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In this work, pristine and NaBH,4 etched CeO, nanorods supported ruthenium (Ru) catalysts were synthesized
and employed to investigate the effects of chemical etching and reduction activation treatment on CO oxidation.
With 1 wt% Ru loading, the CeO, nanorods supported catalyst sample, after 6 wt% NaBH, etching treatment,
showed significantly promoted H; consumption under 100 °C and low apparent activation energy (E, ~ 31.2 kJ/
mol) for CO oxidation. In-situ CO-DRIFTS profiles revealed that, for the reduced sample, the observed CO adsorp-
tion at ~ 2020 cm~! at 40 °C may be related to a strong RuO,-CeO, interaction induced by the NaBH, etching
process, which were consistent with the oxygen vacancy analysis results of X-ray photoelectron spectroscopy and
CO-temperature programmed desorption. The enriched surface defects on CeO, support surface due to the chem-
ical etching and reduction treatment are believed to promote the interaction between RuOy species and CeOs,
which is responsible for the enhanced activity of CO oxidation.
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1. Introduction

CO oxidation, as a fundamental reaction in vehicle three-way catalytic
converters, is still one of the most important and extensively studied
catalytic reactions. Compared to other commonly used platinum group
elements, such as palladium (Pd), platinum (Pt) and rhodium (Rh),
ruthenium (Ru) has recently attracted significant attention in the fields
of noble-metal catalysts with various applications including electrocat-
alytic CO, reduction and reuse, water splitting, and CO/hydrocarbon
catalytic oxidation due to its comparably lower cost and excellent activ-
ity. Especially for CO oxidation, Ru-based catalysts exhibit enormous
potential with outstanding activity at low temperatures. For example,
Huang et al. [1] reported on novel solid-solution alloy nanoparticles of
Ru and Cu, demonstrating higher CO oxidation activity than fcc Ru
which is one of the best monometallic CO oxidation catalysts. Wang et
al. [2] constructed a Ru-Cos0,4 interface, which can activate the O,
species at the interface, resulting in lowered activation energy and
boosted catalytic performance of CO oxidation. Kim et al. [3] prepared
Ru catalysts supported on various aluminum oxides with different crys-
talline phases and found Ru/a-Al,03 can reduce a high inlet concentra-
tion of CO to less than 10 ppm even in the presence of H,O and CO,
over a wide temperature range.

Ceria (Ce0,) is well-known for its excellent oxygen storage capacity
and high redox ability via a reversible Ce** to Ce3* transition [4,5].
CeO, can act as an active component in many redox-related catalytic re-
actions and has been extensively studied. CeO, nanocrystals with differ-

https://doi.org/10.1016/j.jcis.2022.01.062
0021-9797/© 2021

ent morphologies, such as nanoctahedra, nanospheres, nanocubes, and
nanorods (NR) have been studied to understand the effects of nanopar-
ticle morphology and exposed crystal planes on the activity and selec-
tivity of CeO, supported metal or metal oxide catalysts [6-8]. Accord-
ing to others’ and our previous work [9-11], CeO, nanorods (CeO,NR)
supported metals or metal oxides (i.e. Ru and CuOy) show superior ac-
tivity in water—gas shift reaction and CO oxidation compared to CeO,
nanocubes (CeO,NC) and nanoctahedra (CeO;NO) supported metals or
metal oxides, thanks to the exposed crystal planes and surface defects.

In addition to utilization of catalytically active supports, surface
modification of supports and catalysts has also been widely adopted to
further enhance the performance of existed catalysts system for eco-
nomic and large-scale practical applications [12,13]. For instance, Gao
et al [14] reported that surface engineering of CeO2NR by chemical re-
dox etching resulted in rough, high porosity catalyst surfaces, which
can increase the catalytic activity for CO oxidation due to the enhance-
ment of specific surface area, oxygen vacancy content and the surface
Ce3* fraction of CeO,NR. Han et al. [15] reported the effect of sulfate
acid pretreatment on CeO,/ZrO- catalysts to promote the selective cat-
alytic reduction. Furthermore, Baechong et al [16] studied the catalytic
activity of nanoscale zero-valent iron (Fe®) after NaBH, etching for re-
duction of p-nitrophenol and found that the addition of NaBH, initiated
the disintegration of iron species into smaller clusters with increased re-
active surface.

Based on the literature and above findings, chemical etching (or sur-
face modification) can directly modify the surface of CeO;NR support

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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and show significant influence on the catalytic activity of supported
transition metal catalysts. However, the exact effects of chemical etch-
ing to CeO, supported catalysts need to be revealed to further compre-
hensively understand the role of surface chemistry in the interaction be-
tween Ru species and CeO,NR support. In this study, CeO,NR was first
chemically etched by strong reducing agent NaBH, (hereinafter re-
ferred to as mCeO,NR; “m” refers to “modified”) and then mCeO,NR
supported 1 wt% ruthenium oxide catalysts were prepared and used to
study the effect of chemical etching on the surface chemistry and result-
ing CO oxidation. Temperature and time dependent in-situ diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS) was used to
elucidate the mechanisms of CO adsorption, which can be further used
to investigate the catalysts behavior during CO oxidation. The effect of
strong interactions between Ru species and mCeO,NR on CO oxidation
is discussed.

2. Experiment
2.1. Preparation of pristine CeO,NR support

A hydrothermal method was used to synthesize CeO,NR support.
According to our previous study [17,18], 8.8 mmol cerium nitrate
hexahydrate (Ce(NO3)3-6H,0, Sigma Aldrich, 99%) was dissolved in
88 mL deionized water (DI water). Then, 8 mL of aqueous solution con-
taining 48 mmol NaOH was added dropwise with a pipette into the
Ce(NO3)3 solution with simultaneous mild stirring until the formation
of a milky slurry. After that, the mixture was transferred into a Teflon
lined stainless-steel autoclave and aged at 90 °C for 48 h. To obtain dry,
pristine CeO,NR powder, the sample was filtered and dried at 60 °C
overnight.

2.2. NaBH, chemical etching treatment of CeO,NR powder

To obtain surface modified CeO,NR (m-CeO,NR) support, strong re-
ducing agent NaBH, was used to etch and tune the surface structure/
chemistry of the pristine CeO,NR powder in the following steps [19].
0.5 g CeO,NR powder was dispersed in 250 mL of DI water with vigor-
ous stirring, and 6 wt% NaBH, (powder, >98.0% from Sigma-Aldrich)
was added to the CeO,NR suspension. After stirring at room tempera-
ture for 12 h, the mixture suspension was then filtered and dried at
60 °C overnight. Then the powder sample was finally calcined at 300 °C
for 5 h in air.

2.3. Deposition of ruthenium oxide catalysts on CeO,NR

CeO,NR/mCeO,NR supported RuOy catalysts were prepared by co-
precipitation method. First, 0.5 g of CeO,NR or mCeO,NR was added to
100 mL DI water with mild stirring on a magnetic stirrer. Then the re-
quired amount of Ru precursor (Ru(NO)(NO3)3, Alfa Aesar) was added
to the CeO, suspension to obtain 1 wt% of Ru loading. Aqueous ammo-
nia (NH3-H,0) was added dropwise into the Ru(NO)(NO3)3/CeO5NR or
Ru(NO)(NO3)3/mCeO-NR suspension until a pH value of 7 was
reached. The resulting solution was heated to 80 °C for 4 h on a hot
plate, and then the temperature was increased to 100 °C until a com-
plete water evaporation. The dried catalyst powders were calcined at
300 °C for 5 h under air flow with a heating ramp of 10 °C /min to ob-
tain homogeneous supported RuOy catalysts. The calcined samples
were denoted as RuOy-CeO,NR-0 or RuO,-mCeO,NR-0 (1 wt% = [Ru/
(Ru + Ce03)Iwt X 100%). The reduced supported RuOy catalysts were
synthesized by reducing part of the oxidized Ru catalysts at 300 °C°C
for 5 h with a heating ramp of 10 °C /min in a 5.0 vol% Hy/Ar flow
(200 mL/min). Finally, RuOx-CeO,NR-r or RuOy,-mCeO,NR-r catalysts
were obtained after the furnace was cooled down to room temperature
with the same 5.0 vol% Hy/Ar flow.

2.4. Catalyst characterizations

The crystalline structure of supported RuOy catalysts was analyzed
by X-ray diffraction on a Philips X’ Pert MPD diffractometer with Cu Ka
radiation source (A = 1.5418 1°\). The XRD profiles were recorded in a
range of 20 from 5° to 90° with scanning rate of 0.01° per second. The
working voltage and current for the X-ray diffractometer were 45 kV
and 40 mA, respectively. The Ru content of supported RuOy catalysts
were determined using Apreo scanning electron microscope with an en-
ergy-dispersive X-ray spectroscopy (Bruker XFlash EDS) detector at the
accelerating voltage of 20 kV. The samples of EDS were prepared by
placing small amount of powder on conductive carbon tapes with a flat
surface.

Horiba Labram HR 800 Raman Spectrometer was used for the Ra-
man spectra of catalysts, using 532 nm laser module scanned in the
range of 100-1500 cm~!. A FEI Tecnai F20 operated at 200 KV,
equipped with a high angle annular dark field detector (HAADF) and an
EDAX detector, was used for transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM) with EDS
analysis. The samples were prepared by dispersing powder in ethanol
with ultrasonic and then dropping onto an ultrathin holey carbon film
supported on copper grid (from Ted Pella). A Kratos Axis Ultra DLD
spectrometer with monochromatic Al K, radiation (hv = 1486.6 eV)
was used under ultra-high vacuum (UHV) conditions with base pressure
under 8 x 1019 Torr for X-ray photoelectron spectroscopy (XPS) data
acquisition and CASAXPS software for data analysis. After mixing cata-
lyst powders into ethanol with ultrasonic, the 2-3 droplets of suspen-
sion were then transferred on flat silicon wafer. The final thin-film sam-
ple were obtained after ethanol evaporation in air. The carbonaceous C
1s line at 284.8 eV was used to calibrate the binding energies as an in-
ternal standard.

The specific surface areas of the powder samples were obtained ac-
cording to the Brunauer-Emmett-Teller method (BET) by measuring N,
adsorption/desorption at ~ -196 °C through the signal from a thermal
conductivity detector (TCD) on the Micromeritics AutoChem II 2920
chemisorption analyzer. Hydrogen temperature programmed reduction
(H,-TPR), carbon monoxide temperature programmed desorption (CO-
TPD) and oxygen temperature programmed desorption (O,-TPD) were
carried out on the same chemisorption analyzer to acquire information
on the reducibility and CO adsorption/desorption ability of the sam-
ples, respectively. For a typical H,-TPR experiment, powder sample
(~90 mg) was placed in a quartz U-tube reactor and heated up from
30 °C to 900 °C at a heating rate of 10 °C /min with 10% H, /Ar gas
flow (flow rate: 50 mL/min). For CO-TPD/O,-TPD, 50 mg of catalyst
was first pretreated with He gas flow (flow rate 50 mL/min) at 400 °C
for 1 h to remove residual surface moisture. Second, the catalyst was
saturated by 10% CO/He gas flow for CO-TPD or 5% O,/He has flow for
0,-TPD (flow rate 50 mL/min) at 30 °C for 1 h, and then flushed with
He gas flow (flow rate 50 mL/min) from 30 °C to 900 °C to monitor the
desorption behavior.

A Bruker Vertex 70 FTIR spectrometer equipped with a Harrick cell
and a room temperature DLaTGS detector was used for In-situ diffuse re-
flectance infrared spectroscopy (DRIFTS). The catalyst powders were
flushed by UHP N, gas inside the cell with a flow rate of 30 mL/min at
200 °C for 30 min to remove residual surface moisture. After tempera-
ture back to 35 °C, the background spectrum was collected at the same
flow of N». The temperature-dependent in-situ DRIFTS spectra were col-
lected with 30 mL/min 5 vol% CO/95 vol% Ar mixture feeding gas
with the temperature ramping from 35 °C to 150 °C with a heating rate
of 10 °C/min. The interval of each spectrum for temperature depen-
dences is 10 °C and the first one started at 40 °C. For the time-
dependent in-situ DRIFTS spectra, the catalysts went through the same
pre-treatment as the temperature-dependent experiments. After the col-
lection of background spectrum, the feed gas switched to a 30 mL/min
5 vol% CO/95 vol% Ar mixture feeding gas for 40 min, after which the
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flow was switched back to 30 mL/min UHP N, gas for 40 min. During
the whole time, the DRIFTS spectra were continuously recorded every
10 min by collecting 64 scans with a resolution of 4 cm~1.

2.5. Catalytic activity measurements

The CO oxidation activity toward CO conversion were carried out
with a fixed bed plug flow reactor system, loaded 50 mg of catalyst with
quartz wool. The total flow rate of the feed gas (1 vol% CO/20 vol%
O,/He gas flow) was 30 mL/min, corresponding to a weight hour space
velocity (WHSV) of 36,000 mL h~! g.,;!. The measurements were car-
ried out by heating the reactor from room temperature to 400 °C. The
reactants and products were analyzed by an online gas chromatograph
(SRI multiple gas analyzer GC, 8610C chassis) system. The catalytic sta-
bility test for CO conversion was carried out with the same system of
the activity test. The sample was heated to the experimental tempera-
ture that provides ~ 90% CO conversion and was kept at that tempera-
ture for 24 h. The effect of water vapor was studied with RuO,-
mCeO,NR-r. The water vapor was carried by N, through a water bub-
bler at room temperature. The conversion of CO (Cco) was defined ac-
cording to the following equation:

Cco (%) = ([CO]M - [Co]om‘)/[co]m %100

Where [CO];, is the influent CO concentration and [CO],,, is the ef-
fluent CO concentration.

3. Results and discussion
3.1. Morphological and structural characterizations

The XRD patterns of Ru catalysts supported by unmodified/modi-
fied CeO,NR before and after reduction treatment at 300 °C in 5.0 vol%
Hy/Ar are shown in Fig. 1. Among the four samples, there is no observ-
able phases for Ru species, owing to the low content of Ru (1 wt%) and/
or the excellent dispersion/diffusion of Ru species into CeO,NR lattice.
It has been reported previously that the surface defects of CeO,NR sup-
port promote the ionic diffusion interaction between catalyst and sup-
port [9]. All observed diffraction peaks at 28.5, 33.1, 47.5, 56.3, 59.1
69.4, 76.7, 79.1 and 88.4° correspond to the face-centered cubic CeO,
phase with fluorite structure (JCPDS #34-0394). For the unmodified/

RuO, -CeO;NR-0
+ CeO,

Intensity (a.u.)

i RuO,-mCeO,NR-r

- o
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2-Theta (degree)

Fig. 1. XRD patterns of unmodified/modified CeO,NR supported Ru catalysts
before and after the reduction treatment.

modified CeO,NR supports without Ru loading, they showed very simi-
lar XRD patterns according to our previous work [20].

It can be clearly observed from the Raman spectra in Fig. S1 that the
integrated area of D band follows the order of RuOy-mCeO,NR-
r > RuO4-CeO,NR-r > RuO,-mCeO,NR-0 > RuO,-CeO,NR-0, which is
consistent with the results of oxygen vacancy obtained from the XPS
spectra of O 1 s region. Moreover, RuO,-mCeO,NR-r shows a redshift of
peak for 2TA mode vibration, indicating the lower symmetry of Ce-O
bond or lattice distortion due to the possible formation of the Ru-O-Ce
bonds.

The TEM and HRTEM images of four Ru/CeO,NR catalysts are
shown in Fig. 2. It can be observed that the unmodified CeO,NR support
has a length of 50-80 nm and diameter of 5-10 nm after the Ru loading
and thermal treatments. And the modified CeO,NR after the oxidation
treatment has a length of 30-70 and diameter of 3-7 nm, which is a lit-
tle shorter and thinner than unmodified CeO,NR. There is no signifi-
cantly visible change of particle size or shape after the reduction treat-
ment. The HRTEM images of individual support particles exhibit a lat-
tice fringes spacing with 0.31 nm that can be assigned to (1 1 1) surface
termination of CeO,, and the lattice spacing of 0.27 nm is associated
with the (2 0 0) surface of CeO,. In these supported catalyst particles
the apparent absence of large Ru clusters or nanoparticles suggests
good Ru dispersion on the CeO,NR and/or possible Ru-O-Ce alloying,
which is consistent with the XRD analysis. In addition, Fig. S2-S5 show
the STEM images and EDS elemental mapping for RuO,-CeO,NR-o,
RuO,-mCeO,NR-0, RuO4-CeO,NR-r and RuOy-mCeO,;NR-r, respec-
tively. The EDS mapping results in Fig. S2-S4 exhibit the good disper-
sion of Ru species on CeO,NR supports.

3.2. Catalytic properties and XPS analysis

The H,-TPR profiles of pristine and NaBH, modified CeO,NR sup-
ported Ru catalysts, after oxidation or reduction treatment, are pre-
sented in Fig. 3(a). Owing to the strong H, consumption at low temper-
ature region (below 250 °C) [9,20], the hydrogen consumption peak at
higher temperature region was attributed to the surface and bulk reduc-
tion of CeO,NR and mCeO,NR supports, which was relatively small
when compared to low temperature reduction, suggesting a dominant
low temperature RuO,-related reduction. For the low temperature re-
gion, RuO,-CeO,NR-o0 sample showed three reduction peaks at 100, 117
and 130 °C, while RuO4-mCeO,NR-o sample presented two reduction
peaks at 110 and 125 °C. The presence of multiple reduction peaks for
oxidized Ru catalysts indicates different coordination environments of
Ru or different valence states of Ru species on the surface of CeO,NR
[21]. The peak appeared at 100 °C for RuO,-CeO,NR-o0 was ascribed to
the well-dispersed smaller size RuOy species that can be reduced at
much lower temperature when compared to the well crystallized or ag-
glomerated RuO [9], which explains the existence of peaks at 125 and
130 °C. Compared to the reduction peak at 100 °C, the extra peak at
117 °C for RuO4-CeO,NR-0 might be owing to the well-dispersed RuOy
on CeO,NR surface [22]. The peak at 110 °C of the mCeO,NR supported
Ru catalyst can be assigned to the chemisorbed oxygen (O or Oy) pro-
moted RuOy reduction, which is similar to Wu et al’s report that Ag cat-
alysts supported by CeO, with different surface oxygen species were re-
duced at different temperature [23]. For the reduced samples, one main
peak at 94 °C and a shoulder peak at 102 °C were showed for the RuOy-
CeO,NR-r sample. And the RuO,-mCeO,NR-r sample showed similar
profiles with one main peak at 94 °C and a shoulder peak at 82 °C. The
main reduction peak can be ascribed to the reduction of RuOy with
strong RuO,-CeO,, interaction, which is because the Ru species activate
oxygen ions on CeO-,NR surface and can be easily transferred and em-
ployed [24]. The different reduction temperature of two shoulders may
be owing to different chemically coordinated states of Ru species. Ac-
cording to our previous study [19,20], NaBH, modified CeO,NR pre-
sented more surface defects and these defects acted as active sites for
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Fig. 3. (a) H,-TPR profiles of unmodified/modified CeO,NR supported Ru catalysts before and after the reduction treatment and (b) low temperature TPR region

showing the initial reduction between 20 and 100 °C. (c) CO-TPD profiles.

catalyst clusters trapping and anchoring. Therefore, the Ru species with
defect rich m-CeO,NR surface showed stronger RuO4-CeO, interaction
that can be reduced at lower temperature. On the other hand, the
higher H; consumption of RuO,-mCeO,NR-r also supports the enhance-
ment effect of chemical etching modification on low temperature re-
duction as shown in Table 1. The BET surface area of the RuO,-CeO,NR-
0 (123.3 m?/g) and RuO,-mCeO,NR-0 (118.4 m?/g) sample are similar.
However, the BET surface area of the unmodified CeO,NR supported Ru
catalysts decreased after reduction treatment, which might be attrib-

uted to the sintering of Ru species during the high temperature reduc-
tion treatment.

Fig. 3(b) showed the on-set reduction temperature of four sup-
ported Ru catalysts. It can be observed that: the reduced Ru catalysts
presented much lower “onset” reductivity when compared to the oxi-
dized catalysts, indicating that the reduction treatment may promote a
strong RuOy-CeO, interaction. As a result of NaBH, modification, RuOy-
mCeO,NR-r apparently showed the lowest reduction onset tempera-
ture, which agrees with the result of Hy consumption summarized in
Table 1. On the other hand, compared with the unmodified CeO,NR
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Table 1
Ru content, BET surface area, H, consumption and initial reduction tempera-
ture of Ru catalysts supported by CeO,NR.

Sample Ru BET H, Onset Initial
content surface consumption reduction H,
(wt.%) area (30 °Cto temperature consumption
m?/g 250 °C) °C rate
pmol/g (30 °C to
90 °C)
pmol/(g*s)
RuOy- 0.94 123.3 1735 78 0.36
CeO,NR-0
RuOx- 0.78 118.4 1767 91 0.03
mCeO,NR-
o
RuOx- 0.89 102.9 860 57 0.66
CeO,NR-1
RuO,- 0.75 133.6 1127 50 1.36
mCeO,;NR-r

supported Ru catalysts, RuO,-mCeO,NR-o and RuO,-mCeO,NR-r
showed an extra reduction peak and lower reduction temperature be-
tween 200 °C and 900 °C (Fig. S6), indicating the promotion effect of
NaBH, etching on the reducibility of the CeO,NR supports and sup-
ported catalysts.

The CO-TPD profiles of the CeO,NR supported Ru catalysts are illus-
trated in Fig. 3(c). The CO desorption profiles of the supported catalysts
can be divided into three different peak regions [25-27]. The peak re-
gion I from room temperature to 180 °C is assigned to the CO, desorp-
tion from CO oxidation with overactive surface oxygen species, and the
peak region II from 180 °C to 650 °C can be assigned to the CO, desorp-
tion from CO oxidation through lattice oxygen species of CeO, and the
conversion of surface and interface carbonates. The peak region III from
650 °C to 800 °C corresponds to the CO, desorption from decomposi-
tion of carbonate species. It should be noted that the strong peak for
RuOy-mCeO,NR-1 near 550 °C indicates a different type of CO, desorp-
tion site, which could be due to the different oxygen species on the
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modified CeO,NR surface. Additionally, according to the O,-TPD pat-
terns from Fig. S7, all the Ru catalysts show the better oxygen adsorp-
tion than CeO,NR supports with/without modification. Moreover,
RuOx-mCeO,NR-r shows the highest total amount of chemically ad-
sorbed oxygen species, which is consistent with the results obtained
from Raman and XPS.

By analyzing the Ce 3d spectra, the chemical states and concentra-
tion of cerium ions (Ce3*/Ce**) on the surface of different CeO,NR
supports were investigated and shown in Fig. 4(a). The calculated con-
centrations of cerium, ruthenium and oxygen species are summarized
in Table 2. Corresponding to the 3d3/,» and 3ds,» spin—orbit coupling,
the spectra of Ce 3d can typically be divided into 10 peaks, where the
peaks vy, V', ug and u' ascribe to the Ce3* state, while the peaks v, v", v",
u, u", u" attribute to the Ce** state[28]. The concentration fraction of
Ce®* to the total Ce species was calculated by the integrated peak areas
of Ce3* and Ce** from the Ce 3d spectra [29]. As shown in Fig. 4a, the
concentration fraction of Ce3* is 9.0% for RuO,-CeO,NR-0, 9.3% for
RuO4-mCeO,NR-0, 10.4% for RuO4-CeO,NR-r and 10.8% for RuOy-
mCeO,NR-r. It is known that Ce3* ions prefer to form with the vicinity
of oxygen vacancy and other types of surface defects [30]. On the other
hand, Ce3* can also present near the doping sites of Ru ions to balance
the charge difference (Ru**, Ru®* and Ce**).Table 3

The O 1s spectra for the CeO,NR supported Ru catalysts are dis-
played in Fig. 4(b). In literature, the observed O 1s peaks around
530 eV in CeO44 (0 < x < 0.5) are typically ascribed to three kinds of
oxygen species: lattice oxygen (Op); vacancy related oxygen species
(Ov); and surface-chemisorbed oxygen species (O¢) or oxygen in hy-
droxyl groups (Ooy) [11,31]. Due to the high surface concentration of
oxygen vacancy in the prepared CeO,NR [14-17,24], the peaks at
529.4, 531.5 eV, 532.3 eV and 533.8 eV are assigned to lattice oxygen
(Op), oxygen vacancy/defects (Oy), surface-chemisorbed oxygen
species (O¢) or oxygen in hydroxyl groups (Oon) on the surface of
CeO,NR, respectively. Pu et al [32] studied the Pr- and Cu- doped CeO,
catalysts, proposing a possible pathway for CO oxidation, where the
first step was believed to involve the O, chemisorption on the catalyst
surface and highly associate with sites like the oxygen vacancy (O,). As
shown in Fig. 4(b), the relative concentration of O is calculated by the
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Fig. 4. XPS spectra of (a) Ce 3d, (b) O 1s, and (c) Ru 3d for unmodified/modified CeO,NR supported Ru catalysts before and after the reduction treatment.
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Table 2
Concentration of Ce3*, Ru®*/Ru"* and O, of Ru catalysts.
Sample Ce3* Ru®* Ru"* OV/Oxotal
(at.%) (at.%) (at.%) (at.%)

RuO4-CeO,NR-0 9.0 100 0 45.5
RuO4-mCeO,;NR-0 9.3 71.7 28.3 36.4
RuOy-CeO,NR-1 10.4 82.2 17.8 46.6
RuO4-mCeO,NR-1 10.8 8.6 91.7 47.2

Table 3

Peak assignments of in situ DRIFTS spectra for CeO,NR supported Ru cata-
lysts.

Wavenumber Description Ref
(ecm™)
~2180 CO gas [39]
~2130/ CO- Ru®+ [39,
~2060 40]
~2044 CO-Ru® [41,
42]
~2020 CO-Ru® [43]
~1999 CO adsorbed on oxygen vacancies or the CO IR-adsorption [39,
band which is unique to Ru-doped CeO, 44]
~1977 CO-Ru at Ru-CeO, interface [45]
~1873/ CO-0y at Ru-CeO, interface [43]
~1844

integrated peak area of the oxygen species. The values of the concentra-
tion are 45.5%, 36.4%, 46.6% and 47.2% for RuO,-CeO,NR-0, RuO,-
mCeO,;NR-0, RuO4-CeOoNR-r and RuO,-mCeO,NR-1, respectively. In
addition, the presence of O¢ in RuOy-mCeO,NR-o0, which is consistent
with the H,-TPR results, indicates that more surface defects and
chemisorbed oxygen species were generated by a combination of the
NaBH, etching and RuOy deposition on the defect rich CeO,NR surface.
These results clearly show the NaBH, etching effect on chemical and
structural changes on the support surface, particularly leading to active
surface oxygen species which may be related to their catalytic perfor-
mance.

Fig. 4(c) shows the XPS spectra of Ru 3d for RuO,-CeO,NR-0, RuO,-
mCeO,NR-0, RuO4-CeO,NR-r and RuO,-mCeO,NR-r. With a little tricky
analysis of the Ru 3ds,, peaks, the peak at around 282.9 €V can be as-
signed to the Ru®* for RuO,-CeO,NR-0, RuO,-mCeO,NR-0 and RuO,-
CeO,NR-r. The peaks at around 281.9 eV are associated with the Ru"*
(4 < n < 6) for RuO,-mCeO,NR-0 and RuO,-CeO,NR-1. It can be ob-
served that the peaks for Ru®* and Ru* for RuO,-mCeQO,NR-r shifted
to higher binding energy when compared to other Ru catalysts. Accord-
ing to Guo et al’s study [33], the charge density of Ru deposits is highly
affected by the interfacial charge transfer, indicating that their oxida-
tion states are extremely correlated with the strength of electronic in-
teraction between RuOy and CeO,. They found that the Ru catalysts
with stronger electronic interaction show slightly higher average va-
lence state of Ru species, exhibiting higher binding energy. Therefore,
the higher binding energy of Ru"* and larger amount of Ru"* species
imply the stronger RuO4-CeO, interaction for RuO,-mCeO,NR-r, which
is promoted by the surface defects on modified CeO,NR surface. The
other two intense peaks at around 284.8 eV and 289.2 eV are for C 1s
peaks. For the oxidized Ru catalysts, it can be observed that the concen-
tration of Ru"* species increased on mCeO,NR surface when compared
to that of RuO4-CeO,NR-o. This can be explained by that Ru"* are most
likely formed from the small RuOy (0 < x < 1) clusters with the strong
RuO,-CeO, interaction at the interface. Compared to the unmodified
CeO-NR supports, the CeO,NR supports after NaBH, modification gen-
erated large amount of surface defects including oxygen vacancies,
steps and voids, which can help anchor and trap Ru ion species and
strengthen the interaction between RuOy and CeO, [34]. For the re-

duced Ru catalysts, the concentration of Ru* species further increased
to 91.7% for RuO,-mCeO,NR-1, which is owing to the combination of
surface etching effect and reduction treatment induced defects. Both
Bhaskar et al [35] and Qadir et al [36] reported that the reduction treat-
ment boosted the formation of Ru*, which is consistent with the re-
sults in this study. Clearly the results of XPS spectra for O 1s region
show that RuO4-mCeO,NR-r possesses the highest concentration of oxy-
gen vacancy (Oy).

3.3. In-situ DRIFTS study

The temperature dependent in-situ DRIFTS spectra of CO adsorption
on RuO4-CeO,NR-0, RuO,-mCeO,NR-0, RuO,-CeO,NR-r and RuO,-
mCeO,NR-r are shown in Fig. 5(a ~ d). The initial state (40 °C) and fi-
nal state (150 °C) of the in-situ DRIFTS spectra for four samples are sum-
marized and compared in Fig. 5(e, f). Except for the gas-phase CO sig-
nals at around 2180 cm™!, the high-frequency peak at around
2130 ¢cm~1/2060 cm~! for CO adsorption spectra can be assigned to the
multicarbonyl species formed by binding two or three CO ligands to
Ru®* sites [37,38]. The weak band at around 2044 cm~! for RuO,-
CeO,NR-o0 can be assigned to the C—O vibrations of linearly adsorbed
CO on Ru® sites [39,40]. The very weak band at around 2020 cm~! for
RuO,-CeO,NR-r and RuO,-mCeO,NR-r are associated to another lin-
early adsorbed CO on high defect concentration sites and/or isolated
Ru? species surrounded by partially oxidized Ru, [CO-Ru®] [40]. The
strong band at around 1990 cm~! for RuO,-CeO,NR-0 and RuO,-
mCeO,NR-o is attributed to CO adsorbed on oxygen vacancies or the CO
IR-adsorption band which is unique to Ru-doped CeO, [37,41]. The
similar band at around 1977 cm™! for RuO,-CeO,NR-r and RuOy-
mCeO,NR-r is ascribed to the bridged CO bonded to Ru at Ru-CeO, in-
terface [42]. The unique band at 1844 cm~! for RuOx-mCeO,NR-r can
be assigned to the bridged CO bonded with Ru-CeO, interface [Ru,-
(CO)] [40].

For RuO,-CeO,NR-0, all bonds including CO-Rud*, CO-Ru® and CO-
O, became stronger with increasing temperature, indicating strong
thermal stability at higher temperature (up to 150 °C). For RuOj-
mCeO,NR-o, all CO adsorption bands are similar to those of RuOy-
CeO,NR-0, except for the CO-Ru® bond. There is no significant signal
for CO-Ru® in RuO,-mCeO,NR-o, indicating the absence of Ru® state on
surface. Kim et al [43] synthesized Pt/TiO, catalysts with different Pt
valence state and chemisorbed oxygen species. Their DRIFTS analysis
showed that the chemisorbed oxygen species were involved in the for-
mation of formate species, which would react with moisture and form
CO-Pt° bonds. Therefore, the absence of CO-Ru® in RuO,-mCeO,NR-0
may be due to the inhabitation effect of chemisorbed oxygen species on
surface, which would form formate with CO flow rather than direct lin-
ear adsorption. This result is consistent with the H,-TPR and XPS re-
sults.

For RuO,-CeO,NR-1, the similar bands shifted to lower wavenumber
when compared to those of RuO,-CeO,;NR-o, indicating the lower aver-
age valence state of Ru [44]. And there are strong signals for CO gas at
around 2180 cm~!, which is even more obvious in Fig. 5(e). The exis-
tence of CO gas in spectra reveals the weaker CO absorption capacity of
the reduced Ru catalysts than that of the oxidized Ru catalysts. On the
other hand, RuO,-CeO,NR-r displays no signal at around 2044 cm~! for
CO-Ru®. But it shows another CO-Ru® band at around 2020 cm~!, which
was very weak and the absorbance decreased with increasing tempera-
ture, indicating the poor thermal stability at higher temperature. When
temperature reached 150 °C, the signals of CO-Ru® and CO gas bonds
seem disappeared, implying that the CO-Ru® was transformed to CO-
Ru®* and/or CO-O, bonds and the CO adsorption was promoted. For
RuO,-mCeO,NR-1, there is a stronger CO-Ru® at around 2020 cm~!, in-
dicating it has a better CO adsorption ability than RuO4-CeO,NR-r at
low temperature, which is consistent with H,-TPR results. With temper-
ature increasing to 150 °C, CO-Ru® disappeared and a new band CO-O,
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Fig. 5. In situ DRIFTS spectra of CO adsorption on (a) RuO,-CeO,NR-0, (b) RuOy-mCeO,NR-0, (c) RuO4-CeO,NR-r and (d) RuO,-mCeO,NR-r. The figures of (e) initial

and (f) final state for In-situ DRIFTS spectra are summarized.

at the Ru-CeO, interface formed. Li et al [11] synthesized and ran tem- Similar to the temperature dependent in-situ DRIFTS as shown in
perature-dependent in-situ DRIFTS of CO oxidation for 5.0 wt% Fig. 6 (a ~ d), the assignment of time dependent in-situ DRIFTS spectra
Ru/CeO,NR. They observed the CO-Ru® at 2029 ¢cm~! and also found of CO adsorption for as-prepared Ru catalysts can be concluded that:
the increasing absorbance of CO-O, at 1850 cm~! with decreasing ab- the peaks at around 2120 ¢cm~!/2060 cm~! for CO adsorption spectra is
sorbance of CO-Ru® when temperature increased, which agrees well for the multicarbonyl species formed with CO ligands to Ru®™ sites. The
with the results in this study. And Kroner et al [45] also demonstrated bands at around 2020 cm~! for RuO4-CeOsNR-r and RuOy-mCeO,NR-r
that bridged CO species were suggested to form with RhO sites, which is are associated to linearly adsorbed CO with Ru®. The peaks at
similar to the case of Ru/CeO, in this study. In addition, the bridged CO 1990 cm~! and 1980 cm~! are associated with the CO adsorbed on oxy-
shows excellent activity for the oxidation of CO, even better than the gen vacancies and bridged CO bonded to Ru at Ru-CeO, interface, re-
linear bonded CO in the case of FeO,/Pt/TiO, catalysts with H, flow. spectively. The band at 1873 cm~1/1844 cm™! can be assigned to the
Therefore, both the strong CO-Ru® bond at low temperature and the bridged CO bonded to oxygen vacancy.
bridged CO adsorption CO-O, at high temperature attribute to the out- By comparison of the time-dependent DRIFTS spectra of CO adsorp-
standing activity of CO catalytic oxidation. tion on two oxidized Ru catalysts, the RuOxCeO2NR-0 shows two CO-O,
peaks at 1873 cm~! and 1844 cm™! different from those of RuO,-
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(f) compare the initial and final state for in situ DRIFTS spectra.
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Fig. 7. Temperature-dependent in situ DRIFTS spectra of CO adsorption on (a) CeO,NR, (b) calcined CeO,NR, (¢) commercial RuO,-0 and (d) commercial RuOy-r.

mCeO,NR-o. The first profiles (CO for O mins) and last profiles (N5 for
40 mins) of the time-dependent in-situ DRIFTS spectra are summarized
in Fig. 6 (e-f). The absorbance of RuO,-mCeO,;NR-o is significantly
higher than RuO,-CeO,NR-o0 at the initial state (CO for 0 mins) and this
difference is kept to final state (N, for 40 mins). This enhanced CO ad-
sorption ability may be owing to the extra CO adsorption to formate
species with chemisorbed oxygen induced by the NaBH4 modification.
For the reduced Ru catalyst samples, there are two peaks at 2018 cm™!
and 2014 cm~!, which correspond to the CO-Ru® bonds for RuO,-
CeO,NR-r and RuO,-mCeO,NR-1, respectively. The absorbance of this
CO-Ru® bond for RuO,-mCeO,NR-r is much larger than that for RuO,-
CeO,NR-1, which is consistent with the DRIFTS spectra of the tempera-
ture-dependent results. In addition, this bond existed at the initial state
and was not be transferred during the whole process, indicating the
strong bonding energy between CO molecules and Ru® sites, which can
only be destroyed at high temperature. By comparison for the domi-
nated bands at around 2120 cm~1/2060 cmof the samples before and
after reduction, the RuO4-CeO,NR-0 sample shows higher absorbance
than the RuO4-CeO,NR-r sample, and the RuO,-mCeO,NR-0 shows
higher absorbance than the RuO4-mCeO,NR-r sample, both in the first
and the last profiles. The result of this order is similar to the previous re-
sults including the H, consumption and concentration of Ru"*, indicat-
ing that the Ru species shown lower valence state express better re-
ducibility and CO adsorption capability.

However, according to the temperature-dependent in-situ DRIFTS
spectra of CO adsorption for CeO,NR, calcined CeO,NR, commercial
RuO,-0 and commercial RuO,-r in Fig. 7 (a-d), there are no relatively
strong CO adsorption bonds can be observed at the region between
2200 cm~! to 1800 cm~! except for the signals of gas-phase CO, when
compared with the CeO,NR supported Ru catalysts. This is consistent
with Liu et al’s work [7] that there is very weak or no significant CO ad-
sorption behaviour for pristine RuO, compared with the supported one.

These results indicate that the strong interaction between RuOy and
CeO,NR helped reinforce the CO adsorption on Ru sites at the RuOy-
CeO, interface. These CO species formed with that interaction en-
hanced the migration of CO during CO oxidation and finally promoted
the activity of the Ru catalysts for catalytic reaction.

3.4. CO oxidation performance

Fig. 8 (a) shows the CO light-off profiles for four CeO,NR sup-
ported Ru catalysts. It can be noted that the sequence of CO conver-
sion for 100%: RuO,-mCeO,;NR-0 (over 400 °C) > RuO,-CeO,NR-0
(278 °C) > RuO4-CeO,NR-r (273 °C) > RuO,-mCeO,NR-r (176 °C),
which agrees with the on-set temperature results (Fig. 3(b)) from Hp-
TPR. Even though RuO4-mCeO,NR-0 exhibited the highest CO ab-
sorbance intensity for time-dependent in-situ DRIFTS, the reduced Ru
catalysts present relatively higher conversion at low temperature re-
gion (below 100 °C) owing to the CO-Ru® bonds at around
2020 cm~! for temperature dependent in-situ DRIFTS. In addition,
the presence of CO-Ru® sites at around 2044 cm~! for RuO,-CeO,NR-
o leads to the high activity at low temperature when compared to
RuO,-mCeO,NR-0. When temperature is above 100 °C, there is no
CO-Ru® adsorption pattern for all Ru catalysts. But the particular for-
mation of CO-O, on Ru-CeO, interface for RuO,-mCeO,NR-r rein-
forces the further CO adsorption and finally promotes the CO cat-
alytic oxidation reaction, leading to the lowest conversion tempera-
ture for a complete oxidation. The apparent activation energies for
CeO,NR supported Ru catalysts are shown in Fig. 8(b). The values of
the activation energies for Ru/CeO;NR-o, Ru/CeO.NR-r,
Ru/mCeO,NR-0, and Ru/mCeO,NR-r are 34.5, 59.4, 43.6, and
31.2 kJ/mol, respectively. This result suggests that these Ru catalysts
were activated by the reduction treatment, which is consistent with
the in-situ DRIFTS results that the presence of new Ru state and extra
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Fig. 8. (a) CO conversion of unmodified/modified CeO,NR supported Ru catalysts and (b) Arrhenius plots.

CO-Ru® adsorption promoted the performance of CO oxidation. It
should be noted that these activation energies were calculated at dif-
ferent temperature ranges to better fit into the power law rate equa-
tion. Fig. S8 shows the stability test results of RuOy-CeO;NR-0, RuOy-
mCeO,NR-0, RuO,-CeO,NR-r, and RuO,-mCeO,NR-r. It can be ob-
served that all four catalysts were relatively stable during the dwell
time of 24 h, indicating that the NaBH, etching treatment is a ther-
mally effective and stable method to enhance the catalytic activity of
the prepared catalysts for CO oxidation. Fig. S9 shows the compari-
son results of CO conversion under dry gas and humid gas (1 vol%
H,0) for RuO4-mCeO,NR-r, which performed better under dry gas,
indicating a negative effect of 1 vol% H,O on CO oxidation.

4. Conclusions

In conclusion, unmodified and modified CeO,NR were synthesized
and applied as supports to load 1 wt% of RuOx catalysts for CO oxida-
tion. It was observed that the chemical etching and reduction treatment
highly influenced the CO adsorption behavior and CO oxidation activ-
ity. The modified CeO,NR supported reduced Ru catalysts showed the
highest concentration of oxygen vacancies, superior low-temperature
reducibility, strongest RuO4-CeO- interaction and highest CO oxidation
activity (100 % conversion at 176 °C). However, regarding to RuO-
CeO,NR-1, the less amount of Ru"* species on surface and lower re-
ducibility resulted in the inferior catalytic activity. There is a dominat-
ing factor contributing to these variances: surface chemical environ-
ment of catalyst clusters. XPS revealed the promotion effect of surface
oxygen vacancies and XRD exhibited the boosted dispersion of RuOx
species after chemical etching treatment and reduction activation,
which lead to more active sites on the surface or at interface. As a result
of that, the modified CeO,NR supported reduced Ru catalysts per-
formed better ability to trap and anchor RuOy species on surface, result-
ing in stronger interaction between RuOy and CeO, support. In-situ
DRIFTS presented that oxygen species and Ru"* species on surface with
strong interaction remarkably enhanced the CO adsorption capability
for CO oxidation, which is crucial for the low temperature CO oxidation
reaction with Ru/CeO, catalysts.
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