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Abstract: This research dealt with the preparation and characterization of silver oxide (SLO)
nanomaterials (NMs) and their composite catalysts (i.e., silver and ruthenium oxide (SLORUO)).
The prepared materials were tested for their catalytic performance in carbon monoxide (CO) oxidation.
Generally, silver in its pure state is not widely used for CO oxidation due to stability and structural
issues. However, the usage of subsurface oxygen and oxygen-induced reconstruction could be
effective as an oxidation catalyst at a slightly high temperature. The low-temperature reaction of
highly active RuO2 (RUO) is a well-known phenomenon. Thus, the possibility of using it with SLO
to observe the combined catalytic behavior was investigated. The wet chemically prepared SLO
and SLORUO NMs exhibited spherical and rods in spherical aggregate-type surface morphology
belonging to cubic and rutile crystalline structures, respectively. The NMs and catalysts (i.e., the NMs
on γ-Al2O3 catalyst support at 0.5 and 1.0 wt.% ranges) showed good thermal stability. The dry and
wet CO oxidation using RUO and SLO showed concentration-dependent catalytic activity. The RUO,
SLO, and SLORUO composites using 0.5 wt.% showed full CO oxidation at 200, 300, and 225 ◦C,
respectively. The reasons for the observed activity of the catalysts are explained based on the pore
characteristics, chemical composition, and dispersion using H2 temperature-programmed reduction
(TPR) behaviors.
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1. Introduction

Air pollution is a serious global issue due to the rapid emergence of industrial, vehicular, and
infrastructural proliferation. Gas products emerging out of various sources require proper conversion
treatment before being released into the environment. A common toxic gas found in many or even
in simple emitters is carbon monoxide (CO). The main source of CO is incomplete fuel combustion.
Continuous exposure to 1000 ppm of CO for 1 h will cause respiratory failure, unconsciousness,
and even death to humans. Simple thermal catalysis processing using a small number of efficient
catalysts made from transition metal oxides, such as ruthenium oxide (RUO) and silver oxide (SLO),
can be considered for treating CO.

SLO and RUO are used in many industrial and biomedical applications such as in catalysis,
preparation of antimicrobial substances [1,2], energy storage devices [3,4], and electronics [5].
For example, RUO exhibits excellent CO oxidation activity at a lower temperature, where the
CO adsorbs on the edge and surfaces in the Ru-O crystal and forms CO2, which is highly size and
shape-selective [6,7]. RuO2 is slightly expensive, whereas silver is abundant. The lattice oxygen found
in the Ag-O structure is responsible for the activity of silver oxide [8], and its performance depends
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on the catalyst loading and method of preparation. Many reports show that mixed catalysts, such as
CuMn2O4 and Cu2Ag2O3, have rendered an excellent CO oxidation performance. The active oxygen
species found on these catalysts act as oxygen suppliers, and the mixed catalysts have demonstrated
enhanced redox properties [9]. It has been shown that when silver is used with other active catalysts
or supports, it can exhibit excellent stability during operation. This is because of the possibility
of Ag2O to be consumed by CO [10]. Meanwhile, an additional catalyst such as RuO2 on a stable
gamma-alumina (γ-Al2O3) support can be utilized. At the same time, reports on the CO oxidation
by Ag2O and its composites (especially with RuO2) are scarce or not found in the literature. In this
background, this research deals with the preparation, characterization of Ag2O and Ag2O/RuO2 NMs,
and its catalytic activity in CO oxidation.

2. Materials and Methods

γ-Al2O3 (MW. 101.96 g·mol−1) and polyethylene glycol (PEG, average MW. 20,000 g·mol−1) were
procured from Sigma Aldrich Chemie, Gmbh, Berlin, Germany. Moreover, silver nitrate (AgNO3, MW.
169.87 g·mol−1), ruthenium chloride hydrate (RuCl3·H2O, MW. 207.43 g·mol−1), and sodium hydroxide
(NaOH, MW. 40 g·mol−1) were also supplied by Sigma Aldrich Chemie, Gmbh, Berlin, Germany.

2.1. Preparation of Ag2O/γ-Al2O3 and (Ag2O+RuO2)/γ-Al2O3 Catalysts

The AgNO3 (0.01 M), RuCl3 (0.01 M), NaOH (0.1 M), and PEG (0.2 mM) solutions were prepared
separately using deionized water, and 25 mL of each solution was used for the experiment. To prepare
Ag2O NMs, the AgNO3, NaOH, and PEG solutions (acting as a template and not involved in chemical
reaction) were reacted at 75 ◦C for 6 h in a burette and beaker setup at 500 rotations per minute.
The chemical reaction equation for the formation of silver oxide is given in Equation (1).

AgNO3 + NaOH→ Ag(OH) + NaNO3 (1)

RuCl3 + 3NaOH→ Ru(OH)3 + 3NaCl (2)

At the end of the reaction, dark brown silver hydroxide was formed and rinsed several times
with deionized water. To prepare RuO2 NMs, RuCl3 was used instead of AgNO3 with other reactants
and finally resulted in a black precipitate (Equation (2)). The products were heat-treated at 350 ◦C
in a box furnace for 6 h and used for further catalyst preparation. The Ag2O and RuO2 NMs were
loaded onto γ-Al2O3 on an ex situ basis at 0.5 and 1.0 wt.% and pelletized with a force of 8 ton per
1 cm diameter (with addition of a small amount of water). γ-Al2O3 is a conventional and commonly
used commercial support, which is generally inert in nature. For the Ag2O+RuO2 composite, 0.5 wt.%
each were loaded onto the γ-Al2O3 catalyst support by grinding the corresponding components using
a pestle and mortar carefully for 1 h and the catalyst was then prepared. All catalyst-loaded pellets
were heat-treated at 350 ◦C overnight (12 h), cut, and sieved in the range of 2–3 mm, and used further
for CO oxidation experiments.

2.2. The CO Oxidation Experiment

The Ag2O/γ-Al2O3 (hereafter SLOAL) and (Ag2O+RuO2)/γ-Al2O3 (hereafter referred to as
SLORUOAL) catalysts were loaded (10 g) in the center of a tubular quartz reactor (having 1.5 cm
diameter) with a catalyst volume of 11.5 cm3 (fixed bed). Then, the reactor was kept in a temperature
furnace equipped with a temperature controller. The carbon monoxide gas flow rate was 2 cm3

·min−1,
corresponding to 2000 ppm. The oxygen flow was fixed at 1.5 vol.%, and the N2 gas was used as the
remaining in the total of 1 L·min−1. At the end of the 1 h reaction, the amount of CO conversion was
measured in a Fourier transform infrared (FTIR) spectrometer (model: IFS 66/S spectrometer, Bruker,
Billerica, MA, USA) fitted at the gas outlet. The percentage of CO oxidation was calculated as given in
Equation (3).

CO oxidation = [1 − (Outlet CO/Inlet CO)] × 100% (3)
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2.3. Materials Characterization

The crystalline nature and product phase purity for the catalysts and SLO and SLORUO NMs
were analyzed using a powder X-ray diffractometer (XRD, D/Max Ultima III diffractometer, Rigaku
Corporation, Tokyo, Japan) equipped with Cu Kα radiation (wavelength, λ = 0.154 nm) operating
at 40 mA and 40 kV. The morphology of the surface was analyzed with the help of a field emission
scanning electron microscope (FESEM, JEM 1200 EX II, JEOL Ltd., Tokyo, Japan). The chemical
nature of the catalyst surface was characterized using an X-ray photoelectron spectroscopy (XPS,
model: ESCA 2000, VG Microtech, East Grinstead, UK) with monochromatic Mg Kα X-ray radiation
(1253.6 eV) operated at 13 kV and 15 mA. The pass energy was 50 eV wide or 20 eV narrow, and the
C1s (284.6 eV) was taken as a reference. The surface area and other pore characteristics of the catalysts
were measured using Quantachrome Instruments (version 2.11, Boynton Beach, FL, USA). Thermal
study by thermogravimetry analysis (TGA, STA7200, HITACHI, Tokyo, Japan) was carried out for the
NMs and the catalysts. This study was performed by heating the sample from room temperature to
800 ◦C at a heating rate of 10 ◦C·min−1 in N2 atmosphere, and subsequent changes in weight were
noted. For TPR analysis, 0.05 g of catalyst was first pre-treated using Ar gas (99.9%) at a heating rate
of 10 ◦C·min−1 from 25 to 300 ◦C and then kept at this high temperature for 30 min. Then, for H2

reduction, the samples were heat-treated again from 30 to 500 ◦C in the presence of 5% H2 + 95% Ar
(total flow 30 sccm), and the TCD signals were collected as a function of temperature, which was a
representation of the reducibility of the catalysts.

3. Results and Discussions

3.1. Crystallinity Studies of the NMs and Catalysts

The crystalline nature of SLO, SLORUO NMs, and the catalysts were studied using XRD
spectroscopy, and the corresponding spectra are given in Figure 1. The prominent diffraction peaks
observed for SLO at [2θ] 26.6, 32.8, 38.2, 44.4, 55.0, 57.5, 64.5, 68.7, and 77.3◦ represent (110), (111),
(200), (211), (220), (221), (311), (222), and (123) crystal planes of cubic Ag2O (JCPDS card No. 76-1393).

The cell parameters are a = b = c = 4.76 Ǻ, α = β = γ = 90◦ and the space group is Pn3 (201). Similarly,
peaks referring to (110), (101), (200), (111), (210), (211), (220), (002), (310), (112), (301), and (202) planes
of diffraction correspond to rutile-type RUO (JCPDS card No. 88-0322) with space group P42/mnm
(136) (depicted in Figure S1). The SLORUO represented major diffraction peaks of Ag2O and RuO2

at its diffraction angle as observed separately for the corresponding NMs. The XRD spectra for the
alumina catalyst support and the catalysts (1.0 wt.% loaded) are given in Figure 1 on the right side.
The diffraction peaks observed at [2θ] 32.6, 37.2, 39.7, 45.7, 60.7, and 66.8◦, represent (220), (311), (222),
(400), (511), and (440) crystal planes of γ-Al2O3 (JCPDS card No. 50-0741) [11], and the small peak
at 26.4◦ may correspond to the α-form. The NM-loaded catalyst also exhibited peaks similar to the
catalyst support in which the metal oxide (silver and ruthenium oxide) peaks were not observed
separately due to lower catalyst loading.
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3.2. The Surface Morphological and Elemental Analysis 

Figure 2 shows the FESEM surface morphological images of the SLO, RUO, and SLORUO NMs 
(a–c) and their energy dispersive X-ray elemental analysis results (d–f), respectively. The SLO NMs 
exhibited spherical aggregated structures with the size ranging from 200 nm to 1 µm. They 
contained 55.56 and 44.44 atomic percentage (at.%) of silver and oxygen and no other impurities 
were observed in the EDX spectrum (Figure 2a,d). The RUO NMs exhibited a mixture of major 
rod-like and small-sized spherical aggregates with rod sizes of 200 nm width and >2 µm length. The 
EDX spectra showed 16.70 and 83.30 at.% of ruthenium and oxygen (Figure 2b,e, respectively). The 
presence of a strong peak at 2 keV observed in this sample is due to the long exposure of Pt coating 
used for FESEM analysis, which can be ignored. The SLORUO exhibited the presence of rod-like 
RUO and aggregated SLO. The atomic percentage of oxygen, ruthenium, and silver in this sample 
were found to be 75.77, 9.38, and 14.86, respectively (Figure 2c,f). The observed percentage of 
elements is, generally, a rough estimate due to tiny scan region and it depends on the catalyst 
dispersion. The FESEM and EDX analysis of the catalysts are shown in Figure S2. Since the catalyst 
contains majority of the catalyst support, locating the active catalyst morphology and diffraction 
peaks was not easy in FESEM and XRD, but they were detected in EDX spectra. As can be seen from 
the figure, the peaks that originated at 3.0 and 2.6 keV refer to the silver and ruthenium elements, 
respectively. Other peaks ratified the presence of oxygen and aluminum. 

Figure 1. The X-ray diffraction spectrum observed for silver oxide (SLO), silver and ruthenium oxide
(SLORUO) nanomaterials (NMs), catalyst support (γ-Al2O3, AL), and the catalysts (i.e., NMs loaded on
catalyst support at 1.0 wt.%) are shown.

3.2. The Surface Morphological and Elemental Analysis

Figure 2 shows the FESEM surface morphological images of the SLO, RUO, and SLORUO NMs
(a–c) and their energy dispersive X-ray elemental analysis results (d–f), respectively. The SLO NMs
exhibited spherical aggregated structures with the size ranging from 200 nm to 1 µm. They contained
55.56 and 44.44 atomic percentage (at.%) of silver and oxygen and no other impurities were observed in
the EDX spectrum (Figure 2a,d). The RUO NMs exhibited a mixture of major rod-like and small-sized
spherical aggregates with rod sizes of 200 nm width and >2 µm length. The EDX spectra showed 16.70
and 83.30 at.% of ruthenium and oxygen (Figure 2b,e, respectively). The presence of a strong peak at
2 keV observed in this sample is due to the long exposure of Pt coating used for FESEM analysis, which
can be ignored. The SLORUO exhibited the presence of rod-like RUO and aggregated SLO. The atomic
percentage of oxygen, ruthenium, and silver in this sample were found to be 75.77, 9.38, and 14.86,
respectively (Figure 2c,f). The observed percentage of elements is, generally, a rough estimate due
to tiny scan region and it depends on the catalyst dispersion. The FESEM and EDX analysis of the
catalysts are shown in Figure S2. Since the catalyst contains majority of the catalyst support, locating
the active catalyst morphology and diffraction peaks was not easy in FESEM and XRD, but they were
detected in EDX spectra. As can be seen from the figure, the peaks that originated at 3.0 and 2.6 keV
refer to the silver and ruthenium elements, respectively. Other peaks ratified the presence of oxygen
and aluminum.



Surfaces 2020, 3 255Surfaces 2020, 3 FOR PEER REVIEW  5 

 
Figure 2. The field emission scanning electron microscopy surface morphological images of the SLO, 
RUO, and SLORUO NMs (a–c) and their energy dispersive X-ray elemental spectra (d–f), 
respectively. 

3.3. The Surface Chemical Analysis of the Catalysts 

The surface chemical nature of the catalysts was studied using XPS. The survey spectrum and 
core-level high-resolution spectra of Ag 3d, Al 2p, and O1s for SLOAL are given in Figure 3. The 
survey spectra showed the presence of aluminum, silver, oxygen, and adventitious carbon signals in 
their corresponding binding energy values. The Ag 3d exhibited two peaks at the binding energy 
(B.E.) values at 368.1 and 374.0 eV referring to Ag 3d5 2ൗ  and Ag 3d3 2ൗ  with doublet separation of 5.9 
eV, which confirmed the formation of Ag2O with no other oxidation states [12,13]. The Al 2p spectra 
of the γ-alumina support showed a singlet at the B.E. 74.4 eV [14]. The O 1s exhibited three peaks at 
B.E. values 529.9, 530.9, and 532.2 eV corresponding to oxygen in three environments. These are 
surface oxygen with silver (Ag2O), oxygen in alumina (Al2O3), and oxygen in water (due to 
ambience) [12,15,16] (refer to Figure S3 for the XPS spectra for RUOAL). Figure 4 shows the survey 
and high-resolution, core-level XPS spectra for Ru 3d, Ag 3d, Al 2p, and O 1s of SLORUOAL. The 
presence of Ag, Ru, Al, and oxygen were confirmed from the survey spectrum. The Ru 3d and 
oxygen 1s spectra were deconvoluted using a Gauss–Laurentian peak-fitting program and fixed 
full-width half-maximum values. The deconvoluted peaks at the B.E. values 280.6 and 282.4 eV 
correspond to ruthenium in two kinds of oxidation states. One peak at 280.6 eV was confirmed as 
RuO2, and regarding the other one confirmed at 282.4 eV, two interpretations of either hydrated 
RuO2 or RuO3 [17,18] were given [for reference: https://srdata.nist.gov/xps/selEnergyType.aspx]. At 
the same time, the RuO2 phase was reported to be more stable in catalytic reactions and the presence 
of RuO3 on RuO2 was quite possible [19,20]. The two other peaks at 284.2 and 285.6 eV refer to carbon 
and oxidized carbon, since the Ru 3d and carbon-binding energies are closely located. The Ag 3d 
spectrum exhibited doublets correspond to Ag2O. The B.E. at 74.7 eV observed for Al 2p corresponds 
to Al2O3. The O 1s spectrum showed a similar environment as observed in SLO in addition to the 
Ru-Ox (where x = 2 and 3 in most cases). The shift in the O 1s peak to lower binding energy in 

Figure 2. The field emission scanning electron microscopy surface morphological images of the SLO,
RUO, and SLORUO NMs (a–c) and their energy dispersive X-ray elemental spectra (d–f), respectively.

3.3. The Surface Chemical Analysis of the Catalysts

The surface chemical nature of the catalysts was studied using XPS. The survey spectrum and
core-level high-resolution spectra of Ag 3d, Al 2p, and O1s for SLOAL are given in Figure 3. The survey
spectra showed the presence of aluminum, silver, oxygen, and adventitious carbon signals in their
corresponding binding energy values. The Ag 3d exhibited two peaks at the binding energy (B.E.)
values at 368.1 and 374.0 eV referring to Ag 3d 5

2 and Ag 3d 3
2 with doublet separation of 5.9 eV, which

confirmed the formation of Ag2O with no other oxidation states [12,13]. The Al 2p spectra of the
γ-alumina support showed a singlet at the B.E. 74.4 eV [14]. The O 1s exhibited three peaks at B.E. values
529.9, 530.9, and 532.2 eV corresponding to oxygen in three environments. These are surface oxygen
with silver (Ag2O), oxygen in alumina (Al2O3), and oxygen in water (due to ambience) [12,15,16]
(refer to Figure S3 for the XPS spectra for RUOAL). Figure 4 shows the survey and high-resolution,
core-level XPS spectra for Ru 3d, Ag 3d, Al 2p, and O 1s of SLORUOAL. The presence of Ag, Ru,
Al, and oxygen were confirmed from the survey spectrum. The Ru 3d and oxygen 1s spectra were
deconvoluted using a Gauss–Laurentian peak-fitting program and fixed full-width half-maximum
values. The deconvoluted peaks at the B.E. values 280.6 and 282.4 eV correspond to ruthenium in
two kinds of oxidation states. One peak at 280.6 eV was confirmed as RuO2, and regarding the other
one confirmed at 282.4 eV, two interpretations of either hydrated RuO2 or RuO3 [17,18] were given
[for reference: https://srdata.nist.gov/xps/selEnergyType.aspx]. At the same time, the RuO2 phase
was reported to be more stable in catalytic reactions and the presence of RuO3 on RuO2 was quite
possible [19,20]. The two other peaks at 284.2 and 285.6 eV refer to carbon and oxidized carbon, since
the Ru 3d and carbon-binding energies are closely located. The Ag 3d spectrum exhibited doublets
correspond to Ag2O. The B.E. at 74.7 eV observed for Al 2p corresponds to Al2O3. The O 1s spectrum
showed a similar environment as observed in SLO in addition to the Ru-Ox (where x = 2 and 3 in most
cases). The shift in the O 1s peak to lower binding energy in SLORUOAL as compared to SLOAL refers
to the high affinity of NMs with a support, which is able to adsorb and dissociate oxygen molecules [11].

https://srdata.nist.gov/xps/selEnergyType.aspx
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3.4. Thermal Stability of the NMs and Catalysts

The thermal stability of the NMs and catalysts were studied using thermogravimetry analysis
(TGA). The weight loss corresponding to the component in the materials against incremental
temperature was analyzed. This study also indicates the maximum temperature the catalysts or NMs
can withstand in its original composition and reflects further changes after a certain range. Figure 5
shows the thermogram of SLO, SLOAL, SLORUO, and SLORUOAL. The SLO NMs showed three
stage decompositions. The initial decomposition observed until 200 ◦C corresponds to the evaporation
of surface moisture (water vapor). The other decomposition that occurred between 250 and 330 ◦C
corresponds to the removal of remnant PEG. The final strong decomposition was between 350 and
420 ◦C and is related to the formation of metallic silver from Ag2O [21]. In the thermal study from
room temperature to 800 ◦C, about 5.9% weight loss was observed for SLO.
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The RUO (Figure S4) showed the removal of surface moisture, remnant PEG, and formation of
metallic ruthenium at 200, until 600, and between 620 and 740 ◦C, respectively [22,23]. At the end of
the experiment, RUO NMs lost 14.6% weight at 800 ◦C. In comparison to SLO, the RUO was more
stable since metallic formation was observed at a higher temperature.

The SLORUO exhibited the cumulative behavior observed for SLO and RUO separately, but a
notable point is that it showed only 8.4% weight loss at the end of the study. This means SLO had
further increased the material stability of RUO by preventing further moisture absorption since RUO
had a high affinity for water [17].

The catalysts (SLOAL and SLORUOAL) exhibited a gradually declining thermogram, major loss,
which resulted due to moisture. Since the catalyst loading was only 1.0 wt.% in total and the remaining
was the catalyst support (γ-Al2O3), determining decomposition due to catalyst-only seemed difficult.
In addition, the catalyst support contains more pores and, thus, it might lead to more atmospheric water
adsorption such that the total weight loss contribution at the end of the study is mainly from water.
Other possible decomposition ranges for PEG and metallic formation are noted inside. The SLOAL
and SLORUOAL showed good thermal stability with a loss of 5.6 and 7.6%, respectively.
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3.5. Pore Statistics and Surface Area of the Catalysts

The surface area, pore volume, and pore diameter are some of the important parameters to
understand the adsorbate–adsorbent interaction. The catalytic reaction is initiated by adsorption in the
catalyst pores (acting as microreactors) followed by chemical (gaseous) reaction. The catalytic activity,
moisture retention capacity, and catalyst shelf life are functions of the catalyst surface area. Changes in
the isotherm shape during adsorption and desorption cycle would give the idea of the pore size of the
catalyst and whether it is meso- or microporous, as given by Barrett–Joyner–Halenda (BJH) model.

The BET (Brunauer, Emmett, and Teller) model provides a suitable method for surface area
analysis. In this model, gas adsorption (X) as a function of relative pressure

(
P

P0

)
is measured and

plotted using the following Equation (4), which is a straight line (the linearity indicates the strong
interaction of the gas with catalyst) in general over the relative pressure of range 0.05–0.35.

1

X
[(

P0
P

)
− 1

] =
1

XmC
+

C− 1
XmC

( P
P0

)
(4)

where Xm is the number of atoms or molecules required to form a monolayer,
(

P
P0

)
is the relative

pressure, and C is a parameter related to heat of adsorption.
Figure 6 shows the adsorption–desorption isotherm (a–c) and multipoint BET plots (d–f) for

the catalysts SLOAL, RUOAL, and SLORUOAL, respectively. The hysteresis shape of isotherm
indicates that it belongs to type IV, which means the adsorption process on the mesoporous catalysts
is performed through a multilayer adsorption and followed by capillary condensation. At a high
pressure, the adsorption of the gas increases due to an increase in the number of open pores. The BET
surface area (averaged after adsorption and desorption) and other pore characteristics are given in
Table 1. The SLOAL and RUOAL showed the surface area of about 112.9 and 124.6 m2

·g−1, respectively.
A relatively high surface area of RUOAL can accommodate more surface moisture and, thus, the greater
weight loss observed in thermal study could be correlated. The SLORUOAL showed a surface area
(96.5 m2

·g−1) that is actually lower in comparison to other catalysts, but a slightly higher pore diameter
(8.2 nm).
Surfaces 2020, 3 FOR PEER REVIEW  9 

 

Figure 6. The adsorption–desorption isotherm (a–c) and multipoint BET plots (d–f) corresponding to 
the catalysts SLOAL, RUOAL, and SLORUOAL at 0.5 wt.%, respectively. The pore size distribution 
graphs for the above samples given in Figure S5 show the pore diameter in the range of 3–10 nm. 

4. The CO oxidation Performance of the Catalysts 

The CO oxidation performance of the catalysts is depicted in Figure 7. The performance due to 
the effect of catalyst loading, such as 0.5 and 1.0 wt.% in dry (Figure 7a) and wet (Figure 7b) 
conditions using SLOAL, RUOAL and SLORUOAL, was studied. 

 
Figure 7. The CO oxidation performances of the catalysts are shown. The performance due to the 
effect of catalyst loading, such as 0.5 and 1.0 wt.% in dry (a) and wet (b) conditions using SLOAL, 
RUOAL and SLORUOAL catalysts, respectively. 

The onset of activities in dry conversion was observed at 100 °C for RUOAL whereas this was 
shown by SLOAL beyond 100 °C. Generally, the CO conversion efficiency was found to increase by 
increasing the temperature. Complete or 100% CO oxidation by 0.5 and 1.0 wt.% RUOAL was 
observed at 200 and 175 °C, respectively [7], while the SLOAL showed full oxidation at 300 and 350 

Figure 6. The adsorption–desorption isotherm (a–c) and multipoint BET plots (d–f) corresponding to
the catalysts SLOAL, RUOAL, and SLORUOAL at 0.5 wt.%, respectively. The pore size distribution
graphs for the above samples given in Figure S5 show the pore diameter in the range of 3–10 nm.
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Table 1. The surface area, pore volume and pore diameter of the catalysts (0.5 wt.%).

Catalyst Name BET Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

Average Pore Diameter
(nm)

SLOAL 112.9 0.23 7.98
RUOAL 124.6 0.24 7.89

SLORUOAL 96.5 0.19 8.17

4. The CO Oxidation Performance of the Catalysts

The CO oxidation performance of the catalysts is depicted in Figure 7. The performance due to
the effect of catalyst loading, such as 0.5 and 1.0 wt.% in dry (Figure 7a) and wet (Figure 7b) conditions
using SLOAL, RUOAL and SLORUOAL, was studied.
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Figure 7. The CO oxidation performances of the catalysts are shown. The performance due to the effect
of catalyst loading, such as 0.5 and 1.0 wt.% in dry (a) and wet (b) conditions using SLOAL, RUOAL
and SLORUOAL catalysts, respectively.

The onset of activities in dry conversion was observed at 100 ◦C for RUOAL whereas this was
shown by SLOAL beyond 100 ◦C. Generally, the CO conversion efficiency was found to increase by
increasing the temperature. Complete or 100% CO oxidation by 0.5 and 1.0 wt.% RUOAL was observed
at 200 and 175 ◦C, respectively [7], while the SLOAL showed full oxidation at 300 and 350 ◦C for 0.5
and 1.0 wt.% loading, respectively. The SLORUOAL (made from 0.5% SLO and RUO each) exhibited
full performance at 225 ◦C. In this activity region, silver catalyst was maintained in the stable Ag2O
state [24] lattice oxygen loss was possible since at 7% [8], which was negligible.

In wet conversion (i.e., with 1.5 vol.% H2O), the total CO oxidation for 0.5 and 1.0 wt.% RUOAL
was observed at 275 and 250 ◦C, respectively, while the 0.5 wt.% SLOAL showed full conversion at
525 ◦C, the 1.0 wt.% catalyst showed 84% up to 700 ◦C. At such a high temperature, the orientation
of Ag (111) phase resulted in the lowest surface energy and decreased gas adsorption, diffusion,
and direction of transport [25,26]. The SLORUOAL exhibited full oxidation at 275 ◦C. The reason
for the higher temperature required in wet conversion, as compared to dry conversion, for total CO
oxidation by catalysts is due to the competition between reactant gases and water molecules for
adsorption in the catalyst pores [7]. In addition, an increase in catalyst loading from 0.5 to 1.0 wt.%
in RUOAL sped up CO conversion and, thus, full conversion was achieved at a low temperature
(25 ◦C difference), which is expected for a positive catalyst loading effect. However, in the case of
SLOAL, increasing the catalyst loading decreased the CO oxidation performance. This required a
higher temperature when the catalyst loading was increased from 0.5 to 1.0 wt.% (50 ◦C difference).
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The experiment was conducted in a continuous mode for 7 h in order to analyze the stability of the
catalysts. The temperature was fixed at 300, 175, and 200 ◦C for SLOAL, RUOAL, and SLORUOAL,
respectively, and it was observed that the oxidation performance was not affected to significant extent.

In the literature, high-temperature activity due to silver was reported using 2.0 wt.% at 220 ◦C.
Usually, catalytic activity of silver based catalysts depends on the surface architecture (related to gas
transport), preparation method and pre-treatment conditions and medium (which influence the catalyst
structure and electronic states, for example, through hydrogen reduction followed by oxidation).
The activity may decrease due to the increase in the particle size, in which further decrease partially
coordinated the active surface sites [27] in SLOAL as compared to RUOAL. Additionally, it showed
that increasing silver loading increased the conversion percentage up to certain value and beyond that
it tend to decrease [28,29]. It means that a small amount of silver loading resulted in better catalytic
performance [30]. In addition, pre-treatment with O2 at different temperature had shown different
results (in that case the total flow was 30 sccm and with 0.25 g catalyst). Pre-treatment temperature
until 500 ◦C for 8 wt.% Ag catalysts on SiO2 support was reported as good activity [28] but its stability
was not discussed. At the same time, the active sites of silver catalyst are considered an important
parameter [31], which are generally oxygen atoms located at surface or subsurface [28]. Atomically, the
Ag+ interacts more with oxygen atoms (Ag-O interaction) from gas phase and it is a chemisorption [32]
reaction which is suitably a pseudo first order reaction observed using 5 wt.% Ag on silica [33] as the
literature suggests. The mechanism of CO oxidation by silver or silver oxide is based on the ionic
complex or charged cluster formation (Ag+-O−-CO−) since the CO is not adsorbed on the metallic
silver (Ag0) at room or higher temperature [31]. The formation of CO2 and regeneration of silver oxide
catalyst is given in Equations (5) and (6). This was shown as the rate determining the step [8].

Ag2O + CO→ 2Ag + CO2 (5)

2Ag + O→ Ag2O (6)

When using Ag or Ag2O as a catalyst, a slightly high-temperature performance was generally
observed and influenced by catalyst support such as mesoporous silica or aluminum-incorporated
mesoporous silica [34]. In addition, the mechanism related to catalytic activity of silver-based particles
was previously detailed as Langmuir–Hinshelwood, Mars–van Krevelen, and Eley–Rideal, in which
the molecular or atomic adsorption of species on the catalysts surface interacted in a slow stage [32].
In addition, CO being the reductive gas partially reduced the surface oxygen sites and the disappearance
of oxygen species resulted in high-temperature operation [35], which can be confirmed from maximum
wet CO oxidation performance at >500 ◦C in addition to competitive adsorption.

The well-known mechanism of CO oxidation by the RuO2 surface is due to the adsorption and
reaction of atomic oxygen species on the coordinative unsaturated Ru atoms and bridge position surface
oxygen atoms as verified by Mars–van Krevelan [36]. The high catalytic activity at low temperature
observed for RuO2-based catalysts was due to the highly ordered mesoporous structure, edge and
corner atoms of the 1-d rods and high surface area as confirmed by BET analysis (124.6 m2

·g−1).
In the case of SLORUOAL, understanding the mechanism between Ag and Ru oxide system needs

more details. In bi-metallic catalyst (for example, Au–Ag), the activity was dependent on which of the
above metal is more interactive with oxygen and also its nature or the amount of surface oxide [37].
However, in the present case, both SLO and RUO NMs were prepared separately, and the catalyst
was prepared by external mixing (in order to maintain good dispersion and surface morphology but
each component possibly still interacts) so that both could exhibit oxide states, thus enhancing the
redox property, which was not observed but was somehow a shared performance [38]. With the
addition of Ru-O, the high-temperature activity of Ag-O was altered to the low-temperature region,
which is considered a positive effect. For example, the temperature programmed reduction profiles
of the SLOAL, RUOAL, and SLORUOAL catalysts in Figure 8 showed the H2 consumption of 0.037,
0.046, and 0.050 mmol·g−1 with peak areas 66.04, 76.15, and 83.295, respectively. This indicated the
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reduction behavior and dispersion of the catalysts. Three peak regions were observed for SLOAL such
as 100–220 ◦C, around 300 ◦C, and Tmax at around 380 ◦C. Those peaks corresponded to the reduction
of small-sized silver oxides and well-dispersed oxide phases [39] and the Tmax represents the reduction
of the bulk oxide phase (from Ag2O to metallic Ag) of the sample, which is size dependent (bigger
particle size for SLOAL). For RUOAL, the low-temperature peak at 150 ◦C and high-temperature peaks
at 200 and 370 ◦C represent the reduction of surface RuO2 crystallite [40], small-sized particles, and bulk
reductions of rod structures [7], respectively. The mixed catalyst exhibited a shift in the peak towards
lower temperature and a slight shift to high temperature as compared to RUOAL. Even though a small
increase in the peak area was noted for SLORUOAL as compared to RUOAL, which is an indication of
better dispersion, the CO oxidation performance was slightly low in comparison to RUOAL, and the
mixed performance seemed to be due to lower surface area.
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5. Conclusions

This research dealt with the synthesis, characterization, and carbon monoxide (CO) oxidation
performance of silver oxide and its composite made with ruthenium oxide. The wet chemically
prepared SLO and SLORUO exhibited spherical aggregates and rod-like surface morphology. The XRD
spectra showed cubic and mixed (cubic and rutile) structures for SLO and SLORUO, respectively.
The SLO and RUO were in the Ag2O and RuO2 chemical states as analyzed using XPS. The thermal
stability of SLO was good until 350 ◦C, and lost only 5.9% of the total mass at the end of 800 ◦C
heat test. A similar trend was noted for SLORUO, but the weight loss was 8.4% at 800 ◦C. The SLO
and SLORUO NMs were loaded onto γ-Al2O3 support at 0.5 and 1.0 wt.% and used for thermal CO
oxidation experiments, which showed surface area values of about 113 and 97 m2

·g−1, respectively. The
dry CO conversion using SLO showed concentration-dependent behavior in which the temperature
required for full CO conversion was increased by increasing concentration. The SLOAL showed full
oxidation at 300 and 350 ◦C for 0.5 and 1.0 wt.% loading, respectively, due to the slow adsorption
and reaction on the surface by reactant molecules. At the same time, the complete CO conversion by
SLORUO was observed at 225 and 250 ◦C in dry and wet conditions. The TPR profiles of the SLOAL
and SLORUOAL catalyst showed the hydrogen consumption of 0.037 and 0.050 mmol·g−1 with peak
areas of 66.04 and 83.295, respectively. Though the SLO exhibited high-temperature performance,
combining it with RUO enhanced its catalytic activity at low temperature and vice versa. The reason
was due to catalyst loading, structure (as rods have edge and corners), surface area, and the complex
metal oxygen interaction of catalysts with molecular CO. Thus, this research attempted to investigate
the use of silver oxide as a low-temperature catalyst by the addition of RuO2.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9637/3/2/19/s1,
Figure S1: The XRD spectrum of ruthenium oxide (RUO) NMs, Figure S2: The FESEM and EDX analysis of the
catalysts (1.0 wt.%) are given, Figure S3: The XPs survey spectrum, core level high-resolution spectra for Ru 3d,
O1s and Al 2p observed for the RUOAL are given, Figure S4: The TGA thermogram of RUO NMs, Figure S5:
The pore size distribution graphs for the catalysts are given which shows the pore diameter in the range of 3-10 nm.
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