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ARTICLE INFO ABSTRACT

Keywords: Bimetallic catalysts often outperform monometallic catalysts due to changeable structural orientation, synergistic
In situ DRIFTS effects, and integration of two different metal or metal oxide properties. Here, a series of CeO, nanorods (NR)
CO-TPD

supported bimetallic CuOx and RuOy catalysts (Cu: Ru ratios of 9:1, 7:3, and 5:5) were prepared using a wet
impregnation method. In situ DRIFTS, H, temperature programmed reduction (H,-TPR), CO temperature pro-
grammed desorption (CO-TPD), and other characterization techniques were used to investigate the effect of the
Cu:Ru ratio on the activity of low-temperature CO oxidation. Among three catalysts, CeO; NR supported 7 wt%
Cu-3 wt% Ru catalyst after a reduction activation treatment showed the best performance with 100 % CO
conversion at 166 °C and the lowest activation energy of 18.37 kJ mol~!. Raman and XPS profiles revealed that
the origin of the superior performance is at least partially related to the high surface oxygen vacancy concen-
tration and other distinct oxygen species (physi-/chemi-sorbed oxygen and bulk lattice oxygen), leading to
outstanding adsorption and oxidation property of CO.

CuOy-RuOy, bimetallic catalyst
CeO, nanorods
CO oxidation

1. Introduction to its impressive activity, selectivity, and resistance toward catalyst
deactivation, as well as its low energy consumption and environmentally
CO oxidation via heterogeneous gas-solid catalysis is prominent due friendly process [1,2]. More recently, it has become increasingly
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apparent that surface engineered ceria (CeOs) as a support can signifi-
cantly promote the activity of supported metal or metal oxide catalysts
for low temperature CO oxidation thanks to the strong metal support
interaction (SMSI) and/or oxygen exchange. CeO; is frequently pre-
scribed as a catalyst promoter due to its facile oxygen mobility (oxygen
release and storage capacity), easy oxygen vacancy formation, and
remarkable redox property (easy transition between Ce*" and Ce®") due
to the narrow Ce f-band [3]. In addition, shape-controlled or surface
engineered CeO, nanoparticles, such as nanorods (NR), nanocubes (NC),
and nanofibers (NF), showed distinct catalytic activity due to the su-
periority in cluster trapping/anchoring, tuning of exposed crystal
planes, and SMSI [4-6]. Face centered cubic CeOy has three most ther-
modynamically stable crystal planes: (111), (110), and (100) [7]. The
surface energy and oxygen vacancy formation energy follow the order
(111)<(110)<(100)and (110) < (100) < (111), respectively [8].
High resolution transmission electron microscopy (HRTEM) studies
have shown that CeO; NR exposed the majority of (110) and (100)
facets, while defect-rich (111) planes were also observed [9,10]. For
example, Pan et al. [11] studied the effect of CeO5 shapes on the CO
oxidation performance using CeOy NR, nanowires (NW), nanotubes
(NT), and NC. They concluded that CeO, NR exhibited enhanced low
temperature catalytic properties due to the exposed (110) facets. Like-
wise, Lin et al. [12] reported that Au/CeOy NR presented superior
water—gas-shift performance compared to Au/CeO; NC. In the same
vein, Wang et al. [13] reported excellent CO oxidation performance for
cost-effective transitional metal doped CeO3 NR.

Noble metals Pt, Pd, Au, and Rh are well-known active catalysts for
low temperature “oxidation” reactions due to their high catalytic ac-
tivity [14]. Recently, CeO, supported Ru has been frequently reported to
present outstanding lower temperature CO oxidation activity [15,16].
For instance, Mitsui et al. [17] showed that Ru-based CeO, catalysts
excelled over other noble metals Pt, Pd, and Rh-based CeO catalysts for
the oxidation of ethyl acetate. Ru is known to be able to facilitate the
breakdown of C—C and C—H bonds [18]. In addition, the addition of Ru
in CeO, enhances oxygen vacancy formation and promotes both chem-
isorption and weak physisorption of CO molecules [19]. It was also re-
ported that the Ru** ion substitution in the CeOj lattice can activate the
oxygen supply during oxidation and play a crucial role in low-
temperature CO oxidation. Besides CO oxidation, Ru-incorporated
CeO, was also reported as highly active catalyst for CO, methanation
and alcohol or aldehyde oxidation [20].

On the other side, recently, transitional metal oxides have attracted
significant attention to replace noble metals as cost-effective and sus-
tainable alternative catalysts for CO oxidation. Among a variety of
transition metal oxides, the Cu-based catalysts (Cu—CuzO-CuO system)
showed remarkable performance on low-temperature CO oxidation,
which was well reported from both theoretical and experimental aspects
[21,22]. For example, Guo et al. [23] claimed that CuO/CeO,-rod and
CuO/CeOs-polyhedra have higher low-temperature catalytic oxidation
due to highly active species of Cu™, more vital interaction with CeO,
support, and more oxygen vacancies on the surface. It was noted that Cu
ions prefer to oxidize as Cu™ with the exposure of (111) plane of CeOs,
which was also considered as a key factor of higher catalytic activity on
shape controlled CeO5 [24]. Martinez et al. [25] reported that CuOy (0
< x <1) clusters can be partially or fully reduced with CeO5 and provide
Cu™ species for CO chemisorption. At the same step, oxygen can be
supplied by CeO, support by the Ce**/Ce3* redox cycle, which provides
oxygen species for the CO oxidation reaction.

Bimetallic catalysts and metal alloys have emerged as a popular
material design approach to improve catalytic activity compared to its
monometallic catalyst counterpart. For example, Guo et al. [26] re-
ported that the addition of a secondary metal Mn, in Cu-based catalyst,
reduced the half CO conversion (Ts5¢) temperature from 371.3-455 K to
369.6-389.2 K. Pt-Ru bimetallic catalysts have also been investigated for
their effective synergy in electrooxidation of methanol or direct meth-
anol fuel cell (DMFC) [27]. Many experimental and theoretical studies
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highlighted the critical role of the interfaces between bimetallic catalyst
clusters with supporting material [28,29]. In this study, we intend to
investigate the performance of CeO NR supported CuO,-RuOy (x is a
variable due to the catalyst-support interaction and oxidation/reduction
treatments) bimetallic catalysts for low-temperature CO oxidation.
While previous studies have extensively examined Cu and Ru-based
CeO, monometallic catalysts for CO oxidation, limited experimental
evidence exists for CuOx-RuOy bimetallic catalysts’ interaction with
CeO,. Therefore, the present study seeks to investigate the synergy be-
tween CuOyx and RuOy on the CeO; support for CO oxidation.

2. Experimental
2.1. Catalyst preparation

CeO NR support was prepared by a hydrothermal method consistent
with our previous investigation [30,31]. Here, 8 mL of 6.0 M NaOH
(VWR, 99 %) solution was mixed dropwise with 88 mL of 0.1 M Ce
(NO3)3-6H50 (Acros Organics, 99.5 %) solution in a 200 mL Teflon liner
and stirred for ~15 s. Then the white precipitated suspension was put
into a stainless-steel autoclave with tight sealing and heated at a
ramping temperature of 10 °C/min and kept at 90 °C for 48 h. Following
the hydrothermal reaction, the sample went through a filtering process
by thoroughly washing with distilled water and ethanol, respectively, to
remove the residual salts and to avoid hard agglomeration of the
nanoparticles. The collected sample was then dried at 60 °C for 12 h and
grinded with mortar and pestle to obtain CeOz NR powder.

The incipient wet impregnation method was used to prepare the
CeO2 NR supported CuOx-RuOy bimetallic catalysts. First, each 0.9 g
CeO; NR was suspended in three 200 mL beakers with 100 mL deionized
water. Then, Cu(NOs),-2.5H,O and Ru(NO)(NOs); (Alfa Aesar) were
added based on the Cu and Ru ratios of 9:1, 7:3 and 5:5, followed by
tuning the pH value of the solution with 0.5 M aqueous solution of
ammonium hydroxide (NH3-H0O, BDH, 28-30 vol%) to ~9. The sus-
pensions were then stirred (400 rpm) for 4 h at 80 °C and dried in an
oven overnight. After that, the dried powders were calcined at 350 °C for
5 h (the oxidized sample, i.e., 9 wt% Cu-1 wt% Ru/CeO5 NR-0). After-
wards, a portion of each of the oxidized samples was reduced in a tube
furnace under 5 vol% H»-95 vol% He atmosphere at 300 °C for 5 h (the
reduced sample, i.e., 9 wt% Cu-1 wt% Ru/CeOy NR-1).

2.2. Catalyst characterization

The powder samples were analyzed using a Phillips X'Pert MPD
diffractometer for X-ray diffraction (XRD) equipped with a copper Ka
radiation source with a wavelength (1) of 0.154 nm, voltage of 40 kV,
and emission current of 40 mA. The diffraction pattern was recorded
with a step size of 0.5° min~! in the range of 20 between 10 °C and 90 °C.
JADE software was utilized for XRD pattern analysis and phase
identification.

Surface area was assessed using a single point Brunauer-Emmett-
Teller (BET) method with nitrogen physisorption at ~77 K. Ha-tem-
perature programmed reduction (Hy-TPR) was carried out using a
Micromeritics AutoChem II 2920 chemisorption analyzer. The sample
(85-95 mg) was placed in a quartz U-tube with quartz wool and heated
at a ramp rate of 10 °C/min from 30 °C to 900 °C. Concurrently, a 10 vol
% Ha— 90 vol% Ar gas mixture with a 50 mL/min flow rate was supplied.
A thermal conductivity detector (TCD) was used to measure the Hj
uptake during the reaction.

Carbon monoxide temperature-programmed desorption, or CO-TPD,
was used to examine the interaction of CO with the catalyst surface. This
characterization was performed using the same chemisorption analyzer
(Micromeritics AutoChem II 2920). Each powder sample was first placed
put in a quartz U-tube microreactor sandwiched with quartz wool. Then
the sample was heated from room temperature to 400 °C in He stream
(flow rate: 50 mL/min) to eliminate residual moisture. After the sample
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Fig. 1. (a, b) XRD patterns (a: the oxidized samples and b: the reduced samples) and (c) EDS line profiles of CeO, NR supported CuOx-RuOy bimetallic catalysts

before and after the reduction treatment.

was cooled down to room temperature, 10 vol% CO-90 vol% He mixture
gas flowed at 50 mL/min through the sample for 60 min. Finally, under
He gas environment, the CO desorption behavior of the catalyst was
subsequently recorded using a TCD by ramping the temperature up to
800 °C at a linear heating rate of 10 °C/min.

The sample for TEM characterization was prepared using diluted
powder suspension with ethanol which was dropped on a 400-mesh
copper grid (Ted Pella Inc.) following ultrasonication and was then
dried in air. HRTEM and TEM images for the prepared samples were
taken by a FEI Tecnai F20 TEM with an acceleration voltage of 200 kV to
analyze particle size, morphology, and atomic-level structure. A JEOL
7000 FE SEM instrument was used to obtain energy-dispersive X-ray
spectra (EDS) and elemental mappings.

For Raman spectroscopy characterization, a Horiba LabRAM HR 800
Raman spectrometer (equipped with 100x-long working distance
objective, NA = 0.60) was used to assess each catalyst in the spectral
window of 100 to 1200 cm ™. Prior to analysis, a diode-pumped solid-
state (DPSS) laser system (Laser Quantum MPC6000) tuned at A = 532
nm was used for excitation. Before executing each analysis, the spec-
trometer was calibrated via a single crystal Si wafer.

A Kratos Axis Ultra DLD spectrometer was used for X-ray photo-
electron spectroscopy (XPS) analysis to determine the elemental chem-
ical states and surface composition. The data was collected by using a

monochromatic Al Ka (hv = 1486.6 eV) source under ultra-high vacuum
(1071° Torr), and the binding energies were calibrated internally by the
carbon deposit C 1s binding energy (BE) at 284.8 eV. The CASA XPS
software was used to conduct the fitting and deconvolution of the
profiles.

Temperature and time dependent in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) experiments were measured
by a Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer
equipped with a Harrick Praying Mantis DRIFTS accessory, with a res-
olution of 4 cm™!. For CO adsorption, 1 vol% CO and 99 vol% Ar gas
mixture was fed into the reactor with a flow rate of 100 mL/min for 20 or
35 min. Prior to each CO adsorption step, the sample was pretreated
with Ar gas with a flow rate of 100 mL/min at 200 °C for 30 min to
remove moisture.

2.3. Catalytic activity measurements

The catalytic performance of the prepared samples was carried out
by CO oxidation in a downward fixed bed glass tubular reactor. 30 mg of
each sample was put into a glass tube with quartz wool and directly
exposed to a gas mixture of 1 vol% CO, 20 vol% O, and 79 vol% He at a
flow rate of 38 mL/min with a corresponding weight hour space velocity
(WHSV) value of 76,000 mL h! g&l,t, without any pretreatment. The
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Fig. 2. XPS spectra of (a, b) Ce 3d and (c, d) O 1s of the oxidized (a and c¢) and reduced (b and d) CeO, NR supported 7 wt% Cu-3 wt% Ru catalysts.

reactor temperature was programmed from room temperature to 400 °C.
An online gas chromatograph (SRI multiple gas analyzer GC, chassis)
was used to measure the concentration of CO and CO,. The following
equation was used to calculate the CO conversion:

inlet [CO]
[cO]

_lcol

outlet 3 1 00% (1)

CO conversion (%)
inlet

Here, [COlinlet is the input concentration of CO gas, and [COlouytlet iS
the output concentration of CO gas.

3. Result and discussion
3.1. XRD analysis

Fig. 1 (a, b) display the XRD profiles of three CuOx-RuOy bimetallic
samples after the oxidation (Fig. 1 (a)) and reduction (Fig. 1 (b))
treatments. In addition, Fig. 1 (c) depicts the compositional analysis
using EDS for each sample, which confirms the Cu/Ru ratios of the
prepared catalysts. The XRD data in Fig. 1 (a, b) mainly exhibit the face-
centered cubic fluorite CeOjy structure. According to the JCPDS database
(#34-0394), the observed peaks at 28.6°, 33.1°, 47.6°, 56.3° correspond
to the (111), (200), (220) and (311) planes of CeO; structure,
respectively. From Fig. 1 (a), the diffraction pattern of the 9 wt% Cu-1
wt% Ru/CeO2 NR-o sample shows two diffraction peaks at 35.5° and
38.9° in addition to those of CeOg, referring to the (002) and (111)
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planes of CuOx, respectively. For 7 wt% Cu-3 wt% Ru/CeO3 NR-0, CuOx
and RuOy phases appear at 35.2 ° and 54.6°, representing (002) and
(211) planes, respectively. Finally, for 5 wt% Cu-5 wt% Ru/CeO3 NR-o,
the CuOy phases “disappear”, while the (101) and (21 1) planes of RuOx
can be observed. In comparison, the XRD data for the reduced samples in
Fig. 1 (b) do not reveal any peaks for RuOy while depicting a weak Cu
peak corresponding to the (11 1) plane for the 9 wt% Cu-1 wt% Ru/CeO,
NR and 7 wt% Cu-3 wt% Ru/CeO2 NR catalysts. This lack of RuOy peaks
is largely due to the formation of Ru-O-Ce solid solution and/or small
particle size of RuOyx [32]. Despite this, EDS line spectra in Fig. 1 (c)
clearly showed the presence of Ru, verifying its concentration which is
nearly equal to the designed Cu-Ru composition ratio.

3.2. XPS analysis

XPS was used to investigate the chemical oxidation states of Ce, Ru,
Cu, and O species on the surface of the catalysts. As shown in Figs. 2 and
3, the deconvoluted XPS spectra of Ce 3d, O 1s, Ru 3d, and Cu 2p were
extracted from the survey for both oxidized and reduced 7 wt% Cu-3 wt
% Ru/CeO3 NR catalysts. Fig. 2 (a, b) compare the Ce 3d profiles of the
7 wt% Cu-3 wt% Ru/CeO, NR-0o and 7 wt% Cu-3 wt% Ru/CeO5 NR-r
catalysts. The letters U and V are denoted to 3ds,» and 3ds/,y final
states, respectively. The peaks recorded at 915.5, 906.4, 900.1, 897.5,
886.4, and 881.4 eV are addressed by U”, U, U, V", V', and V,
respectively, corresponding to the Ce*" state, the primary cerium
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Fig. 3. XPS spectra of (a, b) Cu 2P and (c, d) Ru 3d of the oxidized (a and c) and reduced (b and d) CeO, NR supported 7 wt% Cu-3 wt% Ru catalysts.
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(b: the reduced samples).

valence state of CeOy.« [33]. In contrast, the peaks U and V at 895.2 and
881.7 eV are assigned to the Ce>* state. The Ce>* concentration in the 7
wt% Cu-3 wt% Ru/CeOy NR-r catalyst is higher than that in the 7 wt%
Cu-3 wt% Ru/CeOz NR-o catalyst. Therefore, it can be reasonably
concluded that the reduction treatment resulted in a higher concentra-
tion of oxygen vacancy and Ce>*. This conclusion is validated with the O
1s spectra, as shown in Fig. 2 (¢, d). The peaks were fitted using the

Gaussian function at B.E. = 529.1 eV and 532.4 eV assigned for [O]éé
and [013¢ oxygen bounds, respectively [34]. The oxygen-bound peaks
for Ce3™ for the 7 wt% Cu-3 wt% Ru/CeO, NR-r catalyst are greater than
in the 7 wt% Cu-3 wt% Ru/CeO3 NR-o catalyst, indicating the presence
of large amount of oxygen vacancies. According to Mars-van Krevelen
theory, surface oxygen species of CeO, supported metal or metal oxide
catalysts play a key role in chemically adsorption of CO. Because CO first
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Fig. 5. Time-dependent in situ DRIFTS spectra of CO adsorption on the 7 wt% Cu-3 wt% Ru/CeO, NR-r catalyst.

interacts with (i.e., adsorbs on) active sites over CeO2 supported cata-
lysts, followed by the migration of the adsorbed CO species to the metal-
support interface. Meanwhile, the CO species can react with oxygen on
the surface of the support and form oxygen vacancy. Subsequently, the
process will then proceed with the replacement of the oxygen vacancies
by gas-phase oxygen migration [35,36].

Fig. 3 (a, b) shows the XPS profiles of Cu 2p for the oxidized and
reduced CeO» NR supported 7 wt% Cu-3 wt% Ru catalysts, presenting
two main peaks at 933.1 and 953.1 eV, which belong to the Cu 2P3/» and
Cu 2P, /5, respectively. The 20 eV separation between these two peaks
confirms the existence of CuO in the oxidized catalyst. The satellite
peaks also exist in the Cu 2p XPS spectra. After the reduction treatment,
the core peak Cu 2P3/2 of the reduced sample can be fitted into two
components at 935.5 and 954.5 eV, indicating metallic Cu and the
mixture of Cu?*/Cu* ions based on their binding energy. It is worth
mentioning that it is challenging to distinguish Gu?>* and Cu* ions
thanks to the close binding energies. The XPS spectra confirm the exis-
tence of Ce*"/Ce®*, Cu?"/Cu™, and oxygen vacancies, suggesting a
strong interaction between well-dispersed copper oxide species and
CeO, NR enriched with surface defects through
Ce** +Cu* & Ce3* +Cu*" during the redox treatments. The deconvolu-
tion of the Ru 3d core level spectra in Fig. 3 (¢, d) demonstrates the
existence of multiple oxidation states of Ru. However, after the reduc-
tion treatment, there is an undefined oxidation state of Ru"" (4 < n < 6),
suggesting a possible diffusion of Ru into CeO, lattice or replacement of
Ce*" site with Ru ions, leading to the formation of Ru-O-Ce solid
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solution. This observation is consistent with the results from other
characterization techniques. For instance, due to the Ru doping, the H,
TPR profiles show an improved low-temperature reducibility of CeO,
and the XRD profiles for the CeO, supported catalysts shift a little due to
the different ionic sizes of Ru and Ce. The Ru™" (4 < n < 6)/Ru**-rich
surface is more favorable for CO catalytic oxidation at lower tempera-
tures than Ru™ (4 < n < 6)/Ru®"-rich surface. This is because Ru™"
diffuse into CeOs lattice and create Ru-O-Ce solid solution via electron
transfer interface, leading to a higher amount of oxygen vacancy.

3.3. Raman spectroscopy analysis

Raman spectroscopy is a favorable structural characterization tech-
nique owing to the study of the defects of CeO5 and for investigating the
interaction between active metal or metal oxide clusters and CeO,
support. Raman spectroscopy analysis was employed on the oxidized
and reduced CeO; NR supported CuOx-RuOy with the Cu/Ru ratios of
9:1, 7:3, and 5:5, as illustrated in Fig. 4 (a, b). The recorded peaks at
239, 446, 557, and 1155 cm ™! correspond to the second-order trans-
verse acoustic mode (2TA), the Fz4 mode of fluorite phase, the defect-
induced mode (D mode), and the second-order longitudinal optical
mode (2LO band) of CeOo, respectively [37].

In Fig. 4 (a), the intensity of the Raman spectra associated with CeO,
NR at 446 cm ! decreases in the following order for the oxidized sam-
ples: 7 wt% Cu-3 wt% Ru/CeO, NR > 5 wt% Cu-5 wt% Ru/CeO, NR > 9
wt% Cu-1 wt% Ru/CeO; NR. In addition, the peak at 557 em ™!
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Fig. 6. Temperature-dependent in situ DRIFTS spectra of CO adsorption on the 7 wt% Cu-3 wt% Ru/CeO, NR-r catalyst.

Table 1
Vibration frequencies and bond assignments of adsorbed or formed species over
the 7 wt% Cu-3 wt% Ru/CeO, NR-r catalyst.

Species Bond types Frequency (cm™') References
7 wt% Cu-3 wt% Ru/
CeO,, NR-r
Adsorbed CO Ru-CO 2058 [39,41,45,47-49]
Surface oxo Polydentate 1586
species carbonate
Mono dentate 1513
carbonate
Formates 1361
Bi or tri 1241, 1290
carbonates

corresponds to oxygen vacancies, showing a substantial increased in-
tensity in the CeO5 NR supported 7 wt% Cu-3 wt% Ru catalyst compared
to the other two samples. This observation suggests that the optimal Cu
to Ru ratio of 7:3 fosters increased CeO5 defects and higher oxygen va-
cancy concentration. The higher concentration of oxygen vacancies can
be resulted from the incorporation of Cu**/Cu* and Ru®" species into
the CeO- lattice. Moreover, it is notable that the Fa4 peak shifts to a
lower wavenumber for the CeOy NR supported 7 wt% Cu-3 wt% Ru
sample, implying a degradation of CeOy symmetry and lattice distortion
due to the synergy of CuOx and RuOy [38]. In contrast, the reduced

samples display the opposite trend in Fig. 4 (b). The CeO2 NR supported
7 wt% Cu-3 wt% Ru sample exhibit a higher Fa,4 peak intensity than the
CeO2 NR supported 5 wt% Cu-5 wt% Ru/ and 9 wt% Cu-1 wt% Ru
samples. Also, the Faoq peak for the reduced samples undergoes a blue
shift compared to the oxidized samples, indicating better crystallinity in
all reduced samples. According to the literature, the Ag, B1g, Bay, and Bag
modes for CuO were observed at 271, 326, 506, and 625 cm’,
respectively, while the corresponding values for Ru species are 655 and
975 cm™ L. In our case, no apparent peaks corresponding to CuOy and
RuOy, were seen, indicating a SMSI and/or the formation of Cu-O-Ce and
Ru-O-Ce solid solutions. The Raman spectra reveal that the 7 wt% Cu-3
wt% Ru/CeO5 NR-r sample has a greater number of lattice defects and
oxygen vacancies which can promote CO oxidation more prominently
than other samples.

3.4. In situ DRIFTS analysis

Fig. 5 (a) shows the time-dependent in situ DRIFTS spectra of CO
adsorption at 35 °C on the 7 wt% Cu-3 wt% Ru/CeO2 NR-r catalyst. The
bands between 1800 cm ™! to 2300 ecm ™! reflect the adsorbed gaseous
CO, whereas the bands between 1200 cm ™! to 1800 cm ™! represent CO
adsorption on the catalyst surface, forming various weak surface species
[39]. In time-dependent in situ DRIFTS characterization, a 1 vol% CO/Ny
flow was used for the first 60 min to achieve complete coverage of CO
molecules at the surface adsorption site. During CO flow, CO gas phase
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Fig. 7. Temperature-dependent in situ DRIFTS spectra of CO adsorption on CeO, NR supported CuO,-RuOy bimetallic catalysts before and after the reduc-

tion treatment.

bands at 2121 ecm ™, 2058 cm ™" and 1983 cm ™! were identified. Sub-
sequently, a 60-minute flow of Ny gas was initiated to remove ambient
CO and weakly adsorbed CO species. The band identified at 2121 cm ™!
in Fig. 5 (¢, d) is attributed to free gaseous CO in the chamber because
the intensity of this band nearly disappears over time during N3 gas flow.
However, the bands at 2058 cm ™! and 1983 cm ™! remain unchanged
when Ny replaces CO. The band at 2058 cm™! was assigned to multi-
carbonyl species by binding CO molecules with Ru®* [8,40]. Based on
the literature, the band identified at 1983 cm ™! in Fig. 5 (a, ¢, and d) is
still unclear. However, according to Xu et al. [41], this band represents
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the multicarbonyl CO species adsorbed on Ru° or partially reduced Ru.
Several research articles linked this band to CO adsorption on Ru-doped
CeOgy [42-44].

Fig. 5 (b) shows several bands at 1586 em™}, 1513 em™Y, 1361 cm ™Y,
1290 cm™}, and 1241 cm™'. These bands represent the most intense
vibrational modes of surface species formed by CO adsorption, such as
carbonates, formats, or bidentates. Because CO molecules, acting as
electron donor probes, can be trapped by oxygen. According to the
literature, surface oxo species are often referred to as “surface
poisoning” for catalysts because they can block the catalyst’s surface and
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Fig. 9. Ho-TPR profiles of (a) the oxidized CeO, NR supported bimetallic CuOx-RuOy catalysts and (b) the reduced CeO, NR supported bimetallic CuOy-

RuOy catalysts.

limit the CO conversion rate [45]. However, as shown in Fig. 5 (a) and
Fig. 6 (a), these surface species tend to diminish gradually with time
(during both CO and N; flow) and temperature (until 110 °C) [46] (see
Table 1).

Fig. 6 presents the temperature-dependent in situ DRIFTS spectra of
the 7 wt% Cu-3 wt% Ru/CeO3 NR-r catalyst from 40 °C to 150 °C. In
Fig. 6 (a, d), the bands appeared at 2339 cm ™! and 2361 cm™! corre-
spond to the formation of CO5. Referring to Fig. 6 (d), these two CO,
bands emerged at 120 °C, and at the same temperature, associating with

a decrease in CO uptake. This consistency is due to the conversion of CO
to CO3 at 120 °C or greater, which is closer to CO; formation energy [8].

Fig. 7 (a-e) depict the temperature-dependent in situ DRIFTS spectra
of CO adsorption on 9 wt% Cu-1 wt% Ru/CeO5 NR-0, 5 wt% Cu-5 wt%
Ru/CeOy NR-0, 9 wt% Cu-1 wt% Ru/CeOy NR-1, 5 wt% Cu-5 wt% Ru/
CeO3 NR-r and 7 wt% Cu-3 wt% Ru/CeO; NR-o samples from the tem-
peratures ranging from 40 °C to 150 °C. As mentioned previously, the
CO in situ DRIFTS spectra for these catalysts exhibit a peak arrangement
of gaseous CO adsorption in 2200 cm ' to 1800 cm ™! region, with
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Table 2
H, consumption and reduction temperature of the prepared samples from the
H,-TPR profiles.

S/
N

Initial
reduction
temperature

[§9)

Sample H, consumption (pmol/g)

Total
surface
reduction

Surface
reduction
by Cu

Surface
reduction
by Ru

9 wt% Cu-
1 wt%
Ru/CeO,
NR-o

7 wt% Cu-
3 wt%
Ru/CeO,
NR-o

5 wt% Cu-
5 wt%
Ru/CeO,
NR-o

9 wt% Cu-
1 wt%
Ru/CeO,
NR-r

7 wt% Cu-
3 wt%
Ru/Ce0O,
NR-r

5 wt% Cu-
5 wt%
Ru/CeO,
NR-r

1238.05 1158.66 2396.71 59

1675.71 1282.72 2958.43 57

1303.07 1624.88 2927.95 61

N/A N/A 1515.91 42

N/A N/A 1852.39 36

N/A N/A 1836.04 43

surface products in the range of 1800 cm™! to 1200 cm ™.

3.5. CO-TPD

The CO-TPD is broadly used to evaluate the surface-active sites and
gas adsorption strength of a catalyst. In a typical CO-TPD experiment,
CO molecules adsorb on the catalyst’s surface and ultimately desorb as
CO;, via the interaction of adsorbed CO with the surface/lattice oxygen
of the catalyst [50-52]. Fig. 8 (a, b) illustrates the CO-TPD profiles of the
oxidized and reduced CeO, NR supported CuOx-RuOy bimetallic

Journal of Colloid And Interface Science 654 (2024) 1378-1392

catalysts. All the oxidized samples exhibit two distinct desorption peaks.

The peak between 80 °C to 90 °C reflects the COy desorption of
weakly adsorbed CO. The second peak, ranging from 180 °C to 190 °C, is
assigned to the CO2 desorption of CO interacted with weakly adsorbed
CO and/or bidentate carbonate species [53]. Based on earlier experi-
ment [54], CeO2 NR exhibited two desorption peaks at 130 °C and 600
°C. In comparison, the desorption peak intensity is higher for the CeOy
NR supported CuOx-RuOy bimetallic catalysts. This indicates that the
interaction between CuOx-RuOyx and CeO2 NR support facilitates CO
adsorption with higher amount and at lower temperatures. After
reduction treatment, there are still two desorption peaks, but the relative
intensity reverts. This can be attributed to the reduction of CuOx and
RuOy to metallic Cu and Ru.

3.6. Hy-TPR and BET surface area

The reducibility of all the CeO3 NR supported CuOx-RuOy bimetallic
catalysts was assessed using the Ho-TPR characterization. Fig. 9 (a, b)
illustrate the Ho-TPR profiles of the oxidized and reduced CeOy NR
supported CuOx-RuOy bimetallic catalysts with the Cu: Ru ratios of 9:1,

Table 3
Catalytic performance and apparent activation energy (E,) of various catalysts.

Samples Tso T100 E, Crystalline size
0 (o] (kj*mol ") (nm)

CeO2 NR 315 - 51.52 3.92

CuO 220 - 83.10 19.2

RuO, 181 - 39.06 5.54

9 wt% Cu-1 wt% Ru/ 132 232 32.41 4.15
CeO5-NR-0

7 wt% Cu-3 wt% Ru/ 126 187 26.59 3.89
CeO,-NR-0

5 wt% Cu-5 wt% Ru/ 135 276 29.09 4.07
CeO,-NR-0

9 wt% Cu-1 wt% Ru/ 94 187 24.93 5.09
CeOz-NR-r

7 wt% Cu-3 wt% Ru/ 87 166 18.37 5.28
CeO5-NR-r

5 wt% Cu-5 wt% Ru/ 91 200 21.61 5.17
CeOy-NR-r

Fig. 10. TEM images of the 7 wt% Cu-1 wt% Ru/CeO3 NR-r catalyst.
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Fig. 11. EDS elemental mapping of the 7 wt% Cu-1 wt% Ru/CeO, NR-r catalyst.
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Table 4
Comparison of CO oxidation activity over different catalysts.

Catalyst Operating parameters Temperature References

(100 % CO
conversion)

5 wt% CuO-
CeOy

20 mg of catalyst with a 200 °C
reaction gas mixture of 1
vol% CO balanced with
dry air. The total flow rate
was 10 mL min~! and
GHSV was 30,000mL (h g
)"

50 mg of catalyst with a
reaction gas mixture of 5
vol% CO/He balanced
with dry air. The total
flow rate was 50 mL
min~! and WHSV was
60,000 mL (h g o) !
250 mg of catalyst with a
reaction gas mixture of 1
vol% CO, 1 vol% O,
balanced with Nj. The
total flow rate was 40 mL
min~! and WHSV was
9600 mL (h g car) !

200 mg of catalyst with a
reaction gas mixture of
10 vol% CO balanced
with dry air. The total
flow rate was 36.6 mL
min~! and WHSV was
11,000 mL (h g cq) ™t

40 mg of catalyst with a
reaction gas mixture of 4
vol% CO and 2 vol% O,
balanced with Ar. The
total flow rate was 100
mL min~! and WHSV was
150,000 mL (h g cqp)
20 mg of catalyst with a
reaction gas mixture of 1
vol% CO and 2.5 vol% O,
balanced with Ar. The
total flow rate was 26 mL
min~! and WHSV was
78,000 mL (h g ca) !

30 mg of catalyst with a
reaction mixture of 1 vol
% CO, 20 vol% O,, and
79 vol% He. The total
flow rate was 38 mL
min~! and WHSV was
76,000 mL (h g ca) !

[67]

5.2 wt% Cu/
TiO,
(oxidized)

198 °C [68]

5 wt% CuO/
CeO3 —500

180 °C [69]

4 wt% CuO/
ZrOy

180 °C [70]

15 wt% Cu/
LaCoO3

400 °C [71]

Cup.1Ce0.902.x 180 °C [72]

7 wt% Cu-3 wt%
Ru/CeO3 NR-r

166 °C This work

7:3, and 5:5. In Fig. 9 (a), all oxidized bimetallic samples exhibit two
peaks below 200 °C. The first peak ranges from 99.72 to 111.13 °C,
while the second peak ranges from 136.94 to 150.20 °C. The first peak
corresponds to the reduction of RuOx, whereas the second peak corre-
sponds to the reduction of CuOy. Nevertheless, several scholarly studies
have reported a two-step reduction profile for Cu-based catalysts using
the following equation:

CuO—Cu,0—Cu 2

In Eq. (2), the first reduction step belongs to the low-temperature
reduction peak of CuO, representing a strong interaction of smaller
and well-dispersed crystalline CuOx with CeOq support. The second
reduction step of Eq. (2) is ascribed to larger “bulk-like* CuOy particles
that interact weakly with CeOgy support [55]. The strong and low-
temperature reduction peaks appeared in Fig. 9 (a) could be associ-
ated to the simultaneous reduction of RuOy from RuO, to Ru and CuOy
from CuO to Cu,0, where a fraction of CuOy was reduced at a lower
temperature in the presence of RuOy. The higher-temperature peak
observed for all oxidized samples in Fig. 9 (a) is attributed to the
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reduction of isolated CuOx, as represented by the second part of Eq. (2),
from Cu,O to Cu [56]. According to literature, the reduction tempera-
ture of CuO and RuO; is in the following ranges: 380 °C to 390 °C for
CuO and 130 °C to 230 °C for RuOz. While pure CeO2 NR support
typically exhibits the surface and bulk reduction peaks at ~400 °C and
750 °C, respectively [5,57,58]. Thus, it can be concluded that the
noticeably improved low-temperature reductivity of the supported cat-
alysts is due to the metal-support synergy.

The reduction profiles of all the reduced samples exhibited a “single”
peak below 200 °C, suggesting lower surface Hy consumption than the
oxidized samples, within the temperature range of 94.9 to 107.4 °C. For
one possible explanation, this “single” reduction peak is more likely
attributed to RuOy related phase(s), as RuO; is reportedly reduced to Ru
between 100 and 200 °C [59]. In this study, the reduced samples were
subjected to Hy reduction at 300 °C. Hence, the other possible expla-
nation for the “single” reduction peak below 200 °C is provided below. It
is probable that all of the RuOy was reduced to Ru, whereas only partial
reduction happened for CuOy. During the Ho-TPR characterization for
the reduced samples, there was no RuOy present for reduction, and the
two-step Ho-TPR reduction profile of CuOx (known as a and p peak)
merged into a “single” peak. The merging of CuOy peaks can be
explained by a possible transformation of p-type CuOy species to a-type
CuOy at a low reduction temperature. There are other peaks visible
between 200 and 400 °C and 700 to 800 °C, which would be the possible
reduction of large particle CuOy and bulk reduction of CeO5 support.

Table 2 presents a quantitative analysis of the Hy consumption and
reduction temperature data illustrated in Fig. 9 (a, b). Each of the pre-
pared sample showed significant surface Hy consumption and low initial
reduction temperatures. The quantitative analysis in Table 2 indicates
that when the amount of Ru addition increased from 1 wt% to 3 wt%,
there was a considerable increase in Hy consumption for each catalyst
along with a decrease in the initial reduction temperature. It is also
important to note that all reduced samples consumed approximately
one-third less Hy than the oxidized sample and exhibited a lower
reduction temperature. This can be attributed to the reduced oxygen
storage capacity and the activation of the metal catalyst (i.e., RuOy) by
the reduction treatment, respectively. For example, Liu et al. [60] re-
ported that the presence of noble metals improved the reduction char-
acteristics of transition metal oxide. This phenomenon is known as the
H, spillover effect [61]. Therefore, an optimum ratio of RuOx and CuOyx
composition can enhance the synergistic effect among RuOy, CuOy, and
CeO-, (support material).

3.7. TEM and EDX analysis

Fig. 10 (a-e) demonstrate that the incorporation of CuOx and RuOx
onto CeOy NR does not significantly alter the morphology, size, and
crystal structures of CeO2 NR. The dimension of the reduced 7 wt% Cu-1
wt% Ru/CeO; catalyst nanoparticles are approximately 70 nm in length
and 8 nm in diameter, which is a little larger than the value estimated
from XRD (Table 3). The HRTEM images in Fig. 10 (d, e) demonstrate
the exposed crystal planes of CeO5 (111) and Cu (111) plane. Notably,
the HRTEM images and line-profiles of the 7 wt% Cu-1 wt% Ru/CeOg
NR-r catalyst demonstrate the absence of Ru, which can be attributed to
the low deposition and/or strong RuO-CeO; interaction. However, the
EDX analysis and elemental mapping analysis in Fig. 11 confirm the
presence of Ru over the CeOy NR support in the 7 wt% Cu-1 wt% Ru/
CeOy NR-r catalyst. In addition, the EDS elemental mapping shows a
uniform distribution of Cu and Ru over the CeO4 NR support. The rough
surface of CeO5 NR is another surface characteristic seen in the HRTEM
images (Fig. 10), along with lattice distortion, lattice flaws, and voids.

3.8. CO oxidation

The catalytic performance of CeOy NR-supported CuOx-RuOy bime-
tallic catalysts was assessed using CO oxidation as a model reaction.
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Fig. 13. Arrhenius plots of catalytic CO oxidation over all samples.

Fig. 12 (a, b) show the normalized CO conversions for the oxidized and
reduced CeO2 NR-supported CuOx-RuOy bimetallic catalysts. For com-
parison purposes, the CO oxidation performance of CeO3 NR, CuO, and
RuO are included. Clearly, all six CeOy NR-supported CuOx-RuOyx
bimetallic catalysts outperform the CeO; support and unsupported CuO
and RuO; catalysts, indicating the promoting role of CeO2 NR support
and/or synergistic effect due to catalyst-support interaction [62,63].
CeO3 NR, CuO, and RuO; showed moderate CO oxidation activity with
Tso = 315 °C, 220 °C, and 181 °C, respectively, as shown in Table 3. All
the oxidized catalysts achieved at least 50 % CO conversion at ~126 °C.
Among them, the 7 wt% Cu-3 wt% Ru/CeOy NR-o0 exhibited marginally
superior oxidation capability, as measured by the 50 % conversion
temperature (Tsp). Similarly, the CO oxidation activity for T1qo follows
in the order of 7 wt% Cu-3 wt% Ru/CeO5 NR-0 (187 °C) > 9 wt% Cu-1
wt% Ru/CeO5 NR-o (232 °C) > 5 wt% Cu-5 wt% Ru/CeO NR-o
(276 °C). After the reduction treatment, all the reduced catalysts pre-
sented better low-temperature CO oxidation activity in comparison to
the oxidized catalyst. For example, at 200 °C, all the reduced samples
achieved 100 % CO conversion. Following the reduction treatment, the
catalyst activity ranking based on the 100 % conversion temperature
(T100) is as follows: 7 wt% Cu-3 wt% Ru/CeO2 NR-r (T199 = 166 °C) > 9
wt% Cu-1 wt% Ru/CeOy NR-r (T199 = 187 °C) > 5 wt% Cu-5 wt% Ru/
CeO3 NR-r (Tl()() =200 °Q).

The Mars-van Krevelen approach has been widely used to explain the
CO oxidation pathway over CeOy NR-supported metal or metal oxide
catalysts, where chemisorbed CO interacts with the surface oxygen of
CeO2 NR and/or metal oxide, leading to the formation of oxygen va-
cancies. During this process, the lattice oxygen in CeO5 NR allows the
restoration of oxygen vacancy on the surface [64]. According to this
mechanism, the adsorbed CO molecules take away surface oxygen, via
the desorption of COs, resulting in the formation of surface oxygen va-
cancies. These generated oxygen vacancies can trap oxygen molecules,
sustaining the reaction. Thus, the compositional change of metal or
metal oxide deposition can influence the catalyst-CeO; interaction and
CO and O3 adsorption. For example, from their computational study, Liu
et al. [65] reported that Cu sites are oxophilic while X sites favor CO
adsorption at Cu-X (X = Pt and Rh for CusPt; and CugRhy), while both
sites favor oxygen binding in CugRuy. In this project, since Cu content is
equal to or higher than Ru (CusRus, CuyRus, and CugRu;) in CeOy NR
supported CuOx-RuOy bimetallic catalysts, both active CO and O,
adsorption sites are available.

It is important to note that single species (CO or O3) adsorption will
result in lower CO conversion, which was overcome by high Cu content
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in CuOx-RuOy bimetallic catalysts in this study. Based on the CO-TPD
data, the 7 wt% Cu-3 wt% Ru/CeO, NR-r catalyst exhibited a larger
CO adsorption than 9 wt% Cu-1 wt% Ru/CeOy NR-r and 5 wt% Cu-5 wt
% Ru/CeO2 NR-r catalyst. A possible explaination for the different CO
adsorption and conversion could be due to the balanced adsorption and
reaction sites in bimetallic catalysts. In addition, it should also be noted
that Cu not only can act as an oxophilic metal, but also Cu™ or Cu*/Cu?*
promotes the CO oxidation [66]. Table 4 compares the CO oxidation
activity between 7 wt% Cu-3 wt% Ru/CeOy NR-r catalyst (this work)
and similar catalysts from the literature. At 166 °C, the present work
attained nearly complete CO conversion, surpassing the performance of
the catalysts listed in the table.

Fig. 13 shows the Arrhenius plots for the CO oxidation of all prepared
supported catalysts, CuO, RuO», and CeO, NR support. The slope of the
Arrhenius plot between In(r) versus 1000/T determines the activation
energy E,. According to Fig. 13, the activation energies E, increase in the
following order: 7 wt% Cu-3 wt% Ru/CeO2 NR-r < 5 wt% Cu-5 wt% Ru/
CeO3 NR-r < 9 wt% Cu-1 wt% Ru/CeO5 NR-r < 7 wt% Cu-3 wt% Ru/
CeO3 NR-0 < 5 wt% Cu-5 wt% Ru/CeO3 NR-0 < 9 wt% Cu-1 wt% Ru/
CeO2 NR-r < RuO; < CuO < CeO; NR, confirming the superior catalytic
performance of the 7 wt% Cu-3 wt% Ru/CeOy NR-r catalyst.

4. Conclusion

The goal of this study was to investigate the effect of different Cu: Ru
composition ratios (9:1, 7:3, and 5:5) supported by CeO NR on the
physiochemical properties and performance of each catalyst for the CO
oxidation reaction. Among the investigated catalysts, the 7 wt% Cu-3 wt
% Ru/CeOy NR-1 catalyst exhibited the highest CO oxidation conversion
with Ty at 166 °C. This superior performance can be attributed to the
presence of a larger number of defect sites, such as lattice distortions,
oxygen vacancies, Ce>" ions, and strong reducibility properties due to
synergistic interaction between CuOx and RuOy. The in situ DRIFTS
spectra clearly showed CO adsorption by 7 wt% Cu-3 wt% Ru/CeO2 NR-
r catalyst, leading to the formation of surface products such as mono-
dentate carbonate (1513), formats (1361), or bi- or tri-carbonates (1058,
1241, and 1290). In addition, the reduction treatment of the catalyst
enhanced the formation of more Ru"" (4 < n < 6) sites and surface-
active oxygen, thereby further enhancing low-temperature CO conver-
sion performance. The reduction of CuO to Cuy0 and subsequently to Cu
(CuO — Cuy0 — Cu) also accelerates the conversion of CO. Conse-
quently, optimizing charge and mass transfer of catalysts and strong
interaction between catalyst clusters and oxide supports could be
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promising strategies to enhance the catalyst activity.
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