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ABSTRACT

CeO, supported NiO, catalysts have been widely studied in various catalytic reactions
including NO reduction by CO. This work is mainly focused on investigation of the impact of
catalyst synthesis conditions (e.g., oxidation and reduction) on the physicochemical properties
of Ni0O,/CeQO, catalyst and the catalytic response for NO reduction by CO reaction. The oxide
NiO,/CeO, sample was prepared by the incipient wetness impregnation (IWI) method and
reduced under hydrogen reduction treatment at high temperatures (500 and 700 °C).
Physiochemical properties of the synthesized samples were characterized by BET, Raman
spectroscopy, XRD, XPS, EELS and high-resolution transmission electron microscopy (HR-
TEM). The results showed that higher reduction temperature led to the decrease in specific
surface area (SSA), less oxygen vacancy/defect site, larger crystallite size of CeO, support, and
formation of metallic Ni on the surface. The oxidized NiO,/CeO, catalyst showed the highest
catalytic activity, indicating that the presence of oxygen vacancy/defect site, Ni>* oxidation
state, and smaller crystallite size are believed to enhance the catalytic activity. The in-situ
DRIFTS study confirmed the generation of several intermediate species, such as nitrate,
carbonate, and N,O. On the basis of in-situ DRIFTS and activity results, the possible reaction

mechanism of NO reduction by CO over NiO,/CeO, was proposed.

Keywords: NO reduction, Carbon monoxide, Nickel oxide, Cerium oxide, Physicochemical

properties
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Introduction

With the rapid development of automotive industry and technology, toxic gas
pollutants (CO, NO,, hydrocarbons (HC), particulate matters (PMs), volatile organic
compounds (VOCs), etc.) have been accumulated during the past few decades, which are
harmful to humans (i.e., CO poisoning) and threaten the earth’s ecosystem (i.e., ozone layer
depletion and climate change). Among the environmental pollutants, nitrogen oxide (NOy) is
considered as one of the primary atmospheric molecular contaminants, which is emitted from
vehicle exhaust, power plants, and the fuel combustion.!** The NO reduction by CO reaction
(2NO + 2CO — N, + 2CO5) has gathered more attention due to the simultaneous elimination

of two pollutants.>6

Supported platinum group metals (PGMs) catalysts, such as Pt, Pd, Ru and Rh, have
been extensively investigated due to their high catalytic performance for NO reduction by CO
reaction.””!! However, considerable effort has been exerted to reduce the usage of PGMs
catalysts due to the PGMs’ high cost, scarcity, and high processing temperatures.!'?-!4 Therefore,
it has been paid more attention to supported transition metal oxides (e.g., CuOy, FeOy, CoO,
and NiOy) as alternative materials.!>2° Among the transition metal oxides, nickel oxide is a
promising catalyst showing both high catalytic activity and stability in several chemical
reactions, such as CO oxidation, steam reforming of ethanol, and dry reforming of methane as
well as NO reduction by CO reaction.?!-?> With strong correlation among the oxidation state of
Ni, the property of support materials and the catalytic activity have been extensively
investigated to achieve improved catalytic properties of NiOy. K. Tang et al., studied the effect
of the CeO, supported various Ni species on the catalytic activity for NO reduction by CO, and

concluded that both NiO on surface and Ni?" in the Ni-Ce-O solid solution are active sites.??
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The authors also reported that CeO, (110) facets provides more active sites to Ni species
compared to the CeO, (100) facets. Y. Wang et al., reported the support effect on the NO
reduction by CO over the NiO/MO, (M=Al, Ti, and Ce) catalysts, and concluded that CeO,
supported NiO showed higher catalytic activity than that of Al,O3 and TiO,.?! The authors
claimed that oxygen vacancies on CeO, support and reduced CeO, surface are crucial for high
activity and N, generation, while Ni oxidation state was not clear. D. Lopes et al., proposed
that reduced form of copper and nickel on the Cu-Ni bimetallic catalyst could be active site
during the NO reduction by CO.26 The authors compared the He and H, pretreated Cu-Ni
bimetallic catalyst and observed a significant increase of catalytic activity with H, pretreatment
condition. Although several literatures reported a structure-catalytic performance relationship
over CeO, supported NiOy or Ni-Ce-Oy solid solution catalysts, a pretreatment effect (i.e.

reducing temperature) on catalyst structure and catalytic activity was not fully studied.

The focus of this study is to investigate the impact of catalyst synthesis conditions on
the physicochemical properties of NiO,/CeO, catalysts and on the catalytic response for the
NO reduction by CO reaction. The oxidized NiO,/CeO, sample was reduced under hydrogen
reduction treatment at high temperatures. The oxidized and reduced catalysts were analyzed by
BET, ICP-MS, Raman, XRD, XPS, EELS and HR-TEM measurement to characterize the
physicochemical properties of the catalysts. The GC and DRIFT techniques were applied to

exam the catalytic activity and selectivity in addition to the intermediate species detection.

Experimental Section

Catalyst Synthesis

Page 4 of 38
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The supported nickel oxide (NiOy) catalysts were synthesized using incipient wetness
impregnation (IWI) method. First, the desired amounts (10wt%) of nickel (II) nitrate
hexahydrate (98%, (Ni(NOj),-6H,0, Alfa Aesar) were completely dissolved in de-ionized
water to make precursor solutions. Then the precursor solution was added to ceria powder
(HAS 5, Rhodia) drop by drop while mixing constantly. After adding all the precursor solution,
the mixture was dried at room temperature overnight and further dried at 120 °C for 12 hours
in air (Airgas, Dry air, 20% oxygen and 80% nitrogen) in a combustion boat with a tube furnace
(Lindberg/Blue Mini-Mite, Thermo). Finally, the catalyst was treated in air at 400 °C for 6
hours to complete the calcination process and sieved (425 um, Fieldmaser). The synthesized
ceria supported nickel oxide catalysts were denoted as 10% NiO,/CeO,. In the case of reduced
catalysts, the 10% NiO,/CeO, catalysts were first treated under N, atmosphere at 400 °C for
30 min and then reduced in H, flow (5 vol % H, balanced with N,, flow rate of 50 mL min!)
at 500 °C and 700 °C for 3 hours. The reduced catalysts were denoted as 10% NiO,/CeO,-500R
and 10% NiO,/Ce0O,-700R, respectively. The as-received bulk CeO, samples were treated in
the same ways (calcined at 400 °C, reduced at 500 °C, and reduced at 700 °C) as described

above and denoted as Ce0,-Oxi, CeO,-500R and CeO,-700R.

Characterization

Nitrogen adsorption and desorption isotherms (N,-isotherms) were performed using a
Micromeritics ASAP 1010. The specific surface area (SSA) and pore volume of catalysts were
calculated using the multipoint Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods, respectively. Prior to N,-isotherm measurement, the catalysts were degassed
at 300 °C for 4 hours under vacuum to remove impurities and volatiles. The Ni contents of the
NiO,/CeO, (oxidized and reduced) catalysts were determined by the ICP-AES (Agilent 7500cx

quadrupole inductively-coupled plasma mass spectrometer) method. The samples were
5
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dissolved in 2% nitric acid and the actual concentrations of Ni contents were calculated based
on nickel standard calibration curves. Morphology and chemical distribution of NiO,/CeO,
catalysts were analyzed by transmission electron microscopy (TEM). The high-resolution TEM
images, scanning TEM-energy dispersive X-ray spectroscopy (STEM-EDX) elemental maps,
and electron energy loss spectroscopy (EELS) were obtained with a Thermo-Fisher Talos
F200X at an accelerating voltage of 200 kV. The EELS spectra of supported NiO, were
acquired using a Gatan Enfinium spectrometer. The Raman spectra of bulk CeO,, bulk NiO,
and supported NiOj catalysts were obtained with visible (532 nm, Horiba Raman spectrometer)
laser (laser power = 100 mW). The visible Raman spectra were collected in the 200~1400 cm'!
Raman shift regions. For each scan, the acquisition time was 10 seconds and the final spectrum
was accumulated from 60 scans. To obtain high energy X-ray diffraction (XRD) patterns,
powder samples were loaded in polyimide (Imm OD Kapton) tubes sealed with clay. The
diffraction patterns were obtained at 28-ID-1 PDF (74.53 keV, A = 0.16635 A) at National
Synchrotron Light Source I (NSLS-II). Dioptas was used to obtain one-dimensional (1D) data
from the two-dimensional (2D) scattering patterns.?’ To further determine oxidation state of
nickel, oxidized and reduced supported NiOy catalysts were pressed onto a copper foil and
analyzed by X-ray photoelectron spectroscopy (XPS). The instruments consist of an ultra-high
vacuum system equipped with a monochromatic Al K-alpha X-ray source and a SPECS
Phoibos NAP 150 electron energy analyzer with a 1D delay line detector. When needed, an

electron flood gun was used to minimize sample charging.
Catalytic Activity Test

The gas phase reactions were carried out in a fixed bed quartz reactor (OD 9.6 mm, ID
7 mm) packed with sieved catalyst powders at temperature of 25~500 °C under atmosphere

pressure. For experiment, a 40 mg of the catalyst was loaded into the quartz reactor and held
6
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in place by quartz wool. Flow rates were measured by mass flow meters (SLAS5800 Series,
Brooks Instrument) and temperature was monitored by a K-type thermocouple (Omega).
Reaction products were identified and analyzed by TRACE™ 1300 GC (Thermo Scientific)
containing a capillary column (Carboxen® 1010 PLOT). For the pretreatment, the prepared
10% NiO,/CeO, and 10% Ni/CeO, catalysts were treated at 400 °C in He (30 mL min!) for 30
mins with ramping rate of 10 °C min-'. For the NO reduction by CO reaction, the gases mixtures
were 5% NO (20 mL min'! of 10% NO with He balance) and 5% CO (20 mL min! of 10% CO
with He balance). The total flow rate was 40 mL min™! (Space velocity = 60,000 ml/g/hr) in all
experiments and a reaction temperature was increased up to 500 °C with ramping rate of 1 °C

min’!.

In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (in-situ DRIFTS)
The in-situ DRIFTS experiments were carried out with a Thermo Scientific Nicolet
iS10 FT-IR (4 cm™ spectral resolution, 32 average scans) and a Harrick Praying Mantis
chamber. The catalyst sample was first pretreated at 400 °C in flowing He (30 ml min!) for 30
min. After pretreatment, the sample was cooled to room temperature under He flowing and a
background spectrum was taken. The DRIFT data for the NO reduction by CO reaction were
collected using the mixtures of 5% NO (20 mL min™! of 10% NO with He balance) and 5%
CO (20 mL min! of 10% CO with He balance) with increasing rate of 1 °C min™! from 25 °C

to 500 °C.

Results

Physical properties of the catalysts

In order to understand physical properties of the catalysts, the BET analysis was

performed and the specific surface area (SSA), surface density (SD), total pore volume, and
7
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average pore diameter are listed in Table 1. The actual Ni loading of oxidized and reduced
NiO,/CeO, catalysts were also confirmed by ICP-AES tests and results are included in Table
1. The as-received CeO, and CeO,-Oxi samples show similar SSA, pore volume, and pore size
values. Compared to as-received CeO,, the CeO,-500R and CeO,-700R samples show
decreased SSA and increased pore diameter due to the sintering of CeO,, while pore volume
was not changed much. Especially, the specific surface area (28 m? g'!) and average pore size
(10.2 nm) of the CeO,-700R sample were reduced ~87% and increased ~6 times, respectively,
compared to the as-received CeO, (216 m? g-' and 1.5 nm). It has been reported that bulk CeO,
shows two reduction peaks at 400~500 °C and 750~800 °C, which are corresponding to the
reduction of surface and bulk (lattice) oxygen species.?®3! Based on the reported reduction
temperatures of CeQO,, it can be expected that the decreasing of SSA with CeO,-500R and
Ce0O,-700R samples is related to the reduction of oxygen species and the particle morphology
change (e.g., CeO, crystallite size). In the XRD section, a detailed CeO, morphology change
will be provided. In the case of NiO,/CeO, (oxidized and reduced) samples, the SSAs were

lower than that of bulk CeO,, indicating that pores in CeO, were blocked by NiO.

ICP-AES elemental analysis of the oxidized and reduced NiO,/CeO, samples showed
that Ni loadings were similar to the calculated ones, while 10% NiO,/CeO,-700R contained a
little higher value than 10 wt%. The calculated Ni surface density (SD, # of Ni atoms/nm?)
using the specific surface area and Ni loading shows that reduced sample’s SD values were
higher than that of oxidized one. In the case of 10% NiO,/CeO,-700R sample, the SD value

was ~ 9 times high compared to the oxidized sample due to the low specific surface area.

Table 1 Ni wt% by ICP-AES, specific surface area (SSA), surface density (SD), total pore
volume, and average pore size of the bulk CeO, and NiO,/CeO, catalysts

Page 8 of 38
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Sample Ni SSA SD Total pore Average Pore
p wt %* (m?/g) (Ni/nm?)** | volume (cm?/g) Size (nm)
CeO, - 216 - 0.16 1.5
(as-received)

Ce0,-Oxi - 212 - 0.17 1.6
Ce0,-500R - 180 - 0.17 1.9
CeO,-700R - 28 - 0.14 10.2

10% NiO,/CeO, 10.3 180 5.9 0.15 1.7
10% NiO,/CeO,—
500R 10.3 142 7.4 0.14 2.0
10% NiO,/CeOp—
700R 11.8 23 52.6 0.12 10.3
Bulk NiO - 32 - 0.06 3.7

* Collected by the ICP-AES measurement

Wi 23 1
100 X 6.02 X 10°° x W

. . (Ni i . :
** surface density of Ni ( / nmz) = X101 where W y; is the weight percentage

of Niby ICP-AES, My; is the atomic weight of Ni (58.7 g/mol), and S is the SSA of the oxidized
or reduced NiO,/CeO, sample.

Figure 1 shows the nitrogen adsorption/desorption isotherm curves of bulk CeO, and supported
NiOy on CeO; catalysts. The isotherm curves of bulk CeO, (as-received and oxidized), CeO,-
500R, 10% Ni0O,/CeO,, and 10% NiO,/CeO,-500R exhibited type IV isotherm with a H1-type
hysteresis loop shape in the range from 0.35 to 0.77 of the relative pressure (P/P?), indicating
that the Ni0,/CeO, and reduced NiO,/CeO,-500R catalysts possessed mesoporous structure.
In the case of bulk CeO,-700R and 10% NiO,/Ce0O,-700R, the isotherm curves exhibited type

V isotherms with a H3 hysteresis loop at high relative pressure (0.8~1.0) due to silt-shaped
9
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pores and relatively large pore size of 10 nm.?23 Note that as the size of mesopore increases,
it requires high pressure to completely fill larger pores. The bulk NiO showed type IV isotherm

with H4 hysteresis loop, indicating that bulk NiO contained narrow slit-like pore structures.

120 120
I(a
(a) CeO, (b) o s
oo 100 4 (as-received) a5 100 - 10% NiO,/Ce0,
- o
§ 80{ CeO,-Oxi f / g 80 -
) s @ ﬂ
b} a o
2
£ 60 & ceo,700R / 2 604 ot
2 ' 3 o
\)
£ - 2 40 qu‘\ /
o Bulk NiO o A ;
/
5 20 5 20 - 10% Ni0O,/Ce0,-700R
o o
> ] > ]
U T T T T 0 T T v T T T 4 T d
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p/P° P/PO

Fig. 1 (a) N, adsorption-desorption isotherms of the bulk CeO, (as-received), CeO,-Oxi,
Ce0,-500R, CeO,-700R, and bulk NiO (b) N, adsorption-desorption isotherms of the
NiO,/CeO, (oxidized and reduced) catalysts.

Raman spectroscopy

Raman spectroscopy has been employed to investigate the molecular structure and
bonding vibration of bulk and supported catalysts.>*3> The Raman spectra of bulk CeO,, 10%
NiO,/CeO, (oxidized and reduced) catalysts, and bulk NiO catalysts are shown in Fig. 2. The
dominant peak at ~457 cm! of bulk CeO, corresponded to the intrinsic F,, symmetric
vibrational mode of fluorite CeO,, due to symmetric breathing mode of the oxygen atoms
around cerium ions.3%38 The other weak bands around ~252 ¢cm!, ~600 cm!, and ~1034 c¢cm'!
were assigned to second-order transverse acoustic (2TA) mode, oxygen vacancy/defect
induced (D) mode, and second-order longitudinal optical (2LO) mode, respectively.’**° The

Raman spectra of bulk NiO exhibited broad band at ~500 cm!' corresponded to one-phonon
10
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longitudinal optical (LO) mode.*! The Raman band at ~550 cm™! on the 10% NiO,/CeO, and
10% NiO,/Ce0,-500R spectra could be assigned to NiO or oxygen vacancy on CeQO,. It was
reported that the D mode band in CeO, spectrum shifted from ~600 cm™! to lower Raman shift
at and over 500 °C reduction temperature.*> Z. Wu et al., used the UV-Raman (325 nm)
spectroscopy to understand the developing of defect sites in ceria nanorods and concluded that
~560 cm’! band should be assigned to oxygen vacancy on CeO, under the reducing
conditions.*? The authors confirmed the presence and recovery of oxygen vacancy upon Raman
study of oxygen adsorption. Using the UV-Raman (362.8 nm) spectroscopy, T. Taniguchi et
al., observed that the position of D mode band in the bulk CeO, Raman spectra was not shifted
at higher calcination temperature.*> The authors also reported separated D bands at 550 ¢cm!
(D, band) and 600 cm™! (D, band) over Gd**-doped ceria nanoparticles and independence of
In/Igyg ratio with varying the annealing temperature. Note that both Z. Wu et al,, and T.
Taniguchi et al., showed the decreasing Ip/I;, ratio with increasing a calcination temperature
over bulk CeO,. Although UV-Raman spectroscopy is more sensitive compared to visible
Raman to detect the ceria defect site, 532nm visible Raman results show that the D mode band
at ~600 cm™! was not shifted with increasing a reduction temperature (Fig. S1 (Supporting
Information)). Based on Fig. S1 result, we could reasonably assign the ~550 cm!' to NiO,
related band. In the case of 10% NiO,/CeO,-700R sample, CeO, F,, peak was dominant, while
the NiO, peak and oxygen vacancy/defect induced (D) mode were disappeared. These results
provide that the relative portion of defect sites decreased with increasing reduction temperature
and NiO species was reduced to metallic Ni, which is not Raman active. As shown in Fig. 2
(inset), the defect ratio (Ip/Ir,g) follows the sequence 10% NiO,/CeO, > 10% Ni10O,/CeO,-500R
> 10% NiO,/CeO,-700R, confirmed that oxygen vacancy/defect sites decreased with

increasing reduction temperature. Furthermore, the defect ratio of 10% NiO,/CeO, is higher

11
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than that of bulk CeO,, suggesting that the defect sites were generated after introducing Ni

species on the bulk CeO, support.

;ﬂ 0.8 .
457 Q o
E 044
- g 0.2 *
[T] ®
— n 0.0 .. T T T
-
. a b c d
s E (@ (b) (c) (d)
> ()
-‘5,' 236 y\ ;600
e e o
9 (c)
k=
252 ;
1 R i
1034

200 400 600 800 1000 1200 1400

Raman shift (cm)

Fig. 2 Raman spectra of (a) Bulk CeO, (as-received), (b) 10% NiO,/CeO,, (c) 10% NiO,/CeO,-
500R, (d) 10% NiO,/Ce0O,-700R, and (e) bulk NiO, Inset: defect ratio of (a), (b), (c), and (d)

samples. Defect ratio = Ip (~600cm™!)/Ipy, (~457cmt).

Powder X-ray diffraction (XRD)

The XRD pattens of the 10% NiO,/CeO,, 10% NiO,/CeO,-500R, and 10%
12
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NiO,/Ce0O,-700R catalysts are displayed in Fig. 3. For reference, the XRD patterns of the bulk
CeO,, bulk Ni, and bulk NiO samples were also included. The XRD patterns of all the tested
catalysts exhibited fluorite CeO, patterns (JCPDS-ICDD Card No. 34-394) at 3.0°, 3.5°, 4.9°,
5.8°,6.1°, 7.0°, 7.6°, 7.8°, 8.6°, and 9.1°, which are assigned to the (111), (200), (220), (311),
(222), (400), (331), (420), (422), and (511) reflections in fluorite structures of CeQO,,
respectively. After loading nickel oxide species, the 10% NiO,/CeO, catalysts maintained the
fluorite structures of CeO,, while CeO, (111) peak was slightly shifted from 26 = 3.045° to 26
=3.056° (bottom left panel in Fig. 3(a)). In addition to the CeO, related XRD peaks, new peaks
were observed at 3.9°, 4.5°, and 6.4°, which are assigned to the (111), (200), and (220) crystal
planes of NiO phase, respectively (JCPDS-ICDD Card No.04-0835). In the case of XRD
patterns of reduced NiO,/CeO, catalysts, the metallic Ni peaks (JCPDS-ICDD C and No. 04—
0850 (fcc)) were observed at 4.7°, 5.4°, 8.9°, and 9.3°, which are attributed to (111), (200),
(311), and (222) reflections of fcc Ni, respectively. The presence of NiO diffraction peaks in
10% NiO,/Ce0O,-500R spectrum indicates that the sample was not fully reduced to Ni, while
the 10% Ni0O,/Ce0O,-700R sample contained Ni dominantly (bottom right panel in Fig. 3(a)).
In addition to the changing of Ni oxidation state, 10% NiO,/CeO,-700R sample showed sharp
and high intense (or low Full width half maximum (FWHM)) CeO, peaks compared to other
samples, indicating that the crystallite size of CeO, was changed at 700 °C. As shown in Fig.
3(b), the average CeO, crystallite size in 10% NiO,/CeO,-700R (19.4 nm) was much higher
than that of 10% NiO,/CeO, (5.7 nm) and 10% NiO,/CeO,-500R (7.2 nm) samples. The
oxidized and 500 °C reduced sample’s CeO, crystallite size were relatively similar to or slightly
higher than that of bulk CeO, (5.1 nm). The lattice parameter of CeO, (5.423 A) was slightly
decreased to 5.403 A by the Ni loading, while both oxide and reduced samples’ lattice

parameters were consistent.

13
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Fig. 3 (a) XRD patterns of bulk CeO,, 10% NiO,/CeO,, 10% NiO,/Ce0,-500R, 10%
NiO,/Ce0,-700R, bulk NiO, and bulk metallic Ni. NiO and Ni phase are labeled with A and
O symbol, respectively. (b) CeO, (111) Full width half maximum (FWHM, black square),

CeO, crystallite size (red circle), and CeO, lattice parameter (blue triangle).

A
*:D = 0.91/(B - cosO) **: a=~h? + k? + I? - dy11 = \Bd111, di11=

2 sin@lu

D is the crystallite size, A is the X-ray wavelength (0.16635 A), f is the FWHM of the CeO,
(111) peak, 0 is the Bragg angle of the peak, a is the lattice parameter, and d is the spacing of

(111) lattice planes.

High-resolution transmission electron microscopy (HR-TEM)

Fig. 4 displays the images of high-resolution transmission electron microscopy (HR-
TEM) for the NiO,/CeO,, NiO,/CeO,-500R, and NiO,/CeO,-700R samples. The HR-TEM
image of 10% NiO,/CeO,, in Fig. 4(a), shows lattice fringe with d-spacing of ~2.4 A
corresponding to the (111) plane of NiO particles which were located on the CeO, surface. In
the case of 10% NiO,/CeO,-500R sample, both Ni (d-spacing = ~2.0 A) and NiO (d-spacing =
~2.4 A) particles with (111) planes were observed. (Fig. 4(b)) The HR-TEM image of 10%
NiO,/Ce0,-700R catalyst, in Fig. 4(c), shows that CeO, particles become bigger due to the
agglomeration of CeQ; at high reduction temperature. Furthermore, fully reduced Ni particles
were mainly observed on the CeO, surface although we can’t ignore the possibility of NiO

presence.

15
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Fig. 4 HR-TEM images for (a) 10% NiO,/CeO,, (b) 10% NiO,/Ce0,-500R, and (c) 10%
NiO,/Ce0,-700R.

To further investigate the morphology and the elemental distributions in oxidized and reduced
NiO,/CeO, catalysts, the high-angle annular dark-field scanning TEM (HAADF-STEM) with
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental maps were also
collected (Fig. 5 and Fig. S2-S4). The EDS elemental maps of 10% NiO,/CeO, sample (Fig.
5(a) and S2) show that Ni signal (white circle) is superimposed on O signal, which confirms

the existence of NiO on CeO, surface. In 10% NiO,/CeO,-500R sample (Fig. 5(b) and S3), a

16
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local phase transformation from NiO to Ni is clarified by the disappearance of O in the Ni
positions (blue circle). In the case of 10% NiO,/CeO,-700R sample, fully reduced Ni phase is
displayed at the edge of CeO, surface (Fig. 5(c) and S3). It is worthwhile to note that surface
NiOy or Ni particles were agglomerated on the edge of the CeO, support in addition to the
dispersion on the CeO,; surface. The changes of Ni particle size at different treatment conditions
were further studied with several HAADF-STEM images using image processing software
(ImagelJ). As shown in particle size distribution histogram (Fig. S5), the average Ni particle
size increased with increasing reduction temperature, indicating that the reduction treatment
resulted in agglomeration of Ni particle: 17.2 nm (10% NiO,/CeO,) < 19.7 nm (10%
NiO,/Ce0,-500R) << 234.5 nm (10% NiO,/CeO,-700R). More specifically, the oxidized
sample contained a broad ranges of particle size from 0~30 nm, while 20 ~ 25 nm particles
were dominant (~40%). The particle size histogram of 500R sample showed the 10~35 nm
particle size distribution, while 10 ~ 15 nm and 20 ~ 25 nm particle size showed the higher
percentage (~30%) than other values. In the case of 700R catalyst, most nanoparticles (~70%)
showed relatively larger size (> 40 nm) and showed two distributions in the range of 40 ~ 45
nm and 150 ~ 200 nm. These results indicated that catalytic activity of CeO, supported NiO
(or Ni) catalysts could be also affected by the particle size of Ni. On the basis of the
characterization results, it is clear that pretreatment condition affects both oxidation state of Ni
(i.e., Ni** and Ni%) and structural properties of CeO, (i.e., particle size) in addition to the

physicochemical properties (i.e., SSA).
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Fig. S HAADF-STEM and energy-dispersive X-ray spectroscopy (EDS) elemental mapping

of local area of (a) 10% NiO,/CeO,, (b) 10% NiO,/Ce0,-500R, and (c) 10% NiO,/CeO,-

700R.

The electron energy loss spectroscopy (EELS) has been applied to monitor the oxidation state
of Ni qualitatively.**47 Fig. 6 shows the Ni L, and L; edges of oxidized and reduced NiO,/CeO,
catalysts, which can be used to evaluate the trends of Ni oxidation states. As shown in Fig.
6(a), the L, and L; edges of oxidized sample showed sharp and clear peaks, while 500R and
700R samples contained relatively broad L, and L; edge, due to the agglomeration of Ni
particles at high reduction temperature and core excitation in the metal oxide.** It has been
reported that the intensity ratio (I 3/I;,) between L3 and L, increases with increasing oxidation

state of Ni.>**7 As shown in Fig. 6(b), the I 3/I;, values follow the sequence 4.4 (10%
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NiO,/Ce0O,) > 3.8 (10% NiO4/Ce0,-500R) > 3.0 (10% NiO,/Ce0O,-700R) confirming the 700R
sample contains a lower oxidation state of Ni particles than that of oxide and S00R samples.
To further understand oxidation state of nickel, X-ray photoelectron spectroscopy (XPS)
spectra of Ni 2p region of oxidized and reduced supported NiOy catalysts were obtained (Fig.
S6). On the basis of the spectroscopic and microscopic characterization results, it is clear that
pretreatment condition affects both oxidation state of Ni (i.e., Ni>* and Ni’) and structural

properties of CeO, (i.e., particle size) in addition to the physicochemical properties (i.e., SSA).
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Fig. 6 (a) Corresponding Ni L, 3 edges EELS spectra and intensity ratio between L3 and L, with

error bars of (a) 10% NiO,/CeQ,, (b) 10% NiO,/CeO,-500R, and (c) 10% NiO,/CeO,-700R.

Catalytic Activity tests of NO reduction by CO

NO reduction by CO reaction over the oxidized and reduced NiO,/CeQO, catalysts was
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performed as the model reaction to understand the molecular and electronic structure
relationship with catalytic activity. Fig. 7 shows the conversion and selectivity during the NO
reduction by CO reaction as a function of temperature. Both NO and CO conversion increased
up to ~100% with an increase in reaction temperature, while NO conversion reached at ~100%
at lower temperature compared to the CO conversion one. The NiO,/CeO, catalyst exhibits the
best catalytic performance with the NO conversion of 100% at 190 °C, while the NiO,/CeO,-
500R and NiO,/Ce0O,-700R show the 100% NO conversion at 240 °C and 440 °C, respectively.
Pretreatment condition relationship with catalytic activity can be also clarified with Ts,
(reaction temperature at 50% conversion, dot lines in the Fig. 7(a) and (b)). The Ts, values of
both NO conversion and CO conversion were increased continuously with increasing reduction
temperature. For example, comparing NiO,/CeO,—500R and NiO,/CeO,—700R catalysts, the
Tso values of NO conversion were 185 °C and 260 °C and the Tso values of CO conversion
were 210 °C and 330 °C, respectively. It was also noticed that the NO conversion was higher
than the CO conversion, as shown in Fig. 7(a) and (b), at > 150 °C reaction temperature ranges.
The difference of NO and CO conversion results under the reaction temperatures can be
explained by the reaction mechanisms. It has been proposed that the NO reduction by CO

reaction mechanism is considered to be a two-step reaction (Eq. 1 and 2).484

2NO + CO - N,O + CO, (1)

NzO +CO - N2 + C02 (2)

In addition to the NO and CO conversions, the N, selectivity and N,O selectivity were
evaluated, and results are shown in Fig. 7(c) and (d). The N,O was the dominant product at
lower NO conversion, while the N, selectivity increased with increasing NO conversion at

higher reaction temperature. This result indicates that the reaction mechanism or surface
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species during the NO reduction by CO reaction on the catalysts could be altered at different
reaction temperatures.’® The N, selectivity was also dependent on the pretreatment conditions
of samples. Similar to the NO conversion result, the N, selectivity was in the order: Oxide >
500R > 700R. It could be deduced that both the SSA and oxygen vacancy sites of the catalysts

are crucial factors, which affect the NO adsorption and dissociation, to control a catalytic

performance.
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Fig. 7 Catalytic activity of the 10% NiO/CeO,, 10% NiO,/CeO,-500R, and 10% NiO,/CeO,-
700R catalysts in NO reduction by CO reaction at different reaction temperatures. (a) NO
conversion, (b) CO conversion, (¢) N, selectivity, and (d) N,O selectivity. Reaction
conditions: 5% NO and 5% CO balanced with helium, Total flow rate = 40 mL/min, Space

velocity = 60,000 ml/g/hr.
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In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

In order to investigate the surface reaction on catalysts and insight of the intermediate
species, the in-situ DRIFTS of the NO reduction by CO reaction over the oxide and reduced
catalysts were recorded from 50 °C to 500 °C. The evolution of spectra and the change of the
NO-based surface species, CO-based surface species, and gas phase reactants and products are
presented in Fig. 8. Table 2 complies the band position, assignment, and molecular structure
of species on the spectra. In-situ DRIFTS of oxide and reduced catalysts possess several surface
nitrate (NOj3°) species: bridging bidentate nitrate/O-N-O symmetric vibration (1010 cm™') and
monodentate/bidentate nitrate (1227~1308 cm! and 1535~1608 cm™!).!4>1->2 Please note that
the ~1241 cm™! peak could be also assigned to the linear nitrite (M-O-N=0) peak.>? In addition
to the nitrate peaks, surface nitric oxide peak (O=N-M) at 1677 cm™! is observed at 50 °C over
the oxidized and reduced samples’ spectra. The intensity of this peak is decreased with
increasing temperature and is disappeared at <200 °C (Fig. 8(a), (¢), and (¢)). Although reduced
samples’ spectra also possess the surface nitric oxide, the peak intensity is much lower than
that of oxide sample. In general, most CO-based peaks (i.e., carbonate and carboxylate) that
appear at >200 °C are very broad and weak. The bidentate carbonate peak at ~1270 cm!
provids®* that 10% NiO,/CeO, and 10% NiO,/CeO,-500R samples form the CO-based surface
species at lower temperature compared to the 10% NiO,/CeO,-700R sample. Based on the Fig.
8(a), (¢), and (e) spectra, it is expected that NO-based surface species (mostly nitrate) could be
adsorbed on the catalyst surface at relatively lower temperature than CO-based surface species
(mostly carbonate). The formation of intermediate surface species at different temperature on
oxide and reduced catalysts was directly related to the gas phase products as shown in Fig. 8(b,

d, and f). The weak and broad bands at 1806~1966 cm-! were assigned to gas phase NO and
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disappeared at >200 °C (10% Ni10O,/Ce0,), >220 °C (10% NiO,/Ce0,-500R), and >250 °C (10%
NiO,/Ce0,-700R). In the case of gas phase CO, the broad bands at 2100~2200 cm™' were
observed at 50 °C and disappeared at >300 °C(10% Ni0O,/Ce0O,), >350 °C (10% NiO,/CeO,-
500R), and >400 °C (10% NiO,/CeO,-700R). The intense bands at 2175~2260 cm™! starts
showing at 200 °C (10% NiO,/CeO,, 10% Ni/Ce0,-500R) and 220 °C (10% Ni/CeO,-700R),
which could be assigned to gas phase N,O species or NCO intermediate surface species.3>»°
Cheng et al. reported that the NCO could be formed during the NO reduction by CO over
NiO/CeO,, and observed the NCO peak at ~2210 cm’!, which was overlapped with the N,O
bands.>> The author also reported that NCO species started to form at 170 °C and disappeared
at 210 °C. As shown in Fig. 8(b, d, and f), however, the peak intensity at 2175~2260 cm'!
started to decrease at >300 °C (10% NiO,/CeO, and 10% NiO,/Ce0,-500R), while those of
10% Ni0O,/Ce0O,-700R were retained as the reaction temperature increased up to 500 °C.
Therefore, we can reasonably assign the 2175~2260 cm™! to N,O related band. The peaks at
2295~2489 cm! can be attributed to the gas phase CO, and their intensities were increased
with increasing of the reaction temperature.'4>3->7% In addition to the gas phase molecules’
bands, NO and CO adsorption on surface metal oxide led to the broad peaks at 1823~1837 cm’!
(Ni*/Ni?*-NO), 1990 cm!' (Ni*-CO), and 2173~2193 cm™! (Ni?*-CO).>>>? It should be noted
that these bands have not been observed with the CeO, support.® In the case of 10% NiO,/CeO,
and 10% NiO,/Ce0,-500R samples, both Ni*-CO and Ni**-CO peak intensity were increased
with increasing reaction temperature, while Ni*/Ni*?*-NO peak intensity was decreased. This
result indicates that at higher temperature (> 250 °C) the NO, which occupied the active sites
(Ni* or Ni?"), could be replaced by CO species. For 10% NiO,/CeO,-700R sample, weak and
broad bands were shown at 1833 cm! and 2173 cm™!, while the 1990 cm™! was not observed,

indicating that CO interaction with active sites was very limited.
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Fig. 8 in-situ DRIFTS of (a) 10% NiO,/CeO, (800-1800 cm™), (b) 10% NiO,/CeO, (1800-

2400 cm), (c) 10% NiO,/Ce0,-500R (800-1800 cm), (d) 10% NiO,/Ce0,-500R (1800-

2400 cm), (e) 10% NiO,/Ce0,-700R (800-1800 cm!), and (f) 10% NiO,/CeO,-700R (1800-

2400 cm!) in NO reduction by CO at different temperatures. Reaction conditions: 5% NO,
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5% CO balanced with helium, temperature = 50~500 °C.

Table 2 Peak assignments of the bonding vibrations in the DRIFT spectra

IR
wavenumber Assignments Structure References
(cm™)
cq . . @)
bridging bidentate nitrate, N
N 14,51,52
1010 D o O
O-N-O symmetric vibration " M
N
. . N
bidentate nitrate o o
N/
M
or
1227~1308 linear nitrite M-O—-N=0 14,51-53
or O\ / O
N
monodentate nitrate o
M
Q
1267 bidentate carbonate o/C\o >4
\M/
(@) /O
monodentate carbonate “c
(0]
1338~1422 or '\\A 54,61,62
carboxylate o
C-0-0
Q
1467 bidentate carbonate o/C\O 61,62
\M/
1535~1608 monodentate nitrate o_ 0 14,5152
N
or o
M
bridging nitro
or o9
M M
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bridging bidentate nitrate o
N
o o
MM
1677 Surface nitric oxide O=N—M 57
P 1 Ni2*-NO
1823~1837 NO adsorbecLon Ni (hl_glher cmt) 55,50
or Ni* (lower cm™) Ni*-NO
1806~1966 NO (gas phase molecule) N=0 14.56,63
1990 CO adsorbed on Ni* Ni*-CO 59
2173 CO adsorbed on Ni?* Ni2*-CO 59
CO (gas phase molecule)
C=0
2100~2200 or 33,54,57,64
Ce3+(CO)
CO adsorbed on CeOy
2175~2260 N,O (gas phase molecule) O—N=N 57
2295~2489 CO; (gas phase molecule) 0=C=0 14,53,57,58
Discussion

Structure relationship with catalytic performance

Investigating the physicochemical properties of supported catalyst (i.e., Ni0,/CeO,) is
crucial to understand the relationship between the structures of catalyst and catalytic
performance (i.e., NO reduction by CO). The effect of pretreatment on the ceria supported
nickel catalysts, which were synthesized by the incipient wetness method, demonstrated that
physiochemical properties, molecular structure, and electronic structure were influenced by the
reduction temperature. The decreased surface area and increased average pore size of samples,

and increased surface density (Table 1) were directly affected by the reduction temperature due
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to the blocking of CeO, mesopore structure by adding NiO nanoparticles® and sintering of
CeO,, especially at 700 °C reduction temperature. In addition to the textural properties, oxygen
defect ratio and crystal size (grain growth) of samples were directly affected by the reduction
temperature as provided by Raman (Fig. 2 and Fig. S1) and XRD (Fig. 3) results. Hattori et al.
investigated the relationship between the heat treatment temperature and the crystal size of
CeO, using the Raman spectroscopic technique and reported that the peak position of F», mode
of CeO, was shifted to higher Raman shift (blue shift) with increasing crystal size, while the
linewidth decreased with increasing treatment temperature.®® Although the peak shift of F,
mode CeO, over the oxidized and reduced NiO,/CeO, samples (Fig. 2) were trivial compared
to the bulk CeO, (Fig. S1) at different reduction temperatures, the Raman results provided that
the average crystallite size of CeO, was increased with increasing reduction temperatures.
Furthermore, XRD results showed clear evidence of the increasing of CeO, crystal size (Fig.
3). It has been reported that the F», mode of CeO, shifts to lower energy (red shift) with
increasing peak broadness and XRD diffraction peaks shifts to higher 20 (°) angle with the
formation of the M-Ce-O (M = metal, which has a smaller radius than Ce*") solid solution due
to the lattice shrinking of the CeO,.?%7-70 For instance, K. Tang et al. synthesized the NiO/CeO,
catalysts with varied shapes of CeO,; (i.e., rod- and cube-shaped) and nickel loadings, and
claimed the formation of the Ni-Ce-O solid solution with observation of shifting the F,, mode
peak to lower energies (or red shift).?? K. Tang et al. also reported that F,, (~464 cm™!), 2TA
(230-260 cm!), and D (600-640 cm!) peak positions and intensities were not changed under
the oxidizing (O, at 300 °C) and reducing (H,-Ar at 300 °C) conditions although treatment
temperature was relatively low. Under the high temperature treatment (500 °C~ 1000 °C)
conditions, L. Li et al. reported that the crystallite size of CeO, was increased due to the

sintering and it was independent on the dopant metals, such as Zr or Gd.” L. Li et al. also
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concluded that the lattice constant was not changed with increasing calcination temperatures.
On the other hands, F. Strnisa et al. reported a reversible (expansion <> contraction) nature of
Ce0, structure over NiO/CeO,-nanorod under reduction and oxidation conditions at the mild
temperatures: 300-500 °C reduction and 25 °C oxidation.”! F. Strnisa et al. claimed that the
increasing of lattice parameter under reduction condition could be due to the changing of Ce
oxidation state (4+ to 3+) or Ni exsolution. Although the authors showed the decreasing of
crystallite size under the reducing conditions, detailed explanations were not provided. Based
on the XRD (Fig. 3) and literature results, the presence of solid solutions on the synthesized
oxidized and reduced NiO,/CeQO, catalysts in the present work could be expected. However, it
is worthwhile to note that the evidence of Ni-Ce-O solid-solution using the Raman results could
be controversial: peak broadness (consistent to the presence of solid-solution) and blue shift
(inconsistent to the presence of solid-solution), although Raman results provided the presence
of oxygen vacancy (or defect) that is related to the formation of solid-solution (Fig. 2). In
addition to the molecular structure of samples, the changing of oxidation state of Ni species
was identified by spectroscopic and microscopic measurements. As provided by the XRD (Fig.
3), HR-TEM (Fig. 4), EDS mapping (Fig. 5 and Fig. S2-S4), EELS (Fig. 6), and XPS (Fig. S6)
results, oxidation state of Ni was decreased under the reducing conditions, especially at higher
reduction temperature: oxide (Ni*? dominant), 500R (Ni*? and Ni’ mixed), 700R (Ni°
dominant). The HR-TEM images of the oxidized and reduced NiO,/CeO, samples also showed
well crystallized structure and the particle sizes were increased with increasing reduction
temperatures, which was in good agreement with the Raman and XRD results. The obtained
physicochemical information as discussed previously could help to understand the catalytic
performance (Fig.7). It is obvious that CeO, supported NiO (or Ni) catalysts have superior

catalytic activity compared to the bulk NiO and bulk CeO, (not shown for brevity).
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Furthermore, as shown in Fig. 7, the activity of oxide and reduced samples follow: NiO,/CeO,
> NiO,/Ce0,-500R > NiO,/CeO,-700R. It has been reported that the formation of an oxygen
vacancy is crucial to control an oxidation and reduction catalytic reaction.”>”3 According to
previous research’*73, the dissociation of adsorbed NO species is the vital step for NO reduction
by CO, and oxygen vacancy plays an important role in dissociation of NO species by activating
N-O bond. Furthermore, the presence of oxygen vacancies on the surface makes possible
dissociation of N,0.7¢ With this respect, a high NO and CO conversion over NiO/CeQ, is in
line with its high oxygen vacancy concentration (or high Ip/Ig,, ratio) compared to other
reduced samples (Fig. 9). Furthermore, the decreased catalytic activity can be possibly
influenced by SSAs, surface density, crystallite size, and oxidation state of surface species of
samples under the similar loading of surface species and same mass of catalyst.”7-30 As shown
in Fig. 9, the high SSAs, low crystallite size, and fully oxidized sample shows the higher
catalytic activity (moles of NO converted/time/surface density, 1/s) than other reduced samples.
Based on physicochemical properties and activity results, the reduction treatment resulted in
blockage pores, CeO, agglomeration, and decreased oxygen vacancy/defect sites and oxidation

state of Ni, which could reduce the catalytic activity.
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Intermediate species and Reaction mechanism for the NO reduction by CO

Based on the DRIFT results, the complicated intermediate surface species were formed
on both oxide and reduced samples when they were exposed to NO and CO, and peak

intensities were varied with the reaction temperature. The intermediate nitrate species bonded

to catalyst surface dominantly and kept stable at lower temperature (i.e., <200 °C), indicating

that adsorbed nitrate species hindered the adsorption of CO to the catalyst surface (Fig. 8(a),
(c), and (e)).*81:82 Because the different surface NO-based intermediate species (i.e.,
monodentate/bidentate nitrate and nitrite) were shown simultaneously at the same temperature,
it is challengeable to propose the detailed mechanism of intermediates’ formation. C. Deng et
al., observed multi-NO species during the NO adsorption over CeO, and CeCr samples at 25
°C and concluded that chemisorbed NO species could be rearranged.>* Similar phenomena have
been provided from the literatures over ceria supported catalysts, though peak positions were
varied with different supported catalysts.!4>3-463 For instance, C. Deng et al.’¢#3 and X. Cheng
et al.> reported the presence of multi-nitrate structure at 50 °C and 170 °C over CeO,-based
supported CuO and NiO catalysts, respectively. In addition to the supported catalysts, mixed
metal oxide catalysts (CeMO,, M=Co, Fe, Cu, Zr, Mn) also showed the similar results.’? C.
Deng et al. also claimed that oxygen vacancy on catalyst improved the desorption,
decomposition and transformation of adsorbed NO species. As shown in Fig. 8(a), (c), and (e),
however, the temperatures of appearance and disappearance of the NO species on oxide and
reduced samples were very similar, providing that these temperatures were not controlled by

the oxygen vacancy under the tested samples and experimental conditions. Please note again
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that oxygen vacancy concentration was changed with following order: 10% NiO,/CeO, > 10%
NiO,/Ce0,-500R > 10% NiO,/CeO,-700R. Although oxygen vacancy was not much related to
the temperature of formation and decomposition of NO-based intermediate species, however,
it could be related to the CO-based intermediate (i.e., carbonate at 1267 cm™) formation
temperature as well as the amount of nitrate formation (i.e., peak intensity of nitrate at 1241
cm™): Carbonate formation temperature (10% NiO,/CeO, < 10% NiO,/Ce0,-500R < 10%
NiO,/Ce0,-700R) and Nitrate (1241 cm!) peak intensity (10% NiO,/CeO, > 10% NiO,/CeO,-
500R > 10% NiO,/Ce0O,-700R). In addition, compared with reduced samples, 10% NiO,/CeO,
showed much higher peak intensity of NO-adsorption and CO-adsorption on active sites at
1823~1837 cm! (Ni?"/Ni*-NO), 1990 cm™! (Ni*-CO), and 2173 cm™! (Ni>*-CO) at >200 °C (Fig.
8(b), (d), (f)). X. Cheng et al. reported that the N,O formation is related to the Ni*-NO species.>>
As shown in Fig. 8 ((b), (d), and (f)), the N,O appeared at same (10% NiO,/CeO,) or lower
(10% NiO,/Ce0,-500R and 10% NiO,/CeO,-700R) temperature compared to the Ni**/Ni*-NO
peak appearance temperature. The N,O disappearance temperature, however, was far lower
than that of Ni>*/Ni*-NO peak, indicating that the N,O formation was not directly related to
the Ni>*/Ni*-NO species. Please note that 10% NiO,/Ce0,-700R sample’s N,O peak intensity
decreased from 300 °C, but it was retained up to 500 °C. In the case of CO, formation, it is
expected that (1) carbonate surface species converted into CO, directly, (2) Ni**-NO species
interacts with carbonate (i.e., 1267 cm™!) species and forms the CO, and Ni*"-CO (2173~2193
cm™!) species, or (3) gas-phase CO interacts with nitrate/nitrite to form CO,. Although we admit
that in-situ XPS can provide the oxidation state of Ni in detail, in-situ DRIFT could provide
the Ni oxidation state indirectly. Based on the peak position and intensity of 1823~1837 cm’!
(Ni%*/Ni*-NO), 1990 cm™! (Ni*-CO), and 2173 cm! (Ni>*-CO), it is expected that both Ni* and

Ni?* were presence on the 10% NiO,/CeO, sample, while the 500R and 700R samples mainly
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contain Ni** at high reaction temperature (i.e., > 200 °C). The DRIFT results clearly provided
that oxidation state of Ni was critical to enhance the catalytic performance, which was also
supported by XRD (Fig. 3), TEM (Fig. 4 and 5), EELS (Fig. 6), XPS (Fig. S6) and activity

results (Fig. 7).

The specific reaction mechanisms under NO reduction by CO reaction over supported
noble and transition metal oxide catalysts have been proposed and it has been widely accepted
that NO dissociation is the crucial step.®>7-80 Y. Wang et al., proposed that dissociated NO (N*
and O*) on oxygen vacancy sites, which is generated by CO reaction with surface oxygen,
could produce N, (N* + N* = N, + 2*) and N,O (NO* + N* = N,O + 2*) without interaction
with CO, while adsorbed NO (i.e., NO* or NO,*) on Ce3*-oxygen defect site associatively
could not produce N,.?! Although atomic level reaction mechanisms could not be provided
directly, in our case, molecular level reaction mechanisms could be proposed by combining the
DRIFT and activity results. It is hypothesized that both oxidized and reduced catalysts follow
same reaction mechanism pathways during the NO reduction by CO reaction: N,O
decomposition and N, formation: (1) NO = nitrate/nitrate on CeO, surface (<50 °C~200 °C),
(2) nitrate/nitrite = N,O (200~250 °C, under reducing condition by CO), (3) N,O = N, + Ni-
NO (>200 °C), CO, formation: (1) CO = carbonate on CeO, surface (>200 °C), (2) carbonate
- CO, + Ni-CO. However, these reaction mechanisms were favor on the oxide active species
compared to the reduced one. Based on DRIFT results, at higher temperature (>200 °C), it
could be expected that both Ni* and Ni*" were presence on the oxide samples, while the reduced
samples (500R and 700R) mainly contain Ni**, indicating that Ni* greatly affected the catalytic
activity (at reaction step (3) of N,O decomposition and N, formation, at reaction step (2) of

CO, formation).
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Conclusions

In this work, the impact of pretreatment conditions on structure of NiO,/CeQO, catalysts,
which was directly related to the NO reduction by CO reaction, was investigated. The physical
properties (SSA, pore volume, pore size, and crystallite size), molecular structure, oxidation
state of active sites, and catalytic activity were controlled by the pretreatment conditions. From
BET (Table 1) and XRD (Fig. 3), it was clearly observed that SSA decreased and crystallite
size of CeO, support increased with increasing reduction temperature, due to agglomeration
and migration of CeO, support. The EDS elemental mapping (Fig. 5), EELS (Fig. 6), XPS (Fig.
S6), and XRD provided the formation of metallic Ni species and it became larger and clearer
as the reduction temperature increased. By combining the physiochemical properties and
catalytic activity (Fig. 7) results, it could be concluded that the decreased catalytic activity of
reduced NiO,/CeO, catalysts was caused by lower specific surface area, less oxygen
vacancy/defect sites (Raman, Fig. 2) and exposure of reduced metallic Ni on the surface. From
in-situ DRIFTS (Fig. 8) and activity results, the possible reaction mechanisms for NO reduction
by CO were proposed. At lower reaction temperature (i.e., <200 °C), NO-based surface species,
mainly nitrate, was dominant and it converted to N,O with increasing the temperature (i.e.,
<200 °C). CO-based surface species, mainly carbonate, occupied the active (or support) sites
after nitrate converted to N,O. Consequently, N,O decomposition led N, formation. CO,
production temperature was matched for the carbonate formation, indicating that carbonate

transformation and nitrate interaction with CO could cause the CO, formation.
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