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NO reduction by CO over NiO,/CeO, catalyst with fixed Ni surface
density: Pretreatment effect on catalyst structure and catalytic
activity

Kyung-Min Lee %, Byeongseok Kim "*®, Juwon Lee®®, Gihan Kwon®, Kwangsuk Yoon®, Hocheol
Songd, Kyung Hoon Minb, Sang Eun Shimb, Sungwon Hwangb, and Taejin Kim**

NiO,/CeO, catalysts have shown promising results in various catalytic reaction including NO reduction by CO reaction. In
this study, we investigated the effect of oxidation and reduction treatment on the NO reduction by CO reaction of
pretreated NiO,/CeO, catalysts. A series of oxidized and reduced supported NiO, catalysts were synthesized by two steps:
(1) Pretreatment CeO, supports with different temperature (400, 500, and 700 °C) under oxidizing and reducing conditions
and (2) Synthesis of NiO,/CeO; catalysts by an incipient wetness impregnation method (IWI) with a fixed surface density of
5.3 Ni/nm?” under the specific conditions (oxidation/reduction) applied during the CeO, treatment. The prepared catalysts
were characterized via BET, ICP/OES, Raman, XPS, and XRD to understand physicochemical properties. The results showed
that as the pretreatment temperature increased, physicochemical properties of NiO,/CeO, catalysts were changed:
decreased specific surface area (SSA), decreased oxygen vacancy/defect site, and increased crystallite size. The oxidized
NiO,/CeO, catalyst at lower pretreatment temperature performed the better catalytic activity, indicating that the
physicochemical properties of the catalysts were key factors to enhance the catalytic activity. To understand intermediate
species and reaction mechanism during the NO reduction by CO reaction, in situ DRIFTS study was performed and possible

reaction mechanism

1. Introduction

Bulk and supported nickel oxide (NiO,) or nickel (Ni)
catalysts have been applied to diverse chemical reactions (e.g.,
CO—PROX,1 HER,2 Selective hydrazine decomposition,3 Cco
oxidation,” Methanol steam reforming,5 Dry reforming,6 and
NO reduction by COHl) due to their low cost and high activity.
It has been reported that particle size and morphologies of Ni
are related to the catalytic performance, such as methane
decomposition into H, and carbon nanofilaments.’? In addition
to surface Ni species, support materials can also influence the
reactant activation, stability, and selectivity. Among several
support materials, ceria (CeO,) or CeO,-based materials has
been used extensively, because of the easy generation of
oxygen vacancies, high oxygen mobility, and strong oxygen
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was also discussed.

storage/release capacity (OSC) in the redox cycle
(ce®*/ce™).*™ Y. Wang et al. reported that NiO/CeO,
catalysts exhibited higher catalytic activity for NO reduction by
CO reaction than that of NiO/y-Al,03 and NiO/TiO, catalysts,
due to synergetic effect of nickel and ceria resulted from easily
reduced oxygen species on NiO/CeO, surface.” I. Iglesias et al.,
compared Ni/CeO, and Ni/CeggsZro150, catalysts to
understand the effect of Zr on the catalytic property for CO,
methanation reaction.”® The authors concluded that
Ni/Ceq.gsZro.150, catalysts showed higher activity and stability
than these of Ni/CeO,, due to the higher oxygen mobility,
surface species reducibility, and Ni dispersion. In previous
studies, we reported that loading of NiO, and pre-treatment
conditions can affect the physicochemical properties (i.e.,
specific surface area (SSA), crystallite size, and defect sites) of
NiO,/Ce0O, and catalytic activity for NO reduction by co. Mt
was also reported that with increasing reduction
temperatures, the SSA (mz/g) and surface density (# of
atoms/nmz) were decreased and increased, respectively, using
the same Ni wt%, ~10wt%, on NiO,/CeO, samples. To study a
molecular structure (i.e., monolayer) and compare a catalytic
activity with different catalysts, surface density of surface
species has been applied instead of using surface species
wt%.7%° T. C. Peck et al., reported that bulk oxide surface
species were not observed up to 3.87 Fe/nm2 and 1.22 Co/nm2
of FeO0,/Ce0, and Co0,/CeO, catalysts,
respectively.18 The authors also observed that microcrystalline
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surface species on FeO,/CeO, (5.4 Fe/nm?) and Co0,/CeO,
(3.57 Co/nm?) showed higher catalytic activity, while
decreased areal activity was obtained at lower or beyond the
surface densities. T. Kim et al., studied the structure-activity
relationship for methanol dehydration reaction over the series
of metal oxide (i.e., TiO,, Nb,Os, Al,O3, and ZrO,) supported
WO, catalysts and reported that monolayer coverage surface
density (~4.5 W/nm?) could be independent on the supports.20
In the case of the catalytic activity, however, it was depended
on the specific oxide supports due to the different cation
electronegativity.

Several researchers have investigated the effect of
oxidation states of metal on their catalytic activity. S. Vivek et
al., synthesized bimetallic copper and nickel nanoparticles and
investigated the effect of oxidation states of Cu-Ni bimetallic
on the catalytic activity and electrochemical properties.21 The
authors reported that increased oxidation states of nickel and
copper can enhance the catalytic activity. Wu et al., designed
partially oxidized Ni/CeO, catalysts for steam methane
reforming (SMR) reaction.” Especially, the author calculated
the oxidation state of Ni to improve SMR reaction by density
functional theory (DFT) calculations. Based on DFT
calculations, the author found that the oxidation state of Ni
could affect the activity and stability of Ni/CeO, catalysts for
SMR reaction and partially oxidized Ni,O/CeO, catalyst showed
high activity and good stability which were verified
experimentally. S. D. Senanayake et al., studied the interaction
between Ni atom and CeO,(111) surfaces over Ni-CeO,(111)
catalysts for water-gas shift (WGS) and CO methanation
reactions using X-ray and ultraviolet photoelectron
spectroscopies.23 The authors found that Ni species remain
metallic state at 300K, while CeO, substrate was partially
reduced with the formation of Ni** at 500-800K under WGS
and CO methanation reactions. It was claimed that presence of
metallic Ni species can promote strong interaction between
chemisorbed CO and the admetal at 300 K. J. Carrasco et al.,
also investigated the interaction between Ni species and
Ce0,(111) surfaces to analyze charge transfer, oxidation
states, and perturbation in the Ni density-of-states by DFT
calculations.? They also compared adsorption of CO and C on
the Ni, (n=1 and 4) particles, because the formation of coke
layers on the surface during the methanation reaction affect to
the catalytic The found that
methanation activity closely related to the oxidation states of
Ni and Ni/Ce0,(111) showed less likely to coke formation.
Although several studies have reported oxidation state effects
on catalytic activity, however, direct comparison between
oxidized and reduced catalysts for physicochemical properties
and catalytic activity was still unclear.

In current work, the NO reduction by CO reaction over
oxidized and reduced NiO, supported on CeO, catalysts was
investigated to understand the relationship between catalyst
synthesis conditions and the physicochemical properties of the
catalysts as well as a catalytic performance. Since the Ni
surface density should be affected by support treatment with
same Ni loading (i.e., higher treatment temperature and
higher Ni surface density), for the comparison purpose, it was

performance. authors
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fixed as 5.3 Ni/nm?® The physicochemical properties of the
prepared catalysts were analyzed by Brunauer-Emmett-Teller
(BET) technique, inductively coupled plasma/optical emission
spectroscopy (ICP/OES), Raman (Visible and UV), X-ray
photoelectron spectroscopy (XPS), and synchrotron X-ray
diffraction (S-XRD) spectroscopy. Furthermore, to evaluate
catalytic activity and understand the intermediate species
during the NO reduction by CO, the gas chromatography (GC)
and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) were applied.

2. Experimental section
2.1 Catalyst synthesis

For oxidized and reduced NiO,/CeO, catalysts, the two-step
synthesis method was applied. First, as-received bulk CeO,
(HAS 5, Rhodia) was pretreated (oxidizing and reducing) at
different temperature (400, 500 and 700 °C) for 6 hrs
(oxidation, dry air, 20% oxygen and 80% nitrogen, total flow
rate of 100 ml min™?, Airgas) or 3 hrs (reduction, 5% H,
balanced with N,, total flow rate of 50 ml min'l, Airgas) before
being used as support materials for the NiO,/CeO, catalysts.

The supported nickel oxide (NiO,) catalysts were
synthesized with a fixed surface density of 5.3 Ni/nm?> using
incipient wetness impregnation (IWI) method. The various
concentrations of nickel (Il) nitrate hexahydrate (98%
Ni(NO3),-6H,0, Alfa Aesar) were dissolved in de-ionized water
to make precursor solutions and then the precursor solution
was dropped on to pretreated CeO, powder while mixing
constantly. After impregnation, the mixture was dried at room
temperature for 12 hrs. The dried sample was transported to a
combustion boat and further dried at 120 °C under flowing air
(dry air, 20% oxygen and 80% nitrogen, total flow rate of 100
ml min™, Airgas) inside a tube furnace (Lindberg/Blue Mini-
Mite, Thermo) for 12 hrs. Finally, the catalysts were
subsequently treated in air (dry air, 20% oxygen and 80%
nitrogen, total flow rate of 100 ml min_l, Airgas) at different
temperature (400, 500, and 700 °C) for 6 hrs to complete the
oxidation process and sieved (425 um, Fieldmaser). The
synthesized CeO, supported nickel oxide catalysts were
denoted as 5.3 NiO,/Ce0,-4000xi, 5.3 NiO,/Ce0,-5000xi, and
5.3 NiO,/Ce0,-7000xi. The reduced samples were also dried
using the same method as described above and the catalysts
with a fixed surface density (5.3 Ni/nmz) were first pretreated
under N, (UHP, 100 ml min~, Airgas) atmosphere at 400 °C for
30 min and then reduced in H, flow (5 vol % H, balanced with
N,, total flow rate of 50 ml min~?, Airgas) at different
temperature (400, 500, and 700 °C) for 3 hrs. The reduced
catalysts were denoted as 5.3 NiO,/Ce0,-400R, 5.3 NiO,/CeO,-
500R and 5.3 NiO,/CeO,-700R.

2.2 Catalyst characterization

The specific surface area (SSA) and average pore volume of
catalysts were calculated from nitrogen adsorption and
desorption isotherms (Micromeritics ASAP 1010) using
multipoint BET and BJH methods, respectively. Prior to
analysis, the catalysts were degassed at 300 °C for 4 hrs under

This journal is © The Royal Society of Chemistry 20xx
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vacuum to remove moistures, impurities and volatiles. To
determine the Ni content in the NiO,/CeO, catalysts, the
concentration of Ni was analyzed using ICP/OES (Optima
5300DV, PerkinElmer). Prior to the analysis of ICP/OES, the
catalysts were pretreated with 0.01 g of catalyst and 10 mL of
nitric acid (70% HNO3) using a microwave digestion system
(ETHOS TC, Milestone). Molecular structure and bonding
vibrations of supported NiO, catalysts were obtained via
Raman spectroscopy. Raman spectra were collected with
visible (532 nm, Horiba Raman spectrometer) laser (laser
power = 100 mW) and UV (325 nm, Renishaw inVia Raman
microscope) laser (laser power = 25 mW) under ambient
condition. The visible Raman spectra were collected in the
200-1400 cm * Raman shift regions and UV Raman spectra
were collected in the 350—1500 cm ™. For both visible and UV
Raman spectra, the acquisition time was 10 seconds, and the
final spectrum was accumulated from 60 scans. XPS analysis
was performed to investigate the surface elemental
composition and chemical state of prepared samples using K-
alpha (Thermo Scientific, USA). XPS data were obtained using
mono-chromated Al-Ka radiation (hv = 1486.6 eV). To obtain
high energy X-ray diffraction pattern, powder samples were
loaded in polyimide (Imm OD Kapton) tubes sealed with clay.
The diffraction patterns were obtained at 28-ID-1 PDF
beamline (74.53 keV, A = 0.16635 A) at National Synchrotron
Light Source Il (NSLS-II) at Brookhaven National Laboratory
(BNL). Dioptas was used to obtain one-dimensional (1D) data
from the two-dimensional (2D) scattering pattern.

2.3 Catalyst activity test

The gas phase reactions were performed in a fixed bed quartz
reactor (OD 9.6 mm, ID 7 mm) packed with sieved catalyst
powder (40 mg) at temperature of 25-500 °C under
atmosphere pressure. For experiment, the catalyst was loaded
into the quartz reactor and held in place by quartz wool. Flow
rates were measured by mass flow controllers (SLA5800 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) equipped with the thermal conductivity detector (TCD).
Before the activity test, the prepared catalysts were
pretreated at 400 °C in He (30 mL min_l) 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, Airgas) and 5% CO (20 ml min~* of 10% CO
with He balance, General Welding). The total flow rate was 40
mL min " in all experiments and a reaction temperature was

increased up to 500 °C with ramping rate of 1 °C min™".

2.4 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 cmt spectral resolution,
32 average scans) and a Harrick Praying Mantis chamber. The

This journal is © The Royal Society of Chemistry 20xx
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catalyst sample was first pretreated at 400 °C in flowing He
(UHP, 30 ml min_l) for 30 min. After pretreatment, the sample
was cooled to room temperature under He flowing and a
background spectrum was taken. The DRIFTS spectra were
collected at different reaction temperatures, room
temperature to 500 °C, with the gas 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). To further study the formation of
intermediate species in addition to the gas phase products, the
DRIFTS spectra with increasing exposure time (2—30 min) at
170 °C were also collected at the following conditions: (1) CO
pre-adsorption and NO rection with CO pre-treated sample, (2)
NO pre-adsorption and CO reaction with NO pre-treated
sample, and (3) NO and CO co-adsorption.

3. Results
3.1 Catalytic activity test of NO reduction by CO

Fig. 1 and 2 showed the catalytic activity results of the oxidized
and reduced 5.3 NiO,/Ce0Q, catalysts for the NO reduction by
CO reaction as a function of reaction temperatures. For all
samples, both NO and CO conversion were increased with an
increasing of the reaction temperatures. In the case of oxidized
5.3 NiO,/CeO, catalysts, NO conversion was slightly decreased
with increasing synthesis temperatures, while CO conversions
were significantly affected by the synthesis temperatures as
shown in Fig. 1(a) and (b). It was also noticed that NO
conversion was higher than that of CO conversion under the
experimental conditions. As shown in Fig. 2(a) and (b), reduced
samples showed similar trends (higher reduction temperatures
lower NO and CO conversions) with oxidized samples. Similar
to the oxidized samples, the reduced samples also showed a
higher NO conversion than CO conversion at > 150 °C. Among
the tested oxidized and reduced samples, 5.3 NiO,/CeO,-700R
showed the lowest catalytic activity (62% for NO conversion,
44% for CO conversion at 500 °C). Overall, the oxidized and
reduced NiO,/CeO, catalysts showed the decreased catalytic
activities with increasing treatment temperature and the
effect of pretreatment on the NO reduction by CO reaction
over supported NiO, catalysts shows the following trend: (1)
NO conversion: 4000xi = 5000xi > 400R = 500R = 7000xi >>
700R. (2) CO conversion: 4000xi > 5000xi > 400R > 500R >
7000xi >> 700R. It should be noted that the treatment
temperatures had a greater effect on the CO conversion than
the NO conversion even at the mild oxidation and reduction
temperatures, such as 400 °C and 500 °C. The N, and N,O
selectivity were also evaluated, and results are shown in Fig.
1(c) and (d) and Fig. 2(c) and (d). As shown in selectivity
results, N,O was produced at lower temperature, while N,
selectivity was increased with increasing reaction
temperatures. The detailed reaction mechanism of
intermediate N,O species will be further discussed in the
DRIFTS section.

3.2 Physical properties of the catalysts

J. Name., 2013, 00, 1-3 | 3
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To understand relationship between physical properties and
catalytic activity of the prepared catalysts, the BET specific
surface area (SSA), total pore volume, and average pore
diameter were investigated by the nitrogen adsorption and
desorption isotherm. The isotherm curves of 400 °C and 500 °C
pretreated samples (oxidized and reduced) exhibited type IV
isotherm with a H1-type hysteresis loop shape (Fig. 3(a) and
(b)), implying that catalysts consist of mesoporous
structure.”>*® The 700 °C pretreated samples (7000xi and
700R), however, showed type V isotherms with a H3 hysteresis
loop, indicating pores and relatively large pore size. (Fig. 3 (a)
and (b)) Compared to the bulk CeO, that contains a mesopore
structure as reported in our previous research,'’ the oxidized

4| J. Name., 2012, 00, 1-3
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and reduced NiO,/CeO, catalysts at 400 °C and 500 °C showed
similar shape of isotherm curves, indicating that the
mesoporous structure of CeO, was maintained even after
introducing NiO, (5.3 Ni/nmz) and thermal treatment. The
specific surface area (SSA), Ni wt%, surface density (SD) from
NiO,/CeO, sample’s SSA, total pore volume, and average pore
diameter are listed in Table 1. It is noted that to fix surface
density (5.3 Ni atoms/nm?, as a target SD) of supported NiO,
catalysts, Ni weight percents were calculated based on the SSA
of pretreated CeO, supports. As shown in Table 1,
experimentally obtained SD values, 5.6-6.8 Ni/nmz, were
similar or higher than that of the target value, 5.3 Ni/nmz. The
Ni wt% and SD values of oxidized and reduced samples were
also measured by ICP-OES and the results are included in Table
1. Compared to the bulk CeO, (as-received), the SSA of
pretreated NiO,/CeO, decreased with increasing pretreatment

temperature, while pore diameter increased due to sintering
120 120

M) T

g

2

5.3 NID,/Ca0,-5000, 5.3 NID,/Co 0, -500R
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Fig. 3 N, adsorption-desorption isotherms of the (a) oxidized and (b) reduced 5.3
NiO,/Ce0, catalysts.

of CeO, under high treatment temperature, especially at 700
o
C.

3.3 Raman spectroscopy

For investigating detailed molecular structure of oxidized and
reduced 5.3 NiO,/CeO, catalysts, Raman spectroscopy was
performed. As shown in Fig. 4(l) and (Il), the visible Raman
spectra showed dominant peak at ~460 ecm™, which
corresponded to the intrinsic F,, symmetric vibrational mode
of fluorite CeO,, with weak bands at ~236 cm *and ~600 cm ™},
due to second-order transverse acoustic (2TA) mode and
oxygen vacancy/defect induced (D) mode, respectively.27_30
Based on our previous work,'" the broad peak at 540 cm™
could be assigned to NiO, related band. For both oxidized and
reduced catalysts, the F,; peak (~460 cm_l) became narrower
and sharper (decreased a full width at half maximum (FWHM))
with increasing pretreatment temperature, due to increased
crystallinity. The peak position of F,, was slightly shifted (461
to 468 cm ' (Oxi) and 469 cm™ (Red)) with increasing
pretreatment temperature, while the peak positions of D band
(~600 cm_l) for both oxidized and reduced samples were not
shifted. Based on visible Raman spectra results of oxidized and
reduced catalysts, the concentration of oxygen vacancies (N)
can be calculated using the spatial correlation model from the
relationship between grain size (dg) and correlation length
(average distance between two lattice defects, L). The detailed
equations are provided as follows:

1

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Specific surface area, surface density, total pore volume, and average pore size of the NiO,/CeO, catalysts

Average pore

Sample* SEA Ni wt SD** , Ni wt*** SD***’: Total por&;_' volume diameter

(m’/g) (%) (Ni/nm?) (%) (Ni/nmm’) (cm’/g) o)

Bulk CeQ,***** 216 - - - - 0.16 1.5
5.3 NiO,/Ce0,-4000xi 180 9.9 5.6 9.42 5.37 0.15 1.7
5.3 NiO,/Ce0,-5000xi 150 9.4 6.4 8.46 5.78 0.14 1.9
5.3 NiO,/Ce0,-7000xi 59 3.9 6.8 3.35 5.83 0.15 5.2
5.3 NiO,/Ce0,—400R 158 9.8 6.4 8.45 5.49 0.14 1.8
5.3 NiO,/CeO,—500R 129 8.2 5.7 7.62 6.06 0.15 2.3
5.3 NiO,/CeO,—700R 22 1.4 6.5 1.35 6.29 0.12 11.4

%%ixa.ozxm“x#

* 5.3 is the surface density of Ni (Ni/nmz) using support's SSA =

Ni (58.7 g/mol), and S is the SSA of the oxidized or reduced CeO, sample.

Wi 23, 1
Wxs.ozxm XM_Ni

5x1018
g/mol), and S is the SSA of the oxidized or reduced 5.3 NiOx/CeO2 sample.

** surface density of Ni (Ni nmz) using sample’s SSA =

*** Nj weight percent obtained by ICP/OES.

Wi
— 18
Sx(1-7dhx10

where Wy; is the weight percentage of Ni, My; is the atomic weight of

where Wy; is the weight percentage of Ni, My; is the atomic weight of Ni (58.7

Table 2 The grain size (dg), correlation length (L), concentration of oxygen vacancies (N), and defect ratio (Ip/lg) of the oxidized and reduced 5.3 NiO,/CeO,

catalysts.
L X Concentration of oxygen )
Grain size of Ce02 Correlating length X Defect ratio

Catalyst (dy, nm) (L nm) vacancies (Io/1r20)

i ’ (Nx10%, cm™) orire

Bulk CeO, 2.77 0.42 3.24 1.06*

5.3 NiO,/Ce0,-4000xi 3.07 0.43 2.93 0.91
5.3 NiO,/Ce0,-5000xi 3.96 0.47 2.28 0.74
5.3 NiO,/Ce0,-7000xi 7.63 0.59 1.15 0.40
5.3 NiO,/Ce0,-400R 3.63 0.46 2.49 0.56
5.3 NiO,/Ce0,-500R 4.34 0.49 2.08 0.33
5.3 NiO,/Ce0,-700R 17.25 0.78 0.49 0.18

* Results from reference [35]

Wi 23, 1
T lix6.02x1023x

**** surface density of Ni (Ni/nmz) using sample’s SSA =

M"”, where the W);i was obtained by ICP/OES.

5x1018
***x* results from reference [11]
51.8 51.8
= d_g +5 or dg i (1)
3 « 2 3 2
L(nm) = (E) |(dy — 24)" + 4d,%] (2)
N=_2 (3)

T amL3

Where I is the HWHM of the F,, peak (~ 460 cm ™) of CeO,, dg
is the grain size of CeO,, L is the correlation length of CeO,,
and a is the radius (0.34 nm) of CeO, units.?®2°. As shown in
Table 2, the grain size of CeO, (d,) and correlation length (L)
increasing temperatures, while the
concentrations of oxygen vacancies (N) were decreased with

were increased with

increasing temperatures. The observed results show a similar
trend of the SSA values shown in Table 1.

This journal is © The Royal Society of Chemistry 20xx

It was reported that UV Raman can provide more detail
information of defect sites of CeO,, due to the resonance
Raman effect result from strong absorption CeO, in the UV
region.31—33 To better understand oxygen vacancies (or defect
sites) of CeO, supported NiO, catalysts, UV Raman spectra
were collected. Fig. 5 displays UV Raman spectra of oxidized
and reduced 5.3 NiO,/CeO, catalysts. Compared to visible
Raman spectra, UV Raman spectra showed new peak at ~ 1180
cm_l, which could be ascribed to second-order longitudinal
(2LO) mode.”®*® It is worthwhile to note that the peak
intensity of 2LO band (~1180 em™) as strong as the F,, band
(~460 cm_l), due to enhancement of the longitudinal (LO)
overtones under UV region.34 Furthermore, the peak position
of 2LO band was shifted from 1140 cm™" to 1180 cm™" as the
oxidation temperature increased, indicating that the Ce-O
bond became stronger with increasing oxidation
temperature.3 In the case of the reduced samples, however,

J. Name., 2013, 00, 1-3 | 5
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the 2LO bands were not much affected by the reduction
temperatures. (Fig. 5(I1)) As shown in the insets of Fig. 5, the
relative intensity ratio of defect vibration (Ip/lgy) for both
oxidized and reduced catalysts decreased with increasing
pretreatment temperatures, suggesting that thermal effect
induced decrease in oxygen vacancy/defect sites. For both
concentration of oxygen vacancies (N) and defect ratio (Ip/lra),
as shown in Table 2, the values for both oxidized and reduced
catalysts decreased with increasing treatment temperatures.
Although the trends of defect ratio were similar, however,
reduced catalysts showed the lower defect concentration than
those of the oxidized samples, indicating that both treatment
temperature and gas compositions were affected to oxygen
vacancies and defect sites.

(|) (a) CeO2 (as-received) (| |)
(b) 5.3 NiOx/Ce02-4000xi
(c) 5.3 NiOx/Ce02-5000xi

(a) CeO2 (as-received)
(b) 5.3 NiOx/Ce02-400R
(c) 5.3 NiOXCe02-500R

Intensity (a.u)
Intensity (a.u)

30 A A e
00 2 800 1000 1200 1400
Raman shift (cm=1)

Raman shift (cm~T)

Fig. 4 Visible Raman spectra of (I) oxidized 5.3 NiO,/CeO, ((a) CeO,, (b) 5.3
NiO,/Ce0,-4000xi, (c) 5.3 NiO,/Ce0,-5000xi, and (d) 5.3 NiO,/Ce0,-7000xi), (II)
reduced 5.3 NiO,/CeO; ((a) CeO,, (b) 5.3 NiO,/Ce0,-400R, (c) 5.3 NiO,/Ce0,-500R,
and (d) 5.3 NiO,/CeO,-700R).
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Fig. 5 UV Raman spectra of (I) oxidized 5.3 NiO,/Ce0, ((a) 5.3 NiO,/Ce0,-4000xi, (b)
5.3 NiO,/Ce0,-5000xi, and (c) 5.3 NiO,/Ce0,-7000xi), (1I) reduced 5.3 NiO,/Ce0, ((a)
5.3 NiO,/Ce0,-400R, (b) 5.3 NiO,/Ce0,-500R, and (c) 5.3 NiO,/Ce0,-700R), Inset:
defect ratio of oxidized and reduced catalysts. Defect ratio = Ip (600 cm'l)/lpzg (464
cm'l).

3.4 X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed to illuminate oxidation states and
surface composition of prepared catalysts. Fig. 6(a) shows
deconvoluted the core level Ce 3d XPS spectra in the 925-875
eV for 5.3 NiO,/CeO, catalysts oxidized at 400, 500, and 700
°C. In this range, the Ce 3d spectra consist of the u band (3d3/,)
and v band (3ds;;), which are further resolved into ten sub-
peaks (ug, u, u’, u”’, U, vo, v, v, v'’, and v”’).35’36 The four sub-
peaks, v (~880.11 eV), V' (~882.54 eV), uy(~899.20 eV), and u’
(~903.51 eV), correspond to ce® species, while the remaining
six sub-peaks, v (~882.47 eV), v’ (~888.87 eV), v’ (~898.27
eV), u (~903.51 eV), u” (~907.47 eV), and u’”’ (~¥916.74 eV), are
related to Ce* species and peaks shifts between samples were
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rarely observed. These are highlighted in Fig. 6(a) and (b), with
the sub-peaks corresponding to ce® shown in red and sub-
peaks corresponding to ce* in blue. Calculating the area ratios
of these sub-peaks allows us to assess the relative content of
Ce3+

on the surface of the catalysts. Table 3 provides the values
obtained by dividing Ce®" area by the sum of Ce®* and Ce*'
areas. The Ce*' ratio in 5.3 NiO,/Ce0,-4000xi (24%) and 5.3
NiO,/Ce02-5000xi (24%) samples exhibited similar values.
However, in the case of 5.3 NiO,/Ce0,-7000xi, the ce® ratio
decreased to 18%. The reduced catalysts were also subjected
to peak deconvolution in the same manner (Fig. 6(b)), and the
ce® ratio was determined (Table 3). In the reduced catalysts,
the Ce®' ratio was continuously decreased with increasing
reduction temperatures.

In the case of the Ni 2p;, three distinct sub-peaks, located
at 853.5, 855.8, and 861.5 eV, were observed, which are
attributed to Ni** in NiO, Ni**, and satellite peaks, respectively
(Fig. 6(c) and (d)).37'38 It is noted that only the Ni 2p3/, region
was analyzed because of the overlap between the Ce 3d peak
and the Ni 2p;/, peak. The samples subjected to oxidized show
a slight increase in the peak at approximately 855.8 eV peak
assigned to Ni®* compared to the 853.5 eV peak assigned to
Ni*" at both 400 and 500 °C. The catalyst oxidized at 700 °C
exhibits a low Ni content, making it challenging to achieve high
intensity, but it appears to have a high Ni*" content compared
to the Ni*". To quantitatively assess the change in the oxidation
state of Ni with temperature, the area of Ni** was divided by
the sum of Ni** and Ni** area (Table 3). For the oxidized
catalysts, there was not a substantial difference between 400
and 500 °C, with values of 0.68 and 0.70, respectively. In the
case of the reduced catalysts, it is evident that the peak at
855.8 eV increases significantly even with the temperature
difference between 400 and 500 °C (Fig. 6(d)). When
calculating the relative area ratio of Ni** in the same manner
to the oxidized samples, it is 0.71 at 400 °C, and when treated
at 500 °C, it increases to 0.83. This indicates that the oxidation
state of Ni is sensitive to changes under reducing conditions.
Similar to the XPS data of the 7000xi sample, the 700R sample
also exhibited low Ni peaks. Although quantifying the Ni** ratio
was difficult, the intensity of the Ni** peak was relatively
higher than that of Ni**

Fig. 6(e) and (f) shows deconvoluted O 1s XPS spectra in
the 540-520 eV for all samples. The O 1s peak could be
deconvoluted into two sub-peaks. The peak at 529.21 eV (O’)
corresponds to lattice oxygen, while the peak at 530.83 eV
(O”) corresponds to oxygen present in absorbed species such
as carbonates and hydroxyl groups.37'38 By calculating the area
ratio of these two peaks, concentration of oxygen vacancies of
catalysts surface could be obtained indirectly. In the case of
oxidized catalysts, the O”’/O’ ratio of 5.3 NiO,/Ce0,-4000xi and
5.3 NiO,/Ce0,-5000xi both exhibit values of 1.01, showing no
difference. At 700 °C, the ratio of O” significantly decreased to
0.84. This trend aligns with the Ce®*/(Ce®*+Ce™). For the
reduced catalysts, the ratio was 1.00 for 5.3 NiO,/CeO,-400R,
but as the heat treatment temperature increased to 500 °C
(5.3 NiO,/Ce0,-500R), it dropped to 0.90, indicating that heat

This journal is © The Royal Society of Chemistry 20xx
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treatment temperature under reducing condition sensitively
affected oxidation states of catalysts. Furthermore, at 700 °C,
the O” ratio decreased significantly to 0.64.

3.5 Powder X-ray diffraction (XRD)

To understand effect of oxidation and reduction treatment on
crystalline of NiO,/CeO, catalysts,
synchrotron-based X-ray diffraction (s-XRD) spectra were collected
(Fig. 7). For all the supported NiO, catalysts, the fluorite CeO, (O
symbol) peaks (JCPDS-ICDD Card No. 34-394) at 3.0° (111), 3.5°
(200), 4.9° (220), 5.8° (311), 6.1° (222), 7.0° (400), 7.6° (331), 7.8°
(420), 8.6° (422), and 9.1° (511) were clearly observed, especially at
700 °C treated samples. In addition to the fluorite CeO, peaks,
oxidized 5.3 NiO,/CeO, catalyst contained nickel oxide (A symbol)
peaks at 3.9° 4.5° and 6.4°, which can be ascribed to the (111),
(200), and (220) reflections of nickel oxide, respectively (JCPDS-
ICDD Card No.04-0835).

As shown in inset Fig. 7(a), the intensity of nickel oxide peaks
increased with increasing temperature up to 500 °C, while the
peak intensity drastically decreased at 700 °C, due to relative

structure of the series

ARTICLE

peaks were still remained, indicating that the nickel species
were not fully reduced at 400 and 500 °C, while the 700R
samples contained only metallic nickel species (Fig. 7(c)). Note

Table 3 The ratio of Ce** compared to Ce**+Ce”, the ratio of Ni** compared to
NiZ*+Ni**, and the ratio of 0” compared to O’ on the surface of oxidized 5.3
NiO,/Ce0O; and reduced 5.3 NiO,/Ce0,

samole ce/(ce”+ce™)  NF/(INPHN) 0"/o
P (mol/mol) (mol/mol) (mol/mol)
5:3Ni0 /Ce0,- 0.24 0.68 1.01
4000%xi
5:3Ni0,/Ce0,- 0.24 0.70 1.01
5000%xi
5.3Ni0 /CeO - o8 054
7000xi : ) :
5:3Ni0,/Ce0,- 0.27 0.71 1.00
400R
5:3Ni0,/Ce0,- 0.21 0.83 0.90
500R
5.3Ni0 /CeO - 015 -
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Fig. 6 Deconvoluted Ce 3d XPS spectra of (a) oxidized 5.3 NiO,/CeO,, (b) reduced 5.3 NiO,/CeO,. Deconvoluted Ni 2ps;, XPS spectra of (c) oxidized 5.3
NiO,/Ce0,, (d) reduced 5.3 NiO,/CeO,. Deconvoluted O 1s XPS spectra of (e) oxidized 5.3 NiO,/CeO,, (f) reduced 5.3 NiO,/CeO,.

lower Ni concentration (3.9wt%) of 5.3 NiO,/CeO,-7000xi
sample. For reduced 5.3 NiO,/CeO, catalysts, there were new
peaks (o symbol) at 4.7°, 5.4°, 8.9°, and 9.3°, which can be
ascribed to (111), (200), (311), and (222) reflections of fcc Ni
(JCPDS-ICDD Card No. 04-0850 (fcc)), respectively (Fig. 7(b) and
(c)). For 5.3 NiO,/Ce0,-400R and 500R samples, nickel oxide

This journal is © The Royal Society of Chemistry 20xx

that Ni peak intensity was very low in the 700R sample’s XRD
pattern, due to a low Ni concentration (1.4wt%). For both
oxidized and reduced catalysts, the CeO, (111) peak became
sharper with increasing treatment temperatures, suggesting
that the crystallite size of CeO, was changed as the
pretreatment temperature increased. The crystallite sizes of
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Fig. 7 XRD patterns of (a) oxidized 5.3 NiO,/Ce0O,, (b) reduced 5.3 NiO,/CeO,
catalysts, and (c) 7000xi and 700R 5.3 NiO,/CeO,.

Table 4 CeO, (111) Peak position, full width half maximum (FWHM),
calculated crystallite size, and lattice parameters of the oxidized and reduced
5.3 NiO,/CeO, catalysts

CeO, (111) CeO, . Lattice
Crystallite
Sample Peak (111) size* (nm) param:eter**
Position (°) FWHM (°) (A)
53
NiO,/CeO— 3.05 0.16 5.41 5.41
4000xi
53
NiO,/CeO— 3.05 0.14 6.00 5.41
5000xi
53
NiO,/CeO— 3.05 0.08 11.13 5.41
7000xi
5.3
NiO,/CeO— 3.05 0.15 5.78 5.41
400R
53
NiO,/CeO— 3.05 0.12 7.12 5.41
500R
5.3
NiO,/CeO— 3.05 0.04 20.96 5.41
700R

*:D =0.91/(B - cosB)

A

2-sinf111

**a=vhZ+kZ+ 1% dyyy = V3dyyy, digy =

where D is the crystallite size, A is the X-ray wavelength (0.16635 A), § is the
FWHM of the CeO, (111) peak, 8 is the Bragg angle of the peak, ais the
lattice parameter, and d is the spacing of (111) lattice planes.

CeO, of prepared samples were calculated using Scherrer’s
equation and were listed in Table 4. For both oxidized and
reduced samples at 700 °C, the average CeO, crystallite size
was

drastically increased, while the lattice parameter of CeO, was
not changed, suggesting that the sintering at high temperature
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Fig. 8 In-situ DRIFTS of (a) 5.3 NiO,/Ce0,-4000xi (800-1800 cmfl), (b) 5.3 NiO,/CeO,-
4000xi (1800-2400 cm™), (c) 5.3 NiO,/Ce0,-700R (800-1800 cm™), and (d) 5.3
NiO,/Ce0,-700R (1800-2400 cm™) in NO reduction by CO at different temperatures.
Reaction conditions: 5% NO, 5% CO balanced with helium, temperature = 50-500 °C

induced the larger crystallites and increased crystallinity of the
pretreated samples. Compared to 5.3 NiO,/Ce0,-7000xi
catalyst (11.13 nm), reduced catalyst at 700 °C showed larger
crystallite size (20.96 nm), indicating that not only treatment
temperature, but also reducing condition could be enhanced
sintering effect.

3.5 Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)

When comparing the catalytic activity with oxidized and
reduced catalysts, it was observed that the catalyst activity
decreases as the pretreatment temperature increases (Fig. 1
and 2). Furthermore, even at the same treatment temperature,
the catalyst activity was lower when treated in the reducing
condition compared to the oxidizing condition. In conclusion,
the catalyst exhibited the highest activity when pretreated at a
relatively low temperature of 400 °C in the oxidizing condition,
while the catalyst activity was lowest when pretreated at a
relatively high temperature of 700 °C in the reducing condition.
To investigate the interaction between the reactants (NO and
CO) and catalyst surface as well as the formation of the
intermediate species, in-situ DRIFTS analysis was performed for
5.3 NiO,/Ce0,-4000xi (highest activity) and 5.3 NiO,/CeO,-
700R (lowest activity) catalysts in the temperature range of 50—
500 °C. As shown in Fig. 8(a), in-situ DRIFTS spectra of the
oxidized 5.3 NiO,/CeO, sample exhibited absorbance peaks

This journal is © The Royal Society of Chemistry 20xx
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Table 5 Peak assignments of the DRIFTS spectra

IR wavenumber

_ Assignments Structure Ref.
(em™)
cm
Bridging E ¢
bidentate nitrate, ~ 07 o o o
1010 Bidentate nitrate MMM 39, 40
EN
Monodentate 5
1
nitrate, M
1227-1308 Linear nitrite M=0-N=0 39,40
O\N,O
Monodentate 5
1
1241 nitrate M 41,42
o
1
Bidentate O/C\O
1267 carbonate w 43, 44, 45
O\C/O
Monodentate ®
|
1338-1420 carbonate M 43, 44, 45
Bidentate
carbonate, 0 Oy.0
Monodentate 0o :
1 1
1467 nitrate MooM M 43,44, 45
Bridging nitro, o
Bridging oMo ?’N‘?
1 1
1535-1608 bidentate nitrate MMM M 39,40
1806-1966 NO (gas phase) N=0 39,40
NO adsorbed on o+
1820-1833 e . Ni —-NO 47
Ni" or Ni
CO adsorbed on 2+
1990 NP Ni  —CO 47
|
2100-2200 CO (gas phase) C=0 43, 46
CO adsorbed on 2+
2173-2193 NiZ* Ni —CO 47
I
2175-2260 N,O O-N=N 8
2295-2489 CO, 0=C=0 46

corresponding to various NO and CO based intermediate
surface species.

For the NO-based surface species, the following peaks were
observed from 50 °C to 220 °C: bridging bidentate nitrate at 1010
cm™, bidentate nitrate (or linear nitrite or monodentate nitrate) in
the range of 1227-1308 em ! and monodentate nitrate (or bridging
nitro or bridging bidentate nitrate) in the rage of 1535-1608 cm™
139,40 Additionally, a minor peak at 1241 cm™ was observed,
42 For the CO-based
surface species, the following peaks were observed: bidentate
carbonate at 1267 cm™ (2150 °C), monodentate carbonate or
carboxylate in the range of 1338-1420 cm™ and bidentate

corresponding to monodentate nitrate.

This journal is © The Royal Society of Chemistry 20xx
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carbonate at 1467 cm™* (= 220 °C).*™ The 5.3 NiO,/CeO,-700R

sample displayed slightly different DRIFTS spectra compared to the
5.3 NiO,/Ce0,-4000xi sample’s results (Fig. 8(c)): (I) NO-based
intermediate species’ peak intensity was relatively weak, (ll)
Monodentate carbonate or carboxylate peak (1338-1420 cm_l) was
not observed, while bidentate carbonate peak appeared from
200~250 °C which was higher than that of 5.3 NiO,/Ce0,-4000xi
one (150~170 °C).

The generation of intermediate surface species leads to the
several gaseous products (Fig. 8 (b) and (d)). The weak band at
1806-1966 cm ' were attributed to gas phase NO and it
disappeared at > 200 °C (5.3 NiO,/Ce0,-4000xi) and > 300 °C (5.3
NiO,/Ce0,-700R), respectively. The gas phase CO (2100-2200 cm ™)
started showing at 50 °C and disappeared at >250 °C (5.3
NiO,/Ce0,-4000xi) and >350 °C (5.3 NiO,/Ce0,-700R), respectively.
The gas phase CO, peak at 2295-2489 em ™ started showing at 200
°C (5.3 NiO,/Ce0,-4000xi), while those of 5.3 NiO,/Ce0,-700R
appeared at 300 °C and their intensities increased as the reaction
temperature increased. The N,0 intermediate surface species were
also observed at 2175-2260 cm ' and appeared at 170 °C (5.3
NiO,/Ce0,-4000xi) and 250 °C (5.3 NiO,/Ce0,-700R), respectively.8
In addition, NO and CO adsorption on surface nickel oxide was also
observed: 1820-1833 cm™ (Ni*/Ni*"-NO or CO), 1990 cm ™" (Ni*-CO),
and 2173-2193 cm™ (Ni2+—CO), respectively.47 It should be noted
that the 5.3 NiO,/Ce0,-700R sample contained Ni only based on the
S-XRD results as shown in Fig. 8 (b) and (c). Although peak intensity
of Ni*/Ni**-NO and Ni*"-CO are very weak, the in-situ DRIFT result
provided that Ni on 5.3 NiO,/Ce0,-700R sample was partially
oxidized during the reaction especially at > 300 °C. For 5.3
NiO,/Ce0,-700R sample, the Ni*-CO peak (1990 cm™
1) was not observed, indicating that the CO adsorption on the
surface was limited, due to lower nickel concentration and surface
area. As shown in Fig. 8, the NO adsorption peak appeared at lower
temperature than those of CO adsorption peak. From these results,
it can be hypothesized that the NO-based surface species could be
adsorbed on the active sites (Ni* or Ni2+) at lower temperature (<
250 °C), then activated CO adsorption on the surface result in
replacement NO species at higher temperature.

4. Discussion

4.1 Pretreatment effect on the physicochemical properties of
NiO,/CeO, catalysts

The oxidation or reduction treatment can have great impacts
on the molecular structure of the supported metal catalyst,
and further affect to catalytic performance. With increasing
pretreatment temperature (400-700 °C), the physicochemical
properties, molecular structure, and electronic structures of
5.3 NiO,/CeO, catalysts were investigated by various
characterizations, such as BET, ICP/OES, Raman, XPS, and XRD.
Based on BET results (Table 1),
introducing NiO, species and pretreatment with increasing
temperature caused collapsing of the small pores and
agglomeration of CeO,, resulting in decreased in SSA and pore
volume as well as increased pore diameter. Z. Wang et al.
reported that the decreased specific surface area and

it was observed that
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increased pore diameter of synthesized transition metal (Co,
Mn, Fe, Cr, and Ni) dopped ceria substrate catalysts might be
due to sintering of the samples and resulting in the larger
crystalline grain with increasing calcination temperature.45
Visible and UV Raman results provided that concentrations of
oxygen vacancies and defect ratio were decreased with
increasing pretreatment temperature. From UV Raman spectra
(Fig. 5) of both oxidized and reduced samples, 400 °C and 500
°C samples showed relatively similar peak intensity of D-band
(~600 cm™), while there is a large decrease in peak tensity of
D-band for 700 °C treated samples. These results were
consistent with the results of BET (decreased SSA, increased
pore size), indicating that significant molecular structure
changes occurred after high temperature pretreatment at 700
°C. Overall, the oxidized 5.3 NiO,/CeO, samples showed higher
concentration and defect ratio than those of reduced samples
at corresponding pretreatment temperatures (Table 2).
Recently, Yang et al., reviewed defect chemistry in CeO,-based
heterogenous catalysis and the author claimed that these
defect structures of CeO, plays a key role in several catalytic
activities.”® The author also introduced several strategies for
introducing defects, such as metal doping, chemical reduction,
size and morphology control, and X-ray or electron beam
irradiation. From Visible and UV Raman results, we can
possibly obtain the information of concentration of oxygen
vacancies/defect sites of oxidized and reduced catalysts, which
can affect the catalytic performance. In addition to defect ratio
changes, visible Raman results showed that the peak position
of F,, was slightly shifted (blue shift, 461 to 468 cm™ (Oxi) and
469 cm™ (Red)), that is might due to disorder of oxygen
species in the lattice, increasing particle size, and deficiency of
ce® species with increasing pretreatment temperature.g"‘g’50
The surface characteristics of the synthesized catalysts were
inferred based on the XPS results. Notably, both oxidized and
reduced catalysts exhibited different trends in response to varying
heat treatment temperatures. For the oxidized catalyst, there was
no significant difference in the ce® ratio between treatments at
400 and 500 °C. However, in the case of reduced catalysts, the Ce**
ratio decreased as the reduction temperature increased from 400
°C to 500 °C, suggesting that, during heat treatment under reducing
conditions, the reduction of ceria did not occur significantly.
Samples treated at 700 °C exhibited similar ce* ratios in both
oxidation (18%) and reduction (19%) processes. In the case of
samples subjected to oxidation, the change in the Ni** ratio was not
significant when heated from 400 to 500 °C, compared to samples
subjected to reduction, which clearly exhibited an increase in Ni**
ratio at both 400 and 500 °C. This observation is likely due to the
formation of NiOOH or Ni vacancies, which lead to the presence of
Ni**.>* Based on the results, it can be inferred that the introduced
OH adsorbed on the nickel oxide surface, resulting in the formation
of hydroxyl groups (NiOOH), leading to an increase in Ni** content.
However, at 700 °C, an increase in the amount of Ni existing as Ni*
was observed in both the oxidized and reduced samples, although it
is not as pronounced. This suggests that the influence of Ni
vacancies due to high-temperature treatment might play a role. In
this experiment, it is evident that both nickel vacancy and NiOOH
did not significantly impact the conversion of CO oxidation reaction
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(Fig. 1 and Fig. 2). The O” to O’ transition in the oxidized sample
remains similar at 400 and 500 °C but decreases at 700 °C. This
could be attributed to the disappearance of surface OH groups and
the reduction of oxygen vacancies. The Raman results indicate a
noticeable reduction in oxygen vacancies, suggesting a stronger
correlation with the decrease in O” ratio as observed in the XPS
results. For samples subjected to reduction, an increase in surface
hydroxyl groups due to the introduction of OH in the process led to
an observed increase in Ni** ratio. However, in contrast, the O”
ratio decreased, indicating a reduction in oxygen vacancies that
exceeds the increase in hydroxyl groups. Moreover, at 700 °C, while
the O” ratio decreased significantly, the ce® ratio did not decrease
as significantly. This implies that the reduction in O” is mostly due
to a decrease in hydroxyl groups.

It was observed that XRD results showed the NiO peaks
only in the oxidized samples, although the 700 °C sample
showed weak NiO peak intensity due to the low Ni wt% (i.e.,
3.9 wt%). In the case of the 400 °C and 500 °C treated samples,
although Ni wt% was very similar (i.e., 9.9 and 9.4 wt%,
respectively), 5.3 NiO,/Ce0,-5000xi sample’s NiO peak
intensity was much higher than that of 5.3 NiO,/Ce0,-4000xi
sample’s one. The results provide that formation of NiO is
directly related to the calcination temperature. For reduced
samples, 400 °C treated sample contained both NiO and
metallic Ni peaks, indicating that 400 °C was not enough to
transfer NiO to Ni under the current experimental conditions.
In the case of the 500 °C and 700 °C reduced samples, Ni was
dominant species, while 5.3 NiO,/Ce0,-700R sample’s intensity
was weak due to relatively lower concentration of nickel
particle. Although the XRD is a bulk technique, the results
clearly provided the evidence of the oxidation state changing
of surface NiO, from Ni** to Ni°. In addition to the BET and
Raman spectroscopy results, the XRD also provided that the
crystallinity and crystallite size of CeO, were depended on the
pretreatment temperature. For instance, the XRD peak
intensity of CeO, increased and became sharpened with
increasing pretreatment temperature due to the sintering or
agglomeration of CeO, under high temperature (Table 4).

4.2 Pretreatment effect on catalytic activity

As discussed above, the pretreatment conditions (oxidation
and reduction) led to change in molecular structures and
textural properties for both support (i.e., CeO,) and supported
catalysts (i.e., NiO,/Ce0O,). From the catalytic activity results
(Fig. 1 and 2), it was shown that the lower temperature (i.e.,
400 °C and 500 °C) pretreated samples showed the better
catalytic performance compared to the higher temperature
pretreated one (i.e., 700 °C). When comparing Fig. 1 and 2, it
was also observed that the oxidized samples showed slightly
higher catalytic performance than that of the reduced
samples. These results indicate that the catalytic performance
of pretreated 5.3 NiO,/CeO, catalysts were not only directly
affected by the temperature, but also related to the gas
composition for the pretreatment procedures. In the case of
the N,O and N, formation (or products’ selectivity), the
chemical reaction of N,0 formation and decomposition could
be related: (1) 2NO + CO = N,O + CO, (AH,°=—381.45 kJ), (2)

This journal is © The Royal Society of Chemistry 20xx
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N,O + CO > N, + CO, (AH,°=-365.05 kJ).">** Based on
thermodynamic values, the N,O formation could be favourable
step compared to the N,O decomposition for the N,
formation. Although non-catalytic reaction is different to the
catalytic reaction, the thermodynamic values and products’
formation is well matched to the current experimental results.
(Fig. 1 (c) and (d), Fig. 2 (c) and (d)) It should be noted that N,
and N,0 could be formed through different reaction pathways:
2NO > N, + 0, (AH,°=—180.5 kJ), 2NO = N,0 + 0.50, (AH,’=—
98.45 kJ), 2N,0 - 2N, + 20, (AHr°=—164.1 kJ). However, these
reactions are thermodynamically unfavourable compared to
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Fig. 9 Relationship between Tso for NO conversion and physical properties of (a)
oxidized and (b) reduced 5.3 NiO,/CeO, catalysts.

the two step mechanisms. Two step mechanisms over the
diverse of catalysts (i.e., solid solution, supported catalysts)
have been reported for NO reduction by CO. X. Yao et al,,

® nio, G i

Preferential NO adsorption

ARTICLE

reported that adsorbed NO (or NOx) on Ceggs;Sng330;
produced the N,O/N, mixture at lower temperature (~200 °C)
and considerable N, production at higher temperature (250—
400 °C). The authors hypothesized that oxygen vacancies and
ce®* surfaces increase the NO dissociation and the CO
adsorption, respectively, at higher temperature which increase
the N, and CO, production.>® X. Zhang et al. and Sugi et al. also
observed the N,0 formation at lower temperature or early
stage at fixed reaction temperature (i.e.,, 200 °C) over
Cu0,/Ce0,-Fe,0; and Fe,05/SiC catalysts, respectively. The
authors suggested that at high temperatures the N,O reduced
to N, instead of displacing by NO.>*®

The temperature of N,O decomposition (or N, formation) was
affected by the pre-treatment conditions, especially under the high
temperature reducing conditions. The N,0 decomposition
temperature over the 5.3 NiO,/Ce0,-700R catalyst was much higher
than that of other samples. It is worthwhile to note that NO or CO
conversion and N, selectivity of 5.3 NiO,/Ce0,-700R didn’t reach
100% up to 500 °C (62% for NO conversion, 44% for CO conversion,
and 37% for N, selectivity at 500 °C). It might be deduced that
decreased catalytic activity can be influenced by combination of the
relatively lower concentration of Ni species (1.4%), lower specific
surface area (22 mz/g), and lower concentration of oxygen
vacancies (0.49 x 10** cm_3) compared to other samples even fixing
at the same surface density (5.3 Ni/nmz). Furthermore, it was
reported that surface oxygen vacancies can promote dissociation
N20.57 With this respect, low oxygen vacancy concentration (low
In/lr2g) of reduced 5.3 Ni/CeO,-700R might interrupt the second
step of reaction mechanism (N,O dissociation by CO). The
relationship between catalytic performance (Tsoq for NO conversion)
and physical properties (Raman peak intensity (lp/lgy), specific
surface area, and CeO, crystallite size) of the catalysts were shown
in Fig. 9. For both oxidized and reduced catalysts, Tsy value was
increased (decreasing catalytic performance) with decreasing defect
ratio (Ip/lrz) and SSA as well as increasing CeO, crystallite size,
indicating that the catalytic performance of catalysts was mainly

RT.

Reaction temperature

500 °C

Fig. 10 Possible reaction mechanism for NO reduction by CO over (a) NiO,/Ce0,-4000xi and (b) NiO,/CeO,-700R. The yellow spheres indicate NiOy

and the red spheres indicate Ni.
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affected by the  physicochemical  properties  (oxygen
vacancies/defect sites, SSA, oxidation state of Ni) at fixed surface
density of nickel (Ni atoms/nm?). The results based on reported
literatures, which investigated NO reduction by CO reaction using
materials, supports, and synthesis methods, are
summarized in Table S1 (based on Ts, for the NO conversion (Tsg o)
and Ts, for the CO conversion (Tsoco))- Tsono ranged from 102 °C to
498 °C, and Tsyco varied from 142 °C to 470 °C. The synthesis
method also significantly infuenced the activity, but from the
perspective of materials, catalysts with CeO,-based materials as the
support showed lower Tso (Pd/CeZr0O,, Tsono = 102 °C) and CuO as
the active material generally achieved lower T, (CuO/CeO,, Tsono =
125 °C). In contrast, catalysts using TiO, or AlLO; as supports
typically showed higher Tso (Pd/ALO3, Tsono = 279 °C, CuO/TiO,,
Tsono = 290 °C). In this work, the prepared catalyst 5.3 NiO,/CeO,-
4000xi achieved relatively low Tsono (167 °C) and Tsqco (175 °C).

various

4.3 Reaction mechanism of NO reduction by CO

Based on the physicochemical characterization results and in-
situ DRIFTS, a possible reaction mechanism for NO reduction
by CO could be proposed for both catalysts, 5.3 NiO,/CeO,-
4000xi and 5.3 NiO,/Ce0,-700R (Fig. 10). Taking the 5.3
NiO,/Ce0,-4000xi catalyst as an example, at low
temperatures, rather than CO, NO is mainly adsorbed in the
several forms of nitrate or nitrite species owing to unpaired
electron of NO. Then, as the temperature gradually increases
up to 220 °C, adsorbed NO gradually undergoes desorption,
decomposition, and transformation into N,O and N,. At the
same time, a few amounts of CO is also adsorbed on the
catalytic surface at low temperature, and as the temperature
increases, CO adsorption becomes more significant. Adsorbed
CO reduces the surface of the catalyst (Ce4+9 Ce3+) resulting in
the formation of more surface oxygen vacancies. Increasing
the presence of surface ce® facilitates additional adsorption
sites for CO, species (CO and CO,), which, in turn, weakens the
N—-O bond and enhances the dissociation of NO,. According to
widely accepted studies®®®’, surface ce® plays a crucial role in
facilitating the adsorption of CO species. Xiong et al. indicated
that the dissociation of NO is a critical step in the NO+CO
reaction, and the presence of oxygen vacancies weakens the
N-O bonds, promoting their dissociation.>® Additionally, Yao et
al demonstrated that surface oxygen vacancies contribute
significantly to the dissociation of N20.54 Consequently, this
promotes the formation of N, and CO, as the end products
from 190 °C. It is expected that the reaction mechanism of 5.3
NiO,/Ce0,-700R is similar to 5.3 NiO,/Ce0,-4000xi. However,
the reaction is expected to occur at a higher temperature. This
is likely attributed to differences in the catalyst's
physicochemical properties, such as lower surface area and
fewer oxygen vacancies in 5.3 NiO,/Ce0,-700R compared to
5.3 NiO,/Ce0,-4000xi.

5. Conclusions

In this study, CeO, support materials were firstly pretreated
under oxidation and reduction conditions at different
temperatures (i.e., 400, 500, and 700 °C). The NiO, supported

12 | J. Name., 2012, 00, 1-3

on the pretreated CeO, catalysts were synthesized at the same
conditions that were used for CeO, support with a surface
density of 5.3 Ni/nm?. ICP/OES results confirmed that the Ni
wt% and SD values were similar to the target values that were
calculated by using synthesized sample's SSA. Afterwards, the
NO reduction by CO reaction over synthesized catalysts were
investigated to understand the relationship between catalyst
synthesis conditions and the catalytic activity. From BET (Table
1) and XRD (Fig. 7) results, it was clearly shown that increased
pretreatment temperature led to formation of NiO (oxidation)
and metallic Ni species (reduction), decreased in SSA and
increased in crystallite size of CeO, support. The Visible and UV
Raman (Fig. 4 and 5) results provided that the concentration of
oxygen vacancy and defect sites, which is crucial to enhance
the catalytic activity, were decreased with increasing
pretreatment temperature. The XPS results provided
information about the oxidation state of the catalyst's surface,
indicating the concentration of oxygen vacancies. Consistent
with the Raman results, it was observed that as the
pretreatment temperature increased, the concentration of
oxygen vacancies decreased. Catalytic activity of both oxidized
and reduced NiO,/CeO, catalysts were decreased with
increasing pretreatment temperature, while the oxidized
catalysts showed slightly higher activity than those of reduced
samples. From in situ DRIFTS results, NO-based surface species
were mainly adsorbed on the active sites (Ni" or Ni2+) at lower
temperature (<250 °C), then were converted to N,O species by
means of exposing CO at 200-250 °C. After N,O intermediate
species formed, CO-based surface species occupied on the
surface of active sites. Finally, N,O could be further reduced to
N, and formed Ni-NO (or Ni-CO) at higher temperature (> 200
°C). CO, produced through the carbonate species formation
and decomposition on the catalyst surface that was pre-
occupied by NO dominantly. Based on physicochemical and
activity results, it can be concluded that catalytic activity of
pretreated NiO,/CeO, catalysts were mainly controlled by the
physical properties of the catalysts.
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