 0.3,
0.45, 0.6, A1 1.0 i A4 12 B s v 180, & pH {E 1A 4
9, 3% I T 70°C &4k, 1L 9E, T4 5, 45 330°C
}% 3h, 2R 5 7+ & 550 °C ke 2.5 h, i A3 4k 571 43l i
1 NiO/Al,03-0.15(C), NiO/Al,05-0.3(C), NiO/ Al,O5-
0.45(C), NiO/Al,05-0.6(C) #11 NiO/Al,05- 1.0(C).

G 25 B 1 AR 1) 2k 2 WL OCHR[19]. K LAk
FEASTRINT/ALBE IR LU IR 5 1 28 330 °C #it e 3 h )i, A1 H
NTP kb B (i H Zh % 24 80 W) 30 min Ji5, # 7 550 °C
JBdoe 2 h, BT AR AR I BR A2 4 NiO/ALLO3-0.15(P),
NiO/Al,05-0.3(P), NiO/Al,05-0.45(P), NiO/Al,O5-
0.6(P) 1 NiO/Al,03-1.0(P).

1.2 EFIBRLE

B i LG 2 TR 52 7E NOVA4000e Y Lt 2 1 A4
ST A REAT . SEEGHTFE T 300 °C i< 2 h, BA N,
h W i F-196°C T EAT

BE S X R A7 5 (XRD) 525 % F TTR-TITEL By
AR XRD 1%, Cu #E%G I, & H s 60 kV, HLi 300 mA,
3 H 10°~90°, 1434 % 4 4°/min.

P27 THIE B JiU (Hp-TPR) ik 4 Micromeritics
ChemiSorb 2720 B! H A ¢ & L ib4T, K H U B A7 9%
RN 4, FE B R 50 mg. A 4T 300 °C 3 N, T
AR HE 30 min, A HIE =L U1k 10% Hy-90% Ar TR

AR, PEHIE R 50 mi/min, £5 40 AR R TR, B
10°C/min T} %5 1000°C. TCD #: il % K Wl k& H, &

K FH JEOL 200CX AL 3% 5 HL 45 (TEM ) WL S HF i
TES AR 42,

A6 7 FE & B VG Scientific ESCALab220i-XL
TG LT REHE (XPS) A4 HT. WUR I K Mg K T 28,
Tk 300 W. 43 M7 isf LAl 2045 24 3% 107" Pa. HL 14
e T TR IN C 1s (284.8eV) K IE. il 2 C1s,0
1s, Ni 2p #l Al 2p 1) &5 & fe. SE 5 P 49 24l H
XPSPEAK #k 14 kb P (Gaussian/Lorantzia Lt 4 90/10).

4 e 791 2 1T S5 2 49 W o 2 % v ) 4 o 1ol 98 f
SRF DA R vy R R RE VR YA D MCT Al 2% 1)
Nicolet Nexus 870-FTIR 7 {# HL i £ 41 5 3% A3 43 #7 .
F144 7 H 4000~400 cm ™!, 23 3 4 em ™, F13H %5 100.

AL RS AR e BB BT IR A B R 5 A 4 I
JE 52, [ MR T 500 °C 42 8% 0,-92% N, i & (400
ml/min) T4k 22 30 min BLER 25 2 0 2% . 75 50 K 2
FEF5 B 1R TS R AR0E 20 min J5 SR AR, FE G T AR
B IT U6 J5 R4, Wk 0.05% NO, 8% O, N, -1, 1
Jit 4 100 ml/min. WL 30 min Ji5 436 21 50 °C, - H
100 ml/min &l Np W4 1 h, 88 Ji5 T il 42 4% 1l 1 AT
Jlid B, B 20 min Jim SR 4E K 3
1.3 NO W - B Bt

FREX 0.5 g A6 AN A 4224 5 mm 1) U JE £ 9¢
&, {E 500 °C £ 8% 0,-92% N, < it (400 ml/min) 7
ToAL BE 30 min Ji7, K S IV 4 i JE % $1] 100 °C, 3 AR
ik 400 ml/min 17 0.05% NO + 8% O, + N, (P-4 <)
W A 4 i IR B 30 min. SR F NO-NO,- NO, 43 #t
ACAE 22 90 B 2 BT S NOy M B B2 7 T i Bt B
(TPD) M3 5 56 e B A AL e = [R) b, FLAE ks
Yo 2 JG AT . R A Ak 7 BF 0.05% NO + 8% O, + N,
(°F- 1<) 30 min J5, XM NO 1 O, J, H N, (400
mi/min) W4 1 h BABR 25 4 4 751 2 1 42 BB ) N,
AR5 LA 10 °C /min A T 2] 500 °C, i H{ NO-NO,-
N O, 73 B A3 0l J5E B A4 1 NO L NOL T NOL A 2, fhi:
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Table 1 NOy storage capacity and break through time of different
NiO/Al,O; catalysts with different treatment conditions

Break through NOy storage
Catalyst . . .
time (min) capacity (umol/g)

NiO/Al,03-0.15(C) 5 283
NiO/Al,04-0.15(P) 55 344
NiO/Al,03-0.30(C) 5 345
NiO/Al,05-0.30(P) 7 477
NiO/Al,03-0.45(C) 5 330
NiO/Al,04-0.45(P) 7 475
NiO/Al,03-0.60(C) 5 316
NiO/Al,0;-0.60(P) 7 385
NiO/Al,0;-1.0(C) 4 268

NiO/Al,05-1.0(P) 7 391
C—conventional method; P—plasma treatment method.

fifi A7 5 A28 53 I ).l 2% AT WL, NiO/AILL04-0.15(C),
NiO/Al,05-0.30(C), NiO/Al,05-0.45(C) F1 NiO/Al,O5-
0.60(C) " ft 7 i I} 18] & 5 min, 1 NiO/AI,03-1.0(C)
FESL B9 4 min, H.24 Ni/AI BESR EE R 0.3 15, FE A 1
NO, i 7 fig 1115 B K, g 345 pmol/g. {46 71£E NTP
b HE S5, IR B E 3 IR B2 AE G NiO/ALLOs-
0.30(P), NiO/Al,03-0.45(P), NiO/Al,03-0.60(P) I
NiO/AI,O5-1.0(P) f# £ 771 11 W Bt 27 3% iF 5] 2% 7 min, H.
NiO/Al,03-0.30(P) #¥ i [1) NO il 77 fie J1 e K, 4 477
umol/g, b NiO/AI,03-0.30(C) M4t 1 T 38%. W ff %
% ), WAL NOK I B2 3% M IA #1] 0.07% AcAT. v WL,
28 NTP [0 571 75 22 5 K I [ a2k 380 08 B A . el
Ni/Al FE /R Lt 4 0.30 [ NiO/ALOs i AL 51 1) NO, fif 77
RE ) B, I SO AR A AR R AE 32 2R H 2 fie 44 771

U ST ST SN [N ST S T TN N T ST ST SO (NN T T S SN N ST SN SN S (N SO T ST Y
0 100 200 300 400 500 600
Temperature (°C)

1 fEEFIE NOK-TPD %
Fig. 1. NO,-TPD profiles of NiO/Al,05-0.30(C) (1) and NiO/Al,O;-
0.30(P) (2) catalysts.

2.2 NTP b EExF 4 1L 7 NO, Bit Bt 89 52 )

fR 1] 0L, 28 NTP AL B, 4 A6 57 (1) NO i 17
(VAR I 1 4 NiO/Al,05-0.30(C) #HI
NiO/Al,03-0.30(P) [ NO,-TPD i, 1] LA MY, iX P4
AL 743 5 E 120, 200 F1 430°C B T H B = AN it B
U, {28 NTP &b B A A6 57 (1) NOy it B 2 7 AR i F iy
I DX B 1 . 120 °C A (1 I B 06 Y. 5 4 B R AR AT
O, B A R R (R 0, B TR AR T U S, e B TR
BRRT BB NO it A7 fik 7 1 — A 2[R 32 181,
2.3 fEUFIBIRLE
231 tkERmR

2 M SR LR TR 7T LA Y, B Ni
BB RN, N AR A 380 2 T A SR AR T HERA,
BRI AL TE B b JE, T BUNIO 73 i1 A2 22, PR
A LR T AL T B (A5 R A2 4 NTP A 21
AR ) B SR TR B 2 19, X R i T NTP &b
FAT DA A3 R A0 FRDRL - (1) 43 OV

£ 2 ZIKRLZ NTP LI NiO/ALOs #E L FI A bR ERR
Table 2  Specific surface area of NiO/Al,O; catalysts with and with-
out the NTP treatment

Catalyst Ager!/(m°lg)
NiO/Al,0,-0.15(C) 201.6
NiO/Al,04-0.15(P) 225.9
NiO/A1,05-0.30(C) 1933
NiO/A1,05-0.30(P) 213.7
NiO/A1,0:-0.45(C) 189.2
NiO/Al,04-0.45(P) 206.3
NiO/Al,045-0.60(C) 175.6
NiO/A1,05-0.60(P) 190.2
NiO/AL,05-1.0(C) 146.8
NiO/Al,05-1.0(P) 169.2

232 XRD %R

2 ANTR] NiO/ALOs {4k 71 1) XRD . w] LA
A, Ni/Al FEZR B 0.15 Fi10.30 I, NiO/AL O3 £ i
F-19°, 31°,37°, 45° 1 65° kb H B NiALO, 7 41 1, H.
28 NTP Kb B 5 FF i 1) T4 59, X A& i T NTP A BT 43
NiAI,O, & ki 2% /) i £ 2%, {1 NiO/Al,05-0.30(P) #£
19° 11 NiAILO,fi7 i 16 il Lk NiO/AlL,04-0.30(C) [ 55,

2 NTP 435, Ni/Al BEJR EE 2 0.60 F1 1.0 fFF:
it NTO 77 59 06 58 5 3 n, HLBE A Ni 2 539 1, NiO
T S Ve 384 iR 3K U B BT AR N B LA R Rt A
#7546, NilAl JEE ZR B 24 0.60 1) NiO/ALLO5 K i i
NiALO, I JE LL B8 JK Bk 0.30 [ 3R 5, 110 24 BE R EE o



www.chxb.cn

PR A IR AR AL BEXS NiIO/ALL O3 NO i {2 1EAF HI 575

o NiO
NiAl,O4

]
IR

Do o -
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Bl 2 ZIKLEZ NTP &I NiO/ALO,; IR XRD %
Fig. 2. XRD patterns of NiO/Al,O; catalysts with and without the
NTP treatment. (1) NiO/Al,Os- 0.15(C); (2) NiO/Al,05-0.15(P); (3)
NiO/Al,05-0.30(C); (4) NiO/ Al,05-0.30(P); (5) NiO/Al,05-0.60(C); (6
NiO/Al,05-0.60(P); (7) NiO/Al,03-1.0(C); (8) NiO/Al,O5-1.0(P).

1612

Intensity

L 1 L L L 1 L L 1 L
200 400 600
Temperature (°C)
E 3 TREAEHIEA NiO/ALO; L FIH H-TPR i
Fig. 3. H,-TPR profiles of NiO/Al,O; catalysts prepared by the dif-
ferent methods. (1) NiO/Al,05-0.30(C); (2) NiO/Al,03-0.30(P).
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NiAILO, T 8 J& 5% Wi £ i NOy W Bt 7 B (1) — A~ 22
%[18].
233 HyTPR&ER

3 4 NiO/Al,03-0.30(C) 1 NiO/Al,03-0.30(P)
FERL ) Hp-TPR 3. W] LLE Y, A7 B 2 S 4E H,

I : NiO/Al,03-0.30(C) 43 7l 12 T~ 318 Fl 639 °C,
NiO/AI,05-0.3(P) ) 43 %A% T 308 Fl 612 °C. 1K ifih it
J5L U6 I I JE8 T NiipO3— NiO [ J5E, i il 3 Ji Uee ) 5o
MNF NiO—Ni. 7] LLA H, 2 NTP &b # 5, AL F1id
JETL B AI, U T 7 5, U0 W e AH I 48 NTP AR 2 )5 B
Gy TREE 5, AR T NO AL
234 TEM &R

4 k1 NiO/AI,05-0.30(C) FiI NiO/Al,05-0.30(P)
FEMH I TEM B, B BRI, NiO/AIL04-0.30(C) #F
it L RORL 7 2 BOAS & AR 3850, NTO I R B4 LL A
M. 5 NiO/Al,05-0.30(C) # Eb, NiO/Al,05-0.30(P)
117 A1 258 50 5 AN S K B 58, 7 o0 A1 Bl e 3 45 R
A5 B 1 R FE R SR S W AT 5 AR 25 B 1 AR Ak
oA B AR 21 2 Ak R ) 9
ey

4 NiO/AI,03-0.30(C) #1 NiO/Al,03-0.30(P) #f & B
TEM B R

Fig. 4. TEM images of NiO/Al,03-0.30(C) (a) and NiO/Al,Oz-
0.30(P) (b) samples.

235 XPS4&H

ANTR] J5 325 161 % B HE A0 7T N 2pay, 45 6 e LA
5. H & AT WL, NiO/Al,03-0.30(C) 1 Ni 2ps, U 1
853.8eV b, T2 I 1E 859.9eV, [ e iE ki & fE 1 B

853.8

@)
854.4

Intensity

PR SN SR SR (NN T SN SRR T NN SRR ST SR SR N SR SR S S S S
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Binding energy (eV)
B 5 AEAEFZH NiO/ALO; L7 AY Ni 2p XPS it
Fig. 5. Ni 2p XPS spectra of NiO/Al,O; catalysts prepared by the
different methods. (1) NiO/Al,05-0.30(C); (2) NiO/Al,03-0.30(P).
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% 3 NiO/AI,03-0.30(C) #1 NiO/Al,03-0.30(P) &L FI &R M|
TEMENEE

Table 3 Relative amounts of the elements on NiO/Al,0;-0.30(C) and
NiO/AI,0;-0.30(P) surface

Relative amounts (%)

Catalyst -
0} Al Ni

NiO/Al,0;-0.30(C) 69.59 22.45 7.96

NiO/Al,0;-0.30(P) 70.11 21.61 8.28

b 17.8 eV, 1 NiO/Al,04-0.30(P) ¥ i 1) LA |- &- U 43
il FRL7E 854.4, 860 1 16.9 eV. NiO Hl NiAlLO, 1) Ni
2pap &5 4yt 4> W 4 854.5 Ml 856 eV. i I,
NiO/Al,03-0.30(P) 1] Ni 2ps, 4f & fig Lt NiO/AlLOs-
0.30(C) M F i, 1X &t T B AN R T 3% & 2/ 2% 7 T
P, 2 3 3% 2 ANE i R THT G R AR XA L AT LA
Fih, & NTP &b B 5, 4k 771 26 1 O F1 NI R AH X 7
AT TR, H b R R R 1 B R B g v, T L
NiO/Al,03-0.30(P) ] Ni 2ps, &5 % fiE Lt NiO/ALLO;-
0.30(C) #1751, iX 5 NO,-TPD (1) &5 1 — 5.
24FT-IRZER
2.4.1 NO, W Fff

6 A NiO/Al,03-0.30(C) F1 NiO/Al,03-0.30(P)
4k 745 100 °C W Bt NO B i 5] 48 4k [¥) DRIFT 3%,
AT LU A A ) 3K T W B A e s 0 4 v A
1000~1800 cm™, I f 1040 cm™ H HJE T
Cis-(N20,)> W Pt 40, 1205 cm™ Bt 3T o 45 2 SIE A 192
#h, 1260, 1400 F1 1560 cm™ & A~ [ J 28 1) Aitd 12 £h 40

1560 1296 @)
1624 . 1263

Intensity

L E 1 E L L 1 L
1600 1400
Wavenumber (cm™)

1200

1800 1000

Intensity

Fift, 1620 cm AT I A A5 A% NO FrI 4 HE I 123241,

XFJ NiO/Al,05-0.30(C) F i, WK B W JT- 465 16F, 7
i A4 71 2% T A B QW0 A 1R 2 (1215 em™) Aty
NO, W i Fft (1624 cm™) 251 25 3 min I, NO, W i
e LV 5 1 A, 3 H AR SR IR (1560 ety . 1%
Bt 5 min IS, iFd 152 25 40 Ffr I8 AC 06 B 58 384 5. &S 7 miin I
W B 49 ol 66 A Sy B 20 A R 4R (1263 em ™), B U il
i £ (1296 cm ™), #F VA R 25 K1 NO, W Bt 4 Ff. 42 10
min I, cis-(N,O,)% (1040 cm™) WK Bt 4% sk LA K A7 X
TR A5, PR A R A5, M XA R 5 A1 NO, W B 42 Foft Wl
AT U 40k 4 TR B 4 30 min I, - W B g A Ak AN
K B2 5 T NiO/ALO3-0.30(P) K it , W Bt W IT 44
I, A 71 2% T 3= 2 DURr X B R (1199~1223
em™) 4 3, W B 10 min i, W B A Bl 3 B AR X W
TSR £k (1269 cm™), #u ik A B2 £ (1299 cm™), H =X Ailf
i £ (1542 cm™) Rl /> 54 NO, #) B Bt , A7
BL cis-(N,02)* I Fi # Rl 53 4, NiO/AI,05-0.30(P)
FE 1) 4% WL 08 HE NiTO/ALLO3-0.30(C) 1R #8 5 .
2.4.2  NO, By B K

NO, 7£ 0.3 NiO/Al,O4(C) 1 0.3 NiO/Al,05(P)
A3 2R TR B 30 min &, 45 1 NO + O, E <, e LA AH
) Ao N T, SR8 5 T2 7 71l 9 R 4 DRIFTS i, 45
B 7. %6 F NiO/AIL03-0.30(C) ¥£ i, 200 °C It} 4/
TEAE NO, 4 B T I, 1294 F1 1251 em ™ &b iy Wz 1
B B SY, T 7E 400 °C 54T K. 4 B T F1] 400
oC Iif, 55 cis-(N2O2)* W e Rl v . A 2 i & 1) W

1624 1542 12991269 (®)

RN
1200
Wavenumber (cm™)

1600

1400

1800 1000

6 NiO/Al,03-0.30(C) #1 NiO/Al,03-0.30(P) #J DRIFTS i&
Fig. 6. DRIFTS spectra of NiO/Al,0;-0.30(C) (a) and NiO/Al,03-0.30(P) (b).
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Pec s LA 7, AT AR B, 22 NTP b FE 5, {4k
T 8 0 e R S e R I A U [T RR K, 3 AR A )
2 THI TR B 40 Ao ) 2 164 I KT, H T OC TG A5 RS
A Ak SR A7) R R PR BRE AN 230 2

3 #Hig

NiO 171 4 5 & 5% 0 NiO/ALOs fi: 1k 71 i) NO, fi
FEBE T — AN 2%, 24 NiALEEJR B A 0.3 I, #4771
(1) NO fits 77 5 5 K. NiO fit 2 = W Wb 5w bz 1 (¥ 4y
HOME, BEAE NI S5 0 39, 8 4k 77 bl 2 T B,
NiALOy i RL A /], B0 A i NO it 7 5 7 1) 5% Wi 45
K. QA TARTEA G, HEAI NOL fifi 77 5 35 i,
2 NiALBER EE A 1.0 I8, 20 25 B8 144 b B AL 57 1)
NO fiff £7 5 A& A 2055 B AR AL BRIV 1.46 £%. 7 NOy
(1 B et 2 e, NO i 5 DA 2 0 A 1 6 7 X8 B 7
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NO, storage-reduction (NSR) technology for lean burn
exhaust treatment has been much studied in the past decade.
In the conventional NSR catalysts such as Pt/BaO/Al,Os, the
noble metal is the active component. The alkaline earth
oxides also play a key role in NO, storage [1-7]. NSR cata-
lysts should have a large NO, adsorption capacity at low
temperature because of the wide temperature range it must be
used in, which range from 200 to 500 °C [8-9]. Due to the
high cost of precious metals, transition metal oxides have
been much investigated, especially, catalysts with NiO as the
active component that have been used in many chemical
reactions for their performance [10-15]. The application of a
non-thermal plasma (NTP) during the preparation of a
Ni-based catalyst can improve the catalyst performance
[16,17]. The NO, adsorption capability of Ni-based catalysts
have not yet been reported. In this work, NiO/Al,O; catalysts
were prepared by coprecipitation, and the catalysts that were
treated with NTP before calcination at high temperature were
compared with those without a NTP treatment before calci-
nation. The adsorption capacity of NO, at low temperature on
NiO/Al,O; with a NTP treatment was investigated. A pro-
motional mechanism was proposed on the basis of charac-
terization results.

1 Experimental

1.1 Preparation of catalyst

The catalysts were prepared by coprecipitation. The
AI(NO3); (200 ml 0.6 mol/L) solution and a required quantity

of polyoxyethylene glycol were mixed in a 500 ml
three-necked flask. Then the precipitating agent (NH,4),CO3
was slowly added with high speed stirring at 70 °C for 6 h.
The appropriate amount of nickel nitrate solution was added
to give molar ratios of Ni/Al of 0.15, 0.3, 0.45, 0.6, and 1.0
[18]. The pH of the solution was adjusted to 9 and the inor-
ganic colloidal sol was aged at 70 °C. After filtration and
drying, the catalysts were calcined at 330 °C for 3 h and then
at 550 °C for 2.5 h. This was for the preparation without a
NTP treatment. The products were denoted as
NiO/Al,03-0.15(C),  NiO/Al,0;-0.30(C),  NiO/Al,O;-
0.45(C), NiO/Al,0;-0.60(C), and NiO/Al,05-1.0(C).

The setup for the NTP treatment has been described
elsewhere [19]. When the non-thermal plasma treatment was
used, the samples prepared as above were treated by NTP in
air before calcination at 550°C with a discharge power of 80
W for 30 min. After the NTP treatment, the catalysts were
calcined at 550 °C for 2 h. These samples were denoted as
NiO/Al,03-0.15(P), NiO/Al,05-0.30(P), NiO/Al,05-0.45(P),
NiO/Al,03-0.60(P), and NiO/Al,O5-1.0(P).

1.2 Characterizations of the catalysts

The BET surface areas were measured by N, adsorption at
—196 °C using a NOVA4000e instrument. Prior to the meas-
urement, the samples were degassed at 300 °C for 2 h.

Phase identification was performed by an X-ray diffrac-
tometer (XRD, TTR-III) operated at 60 kV voltage and 300
mA current.

H, temperature-programmed reduction (H,-TPR) ex-
periments were performed on a Micromeritics ChemiSorb
2720 using 50 mg samples. After pretreatment in N,at 300 °C
for 1 h, the samples were cooled down to room temperature.
The reducing gas, a mixture of 10% H,-90% Ar, at a flow
rate of 50 ml/min, was used to reduce the catalysts from room
temperature to 1000 °C with a temperature ramp of 10
°C/min.

Transmission electron microscope (TEM) images to de-
termine the particle size were obtained using a JEOL 200CX
microscope operated at 200 kV.

X-ray photoelectron spectroscopy (XPS) data were ob-
tained with an ESCALab220i-XL electron spectrometer from
VG Scientific using 300 W Mg K, radiation. The base pres-
sure was 3 x 107 Pa. The binding energies were referenced
to the C 1s line from adventitious carbon at 284.8 eV. Bind-
ing energies (E,) were measured for C 1s, O 1s, Ni 2p, and Al
2p. The spectra were deconvoluted using the XPSPEAK
program by curve fitting with a Gaussian/Lorentian ratio of
90/10 after smoothing and subtraction of the Shirley-type
background.

All spectra were measured with 4 cm ™ resolution between
4000-400cm* and 100 scans using a liquid nitrogen cooled
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MCT detector on a Nicolet Nexus 870-FTIR.

The in situ DRIFTS measurements were carried out in a
high temperature cell fitted with ZnSe windows. The samples
were finely ground, placed in a ceramic crucible and manu-
ally pressed. The feed gas was flowed into the cell at a total
flow rate of 100 ml/min. Prior to measurement, the samples
were pretreated at 500 °C in a mixture of N, and 8% O, for 30
min. Background spectra were collected after dwelling for 20
min at a given temperature. Sample spectra were collected
after dwelling for 30 min in the mixture gas of 0.05% NO,
8% O,, and balanced by N, at 100 ml/min.

1.3 NO adsorption-desorption

NO adsorption experiments were carried out in a U-shaped
quartz reactor with an inner diameter of 5 mm under at-
mospheric pressure. The amount of catalysts was 0.5 g for
each run. The samples were pretreated in 8% 0,-92% N, at a
total flow rate of 400 ml/min at 500 °C for 30 min, and then
cooled to 100 °C in N, for adsorption. When the temperature
stabilized at 100 °C, a mixture gas comprising 0.05% NO,
8% O,, and balanced with N, at 400 ml/min was passed
through the samples. At this stage, the concentrations of NO,
NO,, and NO, in the outlet stream were recorded by an online
Chemiluminescence NO, analyzer (42C High Level, Thermo
Electron Corporation). After adsorption for 30 min, NO and
O, were removed and pure N, (400 ml/min) was introduced
for 1 h to remove weakly adsorbed species on the surface of
catalysts. Then temperature-programmed desorption (TPD)
experiments were performed by ramping the temperature
from room temperature to 500 °C at 10 °C /min with 400
ml/min N,. The concentration of NO, NO,, and NOy in the
outlet stream were also measured by the NO, analyzer. The
NO, storage capacity (NSC) was calculated from the integral
area of the desorption profile.

2 Results and Discussion

2.1 Influence of NiO loading and NTP treatment on
NSC of the catalysts

The NO, storage capacity and break through time of the
catalysts with different Ni contents are listed in Table 1. No
NO, was detected in the effluent in the initial 5 min for
NiO/Al,0:-0.15(C),  NiO/Al,05-0.30(C), NiO/AlLO5-
0.45(C), and NiO/Al,05-0.60(C), and in the initial 4 min for
NiO/Al,03-1.0(C). When the molar ratio of Ni and alumi-
num was 0.3, the NO, storage capacity reached the maximum
value of 345 pmol/g on NiO/Al,03-0.30(C). When the NiO
loading was higher or lower than that of NiO/AI,05-0.30(C),
the NSC of the catalyst was lower than that of
NiO/Al,03-0.30(C). For the catalysts that were first treated

by the NTP in the preparation, the time of breakthrough
clearly increased, and it was 7 min for NiO/Al,O5- 0.30(P),
NiO/Al,03-0.45(P), NiO/Al,05-0.60(P), and NiO/Al,O;-
1.0(P). The maximum NSC of 477 umol/g was obtained on
NiO/Al,03-0.30(P), which was increased by 38% compared
to the NSC of NiO/AI,05-0.30(C). After breakthrough, the
NO, concentration in the outlet stream gradually increased to
0.07%. The results showed that it took a longer time to reach
adsorption saturation on the catalysts subjected to the NTP
treatment. Hereafter, the characterization was mainly with
the NiO/Al,O; catalyst with a Ni/Al molar ratio of 0.30
because of its higher NO, storage capacity.

2.2 Influence of NTP treatment on NO, desorption

It can be seen from Table 1 that the NSC of the catalysts
were increased by the NTP treatment. Figure 1 shows the
TPD profiles of NO+0O, adsorption over NiO/Al,05-0.30(C)
and NiO/Al,05-0.30(P). Three NO, desorption peaks at 120,
200, and 430 °C were observed on the catalysts with and
without the NTP treatment.

The NSCs of NiO/Al,03-0.30(P) were larger than those of
NiO/Al,03-0.30(C) at both low and high temperatures. NO,
desorption amounts of the catalysts with the NTP treatment
were clearly enhanced in both the low and high temperature
regions. The NO, desorption peak observed at 120 °C was
related to nickel meta-aluminate (NiAl,O4). The reason is
that the intensity of nickel meta-aluminate peak weakened
with an increase of Ni content. The presence of nickel
meta-aluminate is an important factor in NO, storage capac-
ity [18].

2.3 Characterization of the catalysts
2.3.1 Specific surface area

The specific surface areas are summarized in Table 2. It
can be seen that the specific surface area of the catalysts
decreased with increasing Ni loading. The reason is that
nickel oxides supported on the carrier agglomerated so that
some pores of the carrier were clogged. It is significant that
the specific surface area of the catalysts with the NTP
treatment increased. The probable reason is that the NTP
treatment improved the dispersion of the particles.

2.3.2 XRD characterization

The XRD patterns of NiO/AI,05-0.30(C) and NiO/
Al,0,-0.30(P) are shown in Fig. 2. Two phase structures
were observed: one was assigned to NiO, and the other was
attributed to NiAl,O,. Fig. 2(1) and (4) show the main peaks
of NiAl,O,. The peaks of NiAl,O, in NiO/Al,O; catalysts
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with Ni/Al molar ratio of 0.15 and 0.30 are very distinct at
19°, 31°, 37°, 45°, and 65°. The intensities of NiO/Al,O3
catalysts with the NTP treatment were weaker than those
without the NTP treatment. The intensities of some peaks
decrease as a result of the breakup of crystalline granules by
the plasma treatment [20], but the peak intensity of NiAl,O,
in NiO/Al,05-0.30(P) at 19° was stronger than that of
NiO/Al,05-0.30(C).

Figure 2(5)—(8) are the XRD patterns of NiO/Al,O; cata-
lysts with Ni/Al molar ratio of 0.6 and 1.0. However, the
diffraction intensities of the catalysts with the NTP treatment
were strengthened. With increasing Ni content, the intensities
of the NiO diffraction peaks were enhanced. These results
revealed that the catalysts had good crystalline structure. The
peaks of NiAl,O, in NiO/Al,O; with Ni/Al molar ratio of 0.6
were more diffuse than those of NiO/Al,O5; with Ni/Al molar
ratio of 0.3. The peaks of NiAl,O, in NiO/Al,O; with Ni/Al
molar ratio of 1.0 had basically disappeared. The adsorption
capacity of NiO/Al,O3 with Ni/Al molar ratio of 0.3 was the
largest among the catalysts, which indicated NiAl,O,4 had an
obvious effect in the crystalline complex.

2.3.3 H,-TPR characterization

H,-TPR experiments were carried out to investigate the
reducibility of the catalysts. The results are shown in Fig. 3.
The NiO/Al,03-0.30(C) catalyst showed one reduction peak
at 318 °C, while it was at 308 °C for NiO/Al,05-0.30(P),
which was attributed to the reduction of Ni,O3 into NiO. The
NiO/Al,03-0.30(C) catalyst showed another reduction peak
at 639°C, which was at 612 °C for NiO/Al,05-0.30(P), which
can be described to the reduction of NiO into Ni.

The reduction temperature of the catalyst with the NTP
treatment was lower than that of the catalyst without the NTP
treatment. The peak temperature of the catalyst with the NTP
treatment decreased and the peak became wider. The cata-
lysts with the NTP treatment were easier to reduce, which
would be advantageous for NO oxidation.

2.3.4 TEM characterization

TEM images of NiO/Al,O; with Ni/Al molar ratio of 0.3
are shown in Fig. 4. The results showed that
NiO/Al,05-0.30(C) did not have good particle dispersion,
and the agglomeration phenomenon of nickel oxide on the
surface of catalyst was very serious. In comparison with
NiO/Al,03-0.30(C), agglomeration of the particles on
NiO/Al,03-0.30(P) was not obvious. Many particles had a
highly discrete distribution in Fig. 4(b), and the particle
distribution of NiO/Al,05-0.30(P) was very uniform. The
characteristics of the highly efficient catalysts prepared from
using a NTP treatment had been studied by plasma physics

and cluster physics [21], which showed that the activity of
the loaded metal was greatly modified by the NTP treatment.

2.3.5 XPS characterization

The Ni 2ps;, binding energy of the catalysts by the dif-
ferent treatment methods are shown in Fig. 5. The
NiO/Al,03-0.30(C) exhibited the Ni 2ps, main peak at 853.8
eV with satellites around 859.9 eV and a spin-orbit coupling
energy gap of 17.8 eV. The NiO/Al,03-0.30(P) exhibited the
Ni 2ps, main peak at 854.4 eV with satellites around 860 eV
and a spin-orbit coupling energy gap of 16.9 eV. The Ni 2ps,
Eg of pure NiO is 854.5 eV while for NiAl,O, spinel, it ap-
pears at 856 eV. The Ni 2ps;, Eg of NiO/Al,05-0.30(P) was
slightly higher than that of NiO/AI,05-0.30(C), which re-
flected the different surface elements present [22]. Table 3
shows the relative amounts of surface nickel and oxygen.
The amounts of nickel and oxygen on the surface of the
catalyst increased after the NTP treatment. The amount of
NiAl,O, on the surface of the catalyst treated by NTP was
more than that of the catalyst without the NTP treatment, so
the Ni 2p;, Eg of NiO/AI,05-0.30(P) was higher than that of
NiO/Al,03-0.30(C). This was consistent with the NO,-TPD
results.

2.4 FT-IR spectra
2.4.1 NO, adsorption

In situ  DRIFTS of NiO/Al,0,-0.30(C) and
NiO/Al,0;-0.30(P) during adsorption of 0.05% NO in the
presence of 8% O, at 100 °C are shown in Fig. 6. The ad-
sorption peaks of the species on the surface of the catalysts
were between 1000-1800 cm™. The peak at 1040 cm™* can
be assigned to cis-(N,0,)*, that at 1205 cm ™ nearby can be
assigned to bridging nitrite, and those at 1260, 1400, and
1560 cm™ were assigned to different nitrates. The peak at
1620 cm " nearby can be assigned to physical adsorbed NO,
[23,24].

When adsorption began on the surface of the catalysts,
there were mainly bridging nitrite (1215 cm™) and weakly
adsorbed NO, species (1624 cm™) [25]. After 3 min, the
adsorption peak at 1624 cm™* became obvious and bridging
nitrate (1560 cm™) species appeared. After 5 min, the ad-
sorbing peak of nitrate adsorbed species became obvious.
After 7 min, the adsorption species changed into bridging
nitrite (1263 cm™), monodentate nitrate (1296 cm™), bridg-
ing nitrate (1560 cm ), and NO, adsorbed species(1624
cm?). After 10 min, the adsorbed species intensity of
cis-(N,0,)* (1040 cm™) increased, and simultaneously,
bridging nitrite (1263 cm™), monodentate nitrate (1296
cm ™), bridging nitrate(1560 cm™), and NO, adsorbed spe-
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cies (1624 cm™) existed on the surface of catalysts. The
adsorption peaks at 15 and 30 min were the same as those at
10 min [26-29]. The DRIFTS spectrum of
NiO/Al,03-0.30(P) is shown in Fig. 6(b). When adsorption
began on surface of the catalyst, there was mainly bridging
nitrite (1199-1223 cm™). After 10 min, the adsorbed species
were mainly bridging nitrite (1269 cm™), monodentate ni-
trate (1299 cm™), bridging nitrate (1542 cm™), and a small
amount of NO, physically adsorbed (1624 cm™). There were
no adsorbed species of cis-(N,0,)* (1040 cm™) on the
catalyst surface. The adsorption peak bands of NiO/
Al,05-0.30(P) were broader than those of NiO/
Al,0,-0.30(C).

2.4.2 Thermal desorption of NO, species

Further information on the nature of the surface species
observed in the NO/O, adsorption experiments were gained
from thermal desorption studies. Figure 7 shows the results
of NO, desorption from NiO/Al,05-0.30(C) and NiO/
Al,03-0.30(P). In Fig. 7(a), it can be seen that the physically
adsorbed NO, with its characteristic band at 1620 cm™ was
stable to 200 °C. The bands at 1294 and 1251 cm " decreased
gradually and vanished at 400 °C. As the temperature in-
creased to 400 °C, the weakly adsorbed species at 1040 cm ™
vanished. The intensity of bridging nitrate (1570 cm™) bands
started to decrease at 400 °C and had completely disappeared
by 500 °C. In Fig. 7(b), physically adsorbed NO, with its
characteristic band at 1621 cm™ was stable to 300 °C and it
disappeared at 400 °C. The other peaks of NiO/Al,05-0.30(P)
had completely vanished at 500 °C , which was the same
result as that of NiO/AI,03-0.30(C). The desorption peak
bands of NiO/Al,03-0.30(P) also became broad.

On comparing the desorption temperature in the NO,-TPD
spectra (Fig. 1) and the DRIFTS spectra of the thermal de-
sorption experiment (Fig. 7), the NO,-TPD spectra indicated
that the areas of the adsorption peaks and desorption peaks
on catalysts with the NTP treatment became larger. This
indicated that the amounts of adsorbed species on the cata-
lysts with the NTP treatment were larger than that on the
catalysts without the NTP treatment. However, the adsorp-
tion mechanism on the catalysts with the NTP treatment is
not yet known.

3 Conclusions

NiO loading was one factor that influenced the NO, stor-
age capacity of NiO/ Al,O; catalysts. The optimum NiO
loading was 30% molar ratio. The NiO loading affected the
dispersion, and with increased Ni loading, the specific sur-
face area of the catalyst decreased. The nickel
meta-aluminate diffraction peaks weakened with increased
Ni loading, and nickel meta-aluminate could be a key phase
for NO, storage capacity. The storage capacities of NO, on
the catalysts prepared with a NTP were higher than those on
the catalysts without the NTP treatment. The NO, storage
capacity of NiO/Al,O; with the NTP treatment was 1.46
times larger than that of NiO/AI,O3 (molar ratio of 1 for Ni
and Al) without the NTP treatment. The DRIFTS results
indicated that during NO, adsorption on the catalysts, NO
was first adsorbed on the surface as bridging nitrites, and
then the nitrite species transformed into different kinds of
NO;™ adsorbed species.
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