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Abstract

The formation of Co,TiOy+2 compounds, i.e., CoTiOs and Co,;TiOs, in a 5 wi% CoOy/TiO; catalyst after
calcination at different temperatures has been characterized via scanning electron microscopy (SEM), Raman
and X-ray photoelectron spectroscopy (XPS) measurements to verify our earlier model associated with Co304
nanoparticles present in the catalyst, and laboratory-synthesized Co,TiO,:; chemicals have been employed to
directly measure their activity profiles for CO oxidation at 100°C. SEM measurements with the synthetic
CoTiO; and Co,TiO4 gave the respective tetragonal and rhombohedral morphology structures, in good agree-
ment with the earlier XRD results. Weak Raman peaks at 239, 267 and 336 cm’ appeared on 5 wi% CoO,/TiO;
after calcination at 570°C but not on the catalyst calcined at 450°C, and these peaks were observed for the
CoyTiOy+>» compounds, particularly CoTiOs. All samples of the two cobalt titanate possessed O 1s XPS spectra
comprised of strong peaks at 530.0+0.1 eV with a shoulder at a 532.2-eV binding energy. The O Is structure
at binding energies near 530.0 eV was shown for a sample of 5 wt% CoO,/TiO,, irrespective to calcination
temperature. The noticeable difference between the catalyst calcined at 450 and 570°C is the 532.2 eV shoulder
which was indicative of the formation of the Co,TiOn2 compounds in the catalyst. No long-life activity main-
tenance of the synthetic Co,TiOqr2 compounds for CO oxidation at 100°C was a good vehicle to strongly sup-
port the reason why the supported CoOy catalyst after calcination at 570°C had been practically inactive for
the oxidation reaction in our previous study; consequently, the earlier proposed model for the Coz04 nano-
particles existing with the catalyst following calcination at different temperatures is very consistent with the
characterization results and activity measurements with the cobalt titanates.

Key Wonds : CO oxidation, Cobalt titanates, Raman, X-ray photoelectron spectroscopy, Titania-supported cobalt
oxides, Nanoparticles
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Ae AEF 5% sH(homogeneous
charge compression ignition, HCCI) 7]&-2 &3
HCCI W d7] B0 228 T wl25)E COE AlA
sl A& CO Atgr)go] o) 48 § U =
3 A nET A7 AX|(proton exchange mem-
brane fuel cell, PEMFC) 7+-&-8 545 A7) 93 A
A 7\(reformer) oA COE AAF=HE JE
g £ AP, o] F A Qo= AE7] Wl &
AskE COE AASB7] A% AuF7] B3} A12H,
FAFHoZRE HAHE WFY COE #A 3]
Ak A, FAF 2L = A dElE i
B3 FFEAY vixad, 2% th7] S8 CO,
oo 3 JdFS AT 54 Fol= A2 F
AT,

et vt e FYAE AL CO AHshhe-¢
S &EE FAM T 53], HCCI AR w772 &
3-8 Fufjr|&o] #4le] Frksta Jlvh HCCI A
vl 717kA Yol EA8Hs NOY s 5& ¢ w
Holx, 7]Ee] HolA{KE ABE ARG T
A2t @A 5= PM(particulate matter)®] T+ F
A" BE Aoz geA g0 a8y, o,
e} 8l4= A (hydrocarbons, HCs) S& 1% o] Ao 2 uj
£57] W&o HCCI A7 g4 2539 4855
Az A A HAAME ol LHYEAES aHHS
2 AAT 4 e viESA oA x=He] aF7HT g
1, o] Al2Ee AR 94 o]F = Zo] Ff
oJtH? HCCI Ao 2RE vj&HE w77t
Hu 2= 280°C Eo|Bg CO AHeHg Fujr} 7t
Zojol & HY 08 24 Fol HRE 29
g LR} o] Wk LE olsjeicl BT
= Aol

Pt Rh, Pd7} 22 &4 AgE FEL A2 CO
ASREgo A 22 AT 5 A

24z dg AMgEzT Qo md Cos0,,
Fe;03, NiO9} 28 HolF 4 A3 B T #d

a4

A E4E Au B=da< 10 im)2 o] #e}7 &
o gl vE -70°Ce} A BtE W$- 43 CO
28 g o] dojAhE A o] Haruta 596 ]3]
B o] g, o]8d ©X Au FujE <] &3 A&
CO Atstah-g-o Wig #4lo] mz=m Y™,
a8y, AFEolu Au o] B AulFoes
vl 2 ZA 7t AR s vigo] B& Wy olye}; &
oju} FalgEo] it iAol dulF oz FHoks)
7] &) o]E& AT & U= N2 A3}E &
wo tig A77F dolgkh

F&ol Au A FHE Fo HEZHQA § o

=
CuO-CeO, &3 48L& Fulj oAl CO Asiut-g- &
AL M L3 Ya e ol Hoot &A%
I gAHE i & g IS o= Ao
2 Jehgt) 22 Pillais} Deevi?’e) @Ftol| ol3)a,
2 A Y (precipitation)ol] 2]3] Az CuO-only Zufj
E CO A3hubgol AL83tH-& Ao AL2oM=
100%2] Atslg&S BT = o & gz A
T4 HAolFHASE FHEE Co0E B
ATHHOB) 55 Co304 ZuljAboll A CO 243}
S FA3AE Ao 150°C o] el A w5
AEY e FMEAE HAFded, o
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= 450°Coll A o] A4 FujrR T vr)e AN 570°C
M 2dZFETE Y ¢S MSEAS B
AFAh olg g 2T e EZujF4 3ol
o] f0& 7] Aste, 2425 CoOyTiO;

i

ZulE ®ik o}y Co04, CoO T3 22 EF Co
SGES st XRD(X-ray diffraction), XPS

(X-ray photoelectron spectroscopy) 5 ©]-&3%F Zuj

EAs A7E FYaYn 1 AFE5L nlgow
Fig. 13} 2& CoO, Y=Y} mdo] Agd7¥=
BH ARH AT F, 570°Co A 24 F CoOJ/TiO;
Zuj o] ¥ “CoTiOs, Co;Ti0s8} 22 CopTiOn:
33HEd oa] FHo] 43 overlayer® E] o) A]
29 nme} YRIA7IE 2 Co0s Y=Y HType B)"
2 FAH 31, CopTiOmp= A& CO Akshuk-g-of
Aol =8 BAHEAZ J|5sA= Q) n
A, olg} #ol 4A3F] overlayer® Coz0q0 o3t
XRD H &2 Cos040 8]F 3l HaerS Vel A
th, ¥ 9] chemical states$} {AF FIRE FE
XPS A1} A= bulkdl] ZA]8HeE Cos0s0) B3 Co
2p binding energy7} o}1]2} Wl A3 overlayer
H ConTiOn29l t 3+ binding energyol] 3| &3+ 7k
58 2t} 450°Co) A 248 Aol Type ASh @
& “clean Co;0,79+0] TiO, T Wl MAE 5L CO Ak
Bukgol Fa FHHo g g3t XRD ¢ XPS

A7 Z vlR2o] B o), Type D, E9} 22 Co 335
2 E¥d EA3A ¢Gv Aoz #AgdHAoY,
Type C9} 22 Cos0,2] EA) 7154 wiAE &=
At

E d7dMe 494708 ntgoz st 450
2 570°Coll A} A4 HE 5 wt% CoOy/TiO, e} By
of A& 4+ UE CouTiOwa(CoTiOs, Co TiOy) 3}3}
59| o3 morphological structureE SEM &% &
3l da, o] AFAFY XRD ZH9) vlmEY
R =3, A CoO Zuje} 7|&d] FAHE
ConTiOmz BHEEo) W3ted Raman, XPS 275/
7I¥ ToE olg9 AR Fx X4 4 4

& TE3, A& CO kg uigh oz A
ol 8L A SHFEZAN JPATZRE A<t
" CoOx U=zt Rde A=s4ct

2. Mg % P

2.1, CoOx/TiO, =00 A=

APA7 7)&sold ZujAz FHFo| wal,
anatase AZFZE e YHd3F TiOy(Millennium
Chemicals, S.A. = 38 m7g)& v|MEZLZ J43 F
o] 5 wt% CoOxol] 423} Co(NOs). 6H,0(Aldrich,
99.999%) 8-42 incipient wetness 7| H O 2 F 2| A]
Atk olFA AzE 5 wi% CoOyTiO; Zvl¥= 4502}

Type C: Partial Co, TiO,,, overlayer
on Ca,0, particle

Type B: Complete Co Ti0,,, overlayer
on Co,0, particle

Type A: Clean Co,0, particle
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o]

S &4

Tio,

14

o,
< o

Fig. 1. Model for CoOx nanoparticles on the titania surface proposed earlier™®.
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570°Col| A A G222 7|(mass flow controller,

MFC, Brooks Instruments, Model 5850E)2 Ao} =&
100 cm*/min®] air(Praxair, 99.99%) 33 7 1 A

5 &4AFT

2.2. Co,TiOns StEtE &Y

APA A LA Hog 7|2H thermal sol-
id-state reaction Z|§ol] o} F EF 2 CopTiOn2
(CoTiOs, CoTiONE B dAFNAMZ FA3IATH
CoTiOs8} Co;Ti0s2] 3H/del] &4 5+ CoO(Aldrich,
99.999%)9} <= TiOy(Millennium Chemicals, S.A. =
85 mig)7t FEH o2 B § YTF 279
39 G2 FUsHA AP ¥ TR Fo,
1,150°C9] air ZE oA 4 A7t 52 v A AT
olZA FFHE CouTiOn2 8=, F FFH TiOy, 2t
7] & 5o £AH 5 wi% CoOl/TiO; Fm&
Table 19]] YJeER| ST A H CoTiO;2} Co,Ti0,00
3 XRD AF}Evt o}y 8 JCPDS(Joint Committee
on Power Diffraction Standards) E&E 3 5o 4
59 dolEske) AN S olvl YFATFVA
%3 1&HAY.

2.3. ConTiOn+2 SHEHE X CoO(/TiO2 Z0HO|
£4dst

2.3.1. ConTiOn+2 EHEHE0N CHEF FE-SEM
CoTiO39} Co:TiOs FHEEL ¢ w2
(1,150°C)l| A solid-state reaction 7| o5 A=
o v 2 FE-SEM(field emission scanning electron mi-
croscopy) =A<l 2]3] morphological structureg 3
A AL 5 g Aoz 7Yt o]& 93| Hitachi
S-4300 Cold FE-SEM& A2-3l9 1, Ul & o|v|A &

Il°|‘_’.

rj_ol

4

JE B ARIEALL 15 kVHTh 2ol
CoTiOs8} Co,TiO4+S Z+2Z} carbon tape FHo| & H
AN A AZAZ] g ol E Al stripell Y3 Fof
ion sputter-coater(Hitachi Model E-1030)Z o]-& 3]
Pt-PdE HWH] ZHHFA AEE AASL JE
o] Al strip& Y2} 0.2 pre-vacuum chamberol] &
F dA% 2F #Fo) =235 analytical cham-
ber Y2 o] FAIFATE o2 FHAA scanning@Fri
YAE BYE UAE Fe & FUlA
ConTiOn2 359 SHEFQ) o] T S 35,000H) &

[o}

L

Ak
2.3.2. Raman &3 - &4

B Ao A 570°Col A A48 5 wi% CoO,/TiO;
Zu] FAo] overlayers= ConTiOnz 8352 AA

22§37 Astel Raman £HS AT
A4 A2 ALE T YeEUE 38 &
A B35 YXE #2187 3t pure TiOol
o 3} Raman spectrumE At} o] = 93] excitation
source 2 514.5 nm2] Ar ion laserE A}-83}= Horiba
Jobin Yvon triple Raman spectrometer(Model T64000)
LabRAM HR sin-
gle Raman spectrometerE Al-8-3}9 0.1, resolution
2 1 cm' @} Laser powers % 250 mWg o,
A8 EHo| ZALEE laser powers 0.2 - 0.5 mWR
t}. 60 T+ 10 sec®] scanning timedl| X 2z} A] g5of
3l 503} 2] scanningo] o] Fo}H 11, grating2 6000]
Aot BE A5 E5-L ambient ZANA powder AE]
2 A8tgon, 24 T CCDY 22+ A4
AL E o] &38) -120°C A=2 FXFHH

Zt=

2} 800 mm confocal lengthS

Table 1. Physicochemical properties of TiO; and Co,TiOn used for CO oxidation at 100°C

Catalyst Crystallite structure Sper (m%/g) Ref.
Pure TiO;" Tetragonal 85 This work
Shaped TiO,*" Tetragonal 38 [26]
CoTiOs Rhombohedral 0.042 This work
Co,TiO4 Cubic 0.44 This work
5 wit% CoO./TiO:;° calcined at 450°C - - [26]
5 wt% CoO/TiOy" calcined at 570°C - 33 [261

Note. "-" = no data or not applicable.

*Anatase type and after calcination at 570°C in an air flow for 4 h.
®Probably with small amounts of unknown (in)organic binders.

“Supported on the shaped TiO, after finely grinding.
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2.33. 0 1s of CHEE XPS &HH - 24

F4E ConlTiOnz SHAEH £G2EE 5 wi%
Co0,/TiO; Z o] th3t Co 2p binding energy(BE)=
AYATNAN 83 nFFAT g, & @
FAAE 450 2 570°CoA A 217t 24 E CoOLTiO;
Zujol A} O 1s BES XPSE =3t gch. A a7
| XX 3 self-supporting© 2 XPS A H& THE &
ESCALAB 220iXL spectrophotometer(VG Scientific)
S ALE3] &R 8o} o)) X-ray radiation source
ZE Mg KaZS A-8-3}$ a1, pass energy®} energy
width= Z}z} 50 eV} 100 meVE Ly =73 A 28 W)
Hof Za}8l= 7} (carbon) I 2o 333l 284.8
eVl A ¢] C 1s 312 Z internal standard® A}-&-3}o]
A B E 9] charging effectE on-line 2} Ejol| A A}E 3
o8 WA XPS spectras P& E¢ho} A&
Ho) AFAE 107 Tor I8 FASHGL, 2
AlAE g scanning> 1555 &3t

24. M2 CO MztetS 0ol st ConTiOwm: HElE
o ZoHEy

ConTiOnz 3}5HE©] 100°Cel| A CO 2F3}hh-g-o o
g EFMRAY 7I5SE o= AR FAG 5 YeX
E golry) 9Jste], AYATFNAM AFEE WS4
253 Y3 1T 9E55E2 FE1E A
&t RIZEAS AT oW FUET
(space hourly space velocity, GHSV) 6,000 h'ol] s]3
st AA 3 100 em’/min®] He(Praxair, 99.999%)
el CO(AGT, 99.998%)¢} OPraxair, 99.999%)%=
7tz 1 2 3%7} EF =& MFC(Brooks Instrument,
Model S850E)2 #Ioakgich. whg Mk %9 CO,

=

CO,, 0, F% W3} single-path ¥410] 7153 CTR
1 column(Alltech Assoc.)¥ TCD7} ®&3H GC
(Shimadzu 2014)E o] &3}l 33l Ht. 100°Ce)
S5 (Tml 2 E7))oA CO AH3Rkg-& 838t
716 kA ConTiOmz SFEHE-2 450°Co 242 %
(Teate 2 E7N)NA 1 AT FF 2483 8- A
F T QoA CO &8s AAs7] 3l up-
stream % downstreamo| A 2] CO ¥ WIS AHE-
son, §hE Fo] AAHE CO, 3x & &
W8T FA ZAVEE

3. 2%t 9l &

FA = ConTiOnz B5HE 2] morphological 7+ &
#Rla7] feted SEM F3& 38y Fig. 25
CoTiOs8+ Co;Ti0:2} SEM o)) x| & Uebdl A o]},
CoTi0;¢9] 7 9o & rhombohedral 2% & el &=
g ARFE RAFT YA, CoTiO M= HEH
¢l cubic 7Z2E BoFa o} o] 2SS A
FAFO2EE H0H XRD 24 AH4E & A
&3 ok

570°Col A 24 H 5 wi% CoO/TiO, Z:uf Ujd] &
Aste Cos0s Y=PAHe] EHSSHA SEA7 @4
g BRE &7 5t AuEQ) FFE AA e
TiO;9} #¥ 3 Raman 54 AE WA SAsHACH
Fig. 3014] B.Eo], 448 Ti0,2] 7 %ol 144 cm’'o)
A 7} intensedt 3 =7} VFERG I, 395, 515 @ 638
em’ el Ao} IS5 FA 198, 319 L 797 cm ol A
broaddt FAEo] BEHUY. o] HIEL 7]E B
Fof] &) A anatase TiO,EZX-E] U}E}lL}+= Raman 3

Co4Ti0,
21104

Fig. 2. SEM images for the synthetic CoTiO; and Co,TiOs compounds.
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Fig. 3. Characteristic Raman peaks for pure TiO, used
upon the synthesis of the Co,TiO,+2 compounds.

as9 X% & A Y. o) At
ZRE & 4 UE AHAL 700 cm” o]& e A TiO,
I AAZRE dolvi= 7§ scattering w) F o], ©)
G Aol A CoO, Y=dAr} ConTiOn®} BHH F
8 EA #3E50] &A§hH sample spectraZ 3-E]
TiO; 3 =ZE subtraction® R AJo] Y& & 5 A
o} 22u, 800 em™ o) el A TiO, =1 AAA| o] o] %
Raman 5483 5L £33 gAY EA¢cn
Az v k3t signalZ VERRLTE
APAFOoN N AGHAT) 24 L= BE 5
wt% CoO/Ti0; Z o] Ex)5H= CoO, U=gdA}
2dg FAs7] dstel, b ¢4 SRS
Zt= 450°Co M 9] Ao} 71 B COo 4talg
e E’_S{i‘:‘] 570° Coﬂkl 243 ¥ Zujd g g Raman
spectras 3 & ConTiOn2ol A YElY=
Raman »lEL—JJr H| 3t Gt} Fig. 4adl 701 A %lx
o], &4 CoTiO:9] 7Sl 239, 267, 336, 383, 456,
603, 696 cm™ oA FQ W3S 0] et} CoTiOs
o] As-ole 1002 | spectrumol A 2} &=z}
% 650 cm” o)3toll A oju ¥ HAEE =R
Ok 696 cm™ ol At 3] =7} A= Y THFig. 4b).
450°Coj o] AAZuo)A= TiOo] ©1% Raman
o) z29} 684 em’ oA LpEhbE Cos0s0) 2% 3 zgt

intensity {a. u.)

636

600 500 400 300 200
Raman shift {cm™}

intensity (a.u.)
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Raman shift (cm'f}

Fig. 4. Raman spectra for: (a) CoTiOs; (b) Co,TiO4; (c)
and (d) samples of 5 wit% CoO./TiO, after the
respective calcinations at 450 and 570°C. The
vertical solid bars at wavenumbers less than 350
em’! represent peaks associated with CoTiO; in

the spectrum (d). Inset: Spectra magnified for (c)
and (d).

o] B AthFig. 4c). 570°CAlA] AAT 5 wt%
CoO4/TiO; FwjAAME FAIS A7l Jehgdo
1}, CoTiOol] 81 3] =S -0] 239, 267 L 336 cm™ o
A o okEtAl FFEHAY Mk, 570°CAlA 4
)\‘16‘}-‘}ag- 73 $-(Fig. 4d)d]] TiO, EA | CoTiO:¢} 2

< CoiTiOne B EC] 48 F+ A S 2 5+ A
o} o] H g AIE CoOs} TiO,7H] wEG-ol 2]3}o
Co;0, YA} T H| DA 3] overlayer® 0. Z 4 CO 4+
shuk-gol g Aol mls WA Jele A4S
Z AYE ¢ As o Azdd

TiO: Bl 243 = CoO«9] surface chemical
statesE TFE517] 95k, 450 2 570°Coll A A
5 Wt% CoOJ/TiO; Zu) ot &4 H CoiTiOn: FGEE
o gk XPS A £ A7 E Pt 48
CoyTiOn2 S HEE 20l CoTiOsoll |+ XPS spectra
oj & O 1so] s Fsl= BEE Fig. 5aol] JJehiich
530.1 eVoll A o] iz o] 532.2 eVoll A shoulder’}
EASE AE ¢ T A} CoTiOso tidt O 1s I
A% CoTiOze] 7A$%} wig FAFSI A cHFig. 5b). 5
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Fig. 5. O 1s XPS spectra for: (a) CoTiOs; (b) CorTiO4;
(c) and (d) samples of 5 wt% CoO/TiO; after the

respective calcinations at 450 and 570°C.

wt% CoOy/TiO; &7} 450°Co 4] 2= AL AL
o, CorTiOmz FHEEAA YeEfE 530.1 eV A
9] BE ¥ zgto] B&E A HFig. 5¢). kA, o] &
) 2 570°Cll A &A% 7o, of 530.1 eVol A
o] F= )¢ 532.2 ¢V H-Zo| A bumpr} FHEHA
el S ¢ 4 UthFig 5d). A€ ARE
o] th3t O 1s XPS BE ZE 7 5322 eVl A4 2] bump
EAFFE Table 29 JeER At

AW AT o) F 50] CoTiOso] & Co
2p XPS spectradll Al Co 2pspoll W3t 53 F(main
peak)®] BEE 781.3 eV 1L, Co 2pipd Thdl F3 3
2] BE= 7972 eV T} CoTi0s2] -2l = Co 2psp
o 3t F=yz2+= 781.1 eVe BEJ A} Vbt Co
2pipol U3 Sz = 7969 eVe] BEE et} uh
ZA], CorTiOnn &S FuAd] dF Co 2ps,

BEE & 781.2+1 eVo|a, o] Brik £ 9)& B
IH CoTiOs ¥ CoTiO40 gk Co 2psp T3 29]
BE HEHE Aol 2kg B3 opal, 570°CelA
A2XE 5 wit% CoOJ/TiO; Zul ] Co 2pspol tIEF 3
93 BESIE Zgith whEha, B AN F3 5o
Z 0 1s XPS A} APAT™ A4 FF3t
B uj, 570°Coll A 24 H 5 wi% CoO,/TiO, ) ¥
Holl 532.2 eV A ¢} shoulder I I E F+ A2
o] AAHAYE RS & 5 Ux, o FFE
£ CoTiOs, CoTiOs} -2 CorTiOmz0l 3 Ao
£3], Raman A7 A# M= UK, o]
T 33HE Fol CoTiOs7} 2 AAHUE R
HerE g o] 23 BFEL CO Ahshik-go] glof
A ojd HEE 312 2 Aoz o gk

570°Coll ) 24 F 5 wit% CoOx/TiO; &1} 2] bulk
T2 CO 2hghgof vl E& A& Hole A
02 F 4HA Coi0:Z o] Fo]H Lor B35
I 100°CY) wkg-2 oA 7% W] 2] CO 4ts}hg o]
oz, o9 99leE Fig. 19 Folx uis} 2
2 Type B Cos0s 4A7F BAH7] sjg o2 A94
Fol A AFHAF. o2l g A% 2ol e F
29l 5L FAH CopTiOm FTFE L 24
L (450, 570°C)E 2] & 5 wi% CoOJ/TiO; Zujj 4
t] &l Raman spectra 237 O 1s XPS spectrao]| A} &
o]d 4 AU

TiO; ¥ EA8le CoOx =Pat Bdo] £
@ ABAFOzRE ALt sy Ak
A7 ME B CouTiOm, BH3HEO] ZHE CO
3} 84& 2AEATHFig. 6). CoTiOs] 7399
SMAIE FA o 7%2] CO M3hgo] dolRAT
s w2 A g40] AlgkAle 2 ¢ 4 ok W
o, Co;TiOWE Ful 2 AL A= 60% H =9
18] fEE T WA Aot g4 w

W

2R e

Table 2. Binding energies for O 1s in the synthetic ConTiOnsz compounds

Catalyst Binding energy (eV) A bump® is:
CoTiOs 530.1 present
Co,TiO4 529.9 present
5 wt% CoOy/TiO, calcined at 450°C 530.0 absent
5 wt% CoOx/TiO, calcined at 570°C 530.1 present

* At binding energies near 532.2 ¢V.
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Fig. 6. Activity profiles of the synthetic Co,TiOpn+2 com-
pounds for CO oxidation at 100°C. The earlier ac-
tivity maintenance with a 5§ wt% CoO./TiO; cata-
lyst calcined at 450°C in Ref. 26 was included to
allow a readily comparison.

2ZA Z4a3td 6% A= A4S FARA TiO,
9] gl E CoTiOs} FAMS CO 2F3} 84 7} A)7h
o w2 W3l AE BAFAT) CoTiOs Zvf
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