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Abstract: Carbon monoxide (CO) and hydrocarbons (HCs) generally have competitive adsorption
on the active site of noble-metal nano-catalysts, thus developing an effective way to reduce the
passivation of competitive reaction with each other is an urgent problem. In this study, we successfully
synthesized transition metal-noble metal (Pt-M) alloys via introducing inexpensive metal elements
(M = Ni, Co and Cu) into Pt particles and then deposited on alumina support to form Pt-based
catalysts. Subsequently, we choose CO and toluene as polluting gases to evaluate the catalytic
activities of Pt-M/Al2O3 catalysts. Introducing inexpensive metal elements (M = Ni, Co, and
Cu) significantly changed the physicochemical properties and catalytic activities of these Pt-based
catalysts. It can be found that the Pt-Co/Al2O3 catalyst exhibited outstanding catalytic activity for CO
and toluene oxidation under mixed gas atmosphere, compared with other Pt-based catalysts, which
is due to the higher dispersity, more surface adsorption oxygen, and well redox ability. Surprisingly,
H2O could promote the catalytic activities for CO/toluene co-oxidation over the Pt-Co/Al2O3

catalyst. Thus, the present synthetic strategy not only opens an avenue towards the synthesis of
noble metal-based catalysts, but also provides an excellent tolerance to H2O in the catalytic process.

Keywords: bimetallic alloy; Pt-based catalysts; catalytic oxidation; toluene; moisture

1. Introduction

In recent years, with the progress of industrial development and the increased number
of vehicles, the concentration of carbon monoxide (CO) and hydrocarbons (HCs) in ambient
air is on the rise, causing the frequent occurrence of photochemical smog pollution in some
areas and seriously threatening people’s health [1–9]. However, controlling CO and HCs
exhaust emissions can be an important direction to reducing air pollution. At present, there
are many technical methods for controlling volatile organic compounds (VOCs), such as
adsorption, catalytic oxidation, combustion, plasma, and so on. Among them, catalytic
oxidation is known as the most efficient and economical method to remove VOCs [10–14].
Besides, catalytic oxidation has also been recognized as a promising technology for reducing
exhaust gases because it directly converts pollutions into CO2 and H2O at relatively lower
temperatures and reduces the production of other atmospheric pollutants. Precious metal
catalysts and non-precious metal oxide catalysts are the most studied catalytic materials for
CO and VOCs oxidation, but Pt-based catalysts are the preferred candidates due to their
excellent catalytic properties [15,16]. To date, the commercial 3-way (Pt-Pd-Rh) catalysts
have been widely used in the after-treatment system, but the catalytic converters realize
the complete removal of CO and HCs exhaust emission at a high-temperature range
(300–400 ◦C) [17]. Significantly, CO and HCs have competitive adsorption on the active
sites of catalysts, and the catalytic performance of noble metal catalysts for CO oxidation
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can be strongly inhibited when HCs are introduced into the mixed gas [18–21]. For example,
Ye et al. [21] synthesized a series of Pt-supported catalysts (Pt-Al2O3, Pt-Co3O4, and Pt-
CeO2) for simultaneous CO and toluene oxidation. They found that CO gas was vented
into the reactor. The catalytic activities of CO and toluene over the Pt-based catalysts
obviously decreased compared to those under individual CO and toluene oxidation due
to competitive adsorption on the same active sites. Therefore, it is still an important topic
to develop effective ways to reduce the competitive reaction between CO and HCs in
Pt-based catalysts.

Recently, many studies have suggested that noble metals and other less expensive
metal elements synthesize metal nanoalloys, which not only minimizes the total used
amount of precious metals, but also gives rise to a superior catalytic activity due to the
rearrangement of the valence electrons in the new potential fields [22–28]. For exam-
ple, Yang et al. [25] reported that bimetallic Cu-Pd nanoalloys with atomic dispersion
supported on aluminum oxide (Al2O3) substrates were applied for oxidizing benzene.
The Al2O3-supported Cu-Pd particles with the ratio of Pd to Cu was 0.2 to 1, which
exhibited the highest TOF for benzene transformation and the high dispersity of Pd in
CuO. Yim et al. [27] also synthesized bimetallic Pt-based (Meso-PtM; M = Ni, Fe, Co, Cu)
nanoparticles with self-supported meso-structures that showed very high redox reaction
performance and durableness, in which the transition metals (M) promoted oxygen re-
duction reaction (ORR) activity by modulating the electronic structure and lattice strain.
The commercial Pt/C and Pt black catalysts underwent a drastic activity decrease after
durability tests, whereas Meso-PtNi with intermetallic phase exhibited superior activity
and durability. Besides, Sato et al. [28] also prepared a γ-Al2O3-supported Pt-Co bimetallic
catalyst [Pt(0.1)Co(1)/Al2O3] for purification of automotive exhaust, the electron-rich Pt
and metallic Co promoted the adsorption and activation steps of the reactions with NO,
CO, and hydrocarbons. Therefore, it is ideal for studying bimetallic Pt-based catalysts via
introducing inexpensive metal elements for CO and toluene oxidation.

In this work, we reported a facile synthetic strategy to form bimetallic Pt-M (M = Ni,
Co and Cu) catalysts for simultaneous CO and toluene oxidation, in which both transi-
tion metal and noble Pt metal were introduced onto an alumina support. The structural
information of Pt-M/Al2O3 catalysts was further investigated by powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), CO-pulse chemisorption, X-ray photo-
electron spectroscopy (XPS), hydrogen temperature-programmed reduction (H2-TPR),
and oxygen temperature-programmed desorption (O2-TPD) measurement. At the same
time, the effect of weight hourly space velocity (WHSV) and moisture, stability test on
the catalytic performances of CO/toluene co-oxidation were further investigated. After
introducing a secondary inexpensive metal, the catalytic activities over bimetallic Pt-M
(M = Ni, Co, Cu) catalysts for CO/toluene oxidation were not significantly decreased.
Interestingly, the catalytic activity of only Pt-Co/Al2O3 catalyst was better than that of
Pt/Al2O3 catalyst for individual CO and toluene oxidation. When CO and toluene gases
simultaneously exist in the reaction gases stream, the catalytic activities of these catalysts
for CO and toluene oxidation decreased because of the competing adsorption in the same
active sites. In addition, H2O promoted the catalytic activities for CO/toluene oxidation
over the Pt-Co/Al2O3 catalyst.

2. Experimental Section
Synthesis of Pt/Al2O3 Catalyst

The 2.0 g alumina (γ-Al2O3, ~300 m2 g−1, size about 200 nm) powders from Aladdin
Reagents (Shanghai, China) and 1.0 mL Platinum nitrate (10.0 mg/mL Pt) were added
to 250 mL of ultrapure water. The solution was heated to boiling point under vigorous
magnetic stirring. Then, 11.0 mL mixed solution of 1.0 wt.% sodium citrate and 0.05 wt.%
citric acid were added to the reaction system. After half a minute, 5.5 mL of a newly
synthesized sodium borohydride (0.08 wt.%) solution with 1.0 wt.% sodium citrate and
0.05 wt.% citric acid were added. The above reaction solution was kept at 100 ◦C for 0.5 h
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under vigorous magnetic stirring. After the above process was finished, the solution was
cooled to room temperature, washed 3 times with deionized water and ethanol under
high-speed centrifugation, and dried at 80 ◦C for 12 h. Finally, the as-obtained products
were reduced by passing 10% H2 at 300 ◦C for 5 h. The nominal Pt content of Pt/Al2O3 is
0.5 wt.%. The as-prepared catalyst was denoted as Pt/Al2O3.

Synthesis of bimetallic Pt-M/Al2O3 catalysts, sample characterizations, and catalytic
oxidation of CO/toluene are presented in the Supplementary material.

3. Results and Discussion
3.1. XRD Analysis

The XRD patterns of as-synthesized Pt/Al2O3 and Pt-M/Al2O3 samples are shown in
Figure S1. From the XRD spectra of four samples, it can be seen that each sample contains
four distinct diffraction peaks at 37.6◦, 45.8◦, 39.5◦, and 66.8◦, corresponding to the (311),
(222), (400), and (440) planes of γ-Al2O3 (JCPDS card No. 29-0063), respectively. No new
diffraction peak corresponding to the Pt or PtOx phase (approximately 33◦ and 44◦) is
observed, and there are no peaks associated with the Pt species. This may be due to the
lower loading of Pt species or the high dispersion of Pt particles in the form of small
particles on the alumina.

3.2. Surface Area Analysis

Figure 1 displays the N2 sorption isotherms and pore size distributions for as-synthesized
Al2O3, Pt/Al2O3, and Pt-M/Al2O3 catalysts. Prior to testing, these pristine samples were
desorbed at 150 ◦C for 6.0 h under vacuum. The isotherms in Figure 1a were consistent
with type IV isotherms with an H3-type hysteresis loop, indicating a mesoporous structure.
The pores of these samples can be seen from the distribution of pore size in Figure 1b. It
suggests that each sample is a mesoporous material. The mesoporous structure data of
all the samples are summarized in Table 1. The samples have larger surface areas in the
range of 205.99 ~ 303.34 m2 g−1. Compared to the Al2O3 support, it can be found that
the surface areas of Pt/Al2O3 and Pt-M/Al2O3 catalysts decreased slightly, and the pore
volumes also decreased slightly between 0.91 cm3 g−1 and 0.73 cm3 g−1. It is worth noting
that pure Al2O3 possessed the largest surface area and pore volume among all the samples.
The reason for this result may be that metal particles on the surface of Pt/Al2O3 and
Pt-M/Al2O3 catalysts may hinder the pore channel of Al2O3 support. It is well known that
the surface area has an effect on the catalytic activity of most reactions, and the catalysts
with larger surface areas have better catalytic activity. In addition, abundant pore structure
will be more favorable for the exposure of active sites, thereby facilitating the adsorption
and reaction of reactants. However, for these Pt-M/Al2O3 catalysts, the surface area and
pore structure may not be the crucial factors in the CO/toluene oxidation.

3.3. Microstructure

It is believed that the particle sizes and dispersions of Pt nanoparticles are also pivotal
factors to influence the catalytic properties of these catalysts. Transmission electron mi-
croscopy (TEM) measurement was carried out to further reveal microstructures of Pt/Al2O3
and Pt-M/Al2O3 samples, as shown in Figure 2. Insets show the size distributions of Pt-
based nanoparticles in Figure 2a–d, with the nanoparticles uniformly distributed on the
surface of catalysts. These particles calculated from the histograms in Figure 2 have average
diameters of ca. 3.5 ± 0.2 nm, ca. 3.6 ± 0.2 nm, ca. 3.5 ± 0.2 nm, and ca. 4.4 ± 0.2 nm
for the Pt/Al2O3, Pt-Ni/Al2O3, Pt-Co/Al2O3, Pt-Cu/Al2O3, respectively. The represen-
tative high-resolution TEM (HRTEM) image of Pt/Al2O3 (Figure 2e) clearly reveals that
the surface lattice spacing is measured to be 0.215 nm, which is matched well with the
(111) crystal face of Pt phase. For the Pt-Ni/Al2O3 catalyst, the surface lattice spacing of
0.200 nm is measured in Figure 2f, which is consistent with the (111) lattice plane of Pt.
The HRTEM image of Pt-Co/Al2O3 shows the surface lattice spacing in Figure 2g, and
the measured d-spacing is 0.260 nm, consistent with the (200) lattice plane of Pt. For the
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Pt-Cu/Al2O3 catalyst (Figure 2d,h), there is the surface lattice spacing with a d-spacing
of 0.230 nm, which is matched well with the (200) crystal plane of the Pt phase. From
the TEM/HRTEM images of all the catalysts, introducing inexpensive metal elements
(M = Ni, Co, Cu) could be used to control the average size of metal Pt nanoparticles. In
addition, MOx phases are not observed, which is due to the lower loading or the formation
of intermetallic compounds between Pt and MOx.
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Table 1. Elemental compositions, surface area data, and other physical-chemical parameters of Pt-Al2O3 and Pt/M-Al2O3

samples.

Sample Pt Loading
(wt.%)

M (Ni, Co and
Cu) Loading

(wt.%)

SBET
(m2 g−1)

Vpore
(cm3 g−1)

Pore
Diameter

(nm)

Pt a

Dispersion
(%)

TOFPt-CO
b

(10−2 S−1)
TOFPt-toluene

b

(10−4 S−1)

Pt-
Al2O3

0.49 — 269.99 0.91 6.77 47.67 3.77 2.96

Pt/Ni-
Al2O3

0.47 0.41 295.81 0.95 6.43 51.07 4.86 3.40

Pt/Co-
Al2O3

0.48 0.43 226.25 0.73 6.44 59.97 5.29 4.77

Pt/Cu-
Al2O3

0.48 0.44 205.99 0.75 7.25 52.63 3.60 2.86

Al2O3 — — 303.34 1.00 6.62 — — —
a Pt dispersion was determined from CO-pulse chemisorption (the CO/Pt ratio is 1.0); b The turnover frequency (TOF) values were
calculated via the CO/toluene conversions at 190 ◦C during the mixture conditions.

3.4. Temperature Programmed Reduction (TPR)

In Figure 3, the H2-TPR results describe different forms and reduction behaviors of
these Pt-based samples. Guo et al. reported that Pd/Al2O3 possessed negative peaks that
were corresponded to the decomposition of the β-PdH phase, confirmed the existence of
metallic Pd nanoparticles [29,30]. In addition, the H2 desorption peak at higher tempera-
tures indicates that some Pd species are easily reduced at normal temperature. In this work,
H2-TPR results show that one negative peak was observed at about 70–100 ◦C, and one
positive peak was detected at about 450–500 ◦C for these catalysts. Fu et al. [31] revealed
that many Co oxide species loaded onto Pt NPs to form a nanoalloy can be reduced at
100 ◦C. Regalbuto et al. [32] reported that alloying Pt-M (Co, Ni, Cu) was enabled to observe
hydrogen spillover. Thus, the negative peak could be the characteristic peak of hydrogen
desorption due to the effect of metal Pt particles. The positive peak at high temperatures
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could be attributed to the reduction of lattice oxygen species on the surface of Al2O3. Of
course, these positive characteristic peaks at about 450–500 ◦C can be considered as the
reduction peaks of surface lattice oxygen on these catalysts. The above temperature regions
of H2 desorption peak over Pt-M/Al2O3 catalysts are similar to those of Pd/Al2O3 catalysts
reported by Guo et al. [30]. Among these catalysts, the negative peak over the Pt-Co/Al2O3
catalyst slightly shifted to a higher temperature (93 ◦C), manifesting that the Pt species in
Pt-Co/Al2O3 catalyst could still be easily reduced at lower temperatures. In addition, the
addition of transition metal can cause the reduction peak to move slightly, and the intensity
of hydrogen consumption at about 450–500 ◦C on the Pt-M/Al2O3 catalysts is obviously
decreased, which is mainly caused by the electronic interaction between transition metal
oxides (MOx) and Pt nanoparticles.

Processes 2021, 9, x FOR PEER REVIEW  5  of  14 
 

 

 
Figure 2. (a) Pt/Al2O3, (b) Pt‐Ni/Al2O3, (c) Pt‐Co/Al2O3, and (d) Pt‐Cu/Al2O3, as well as corresponding 

to (e–h) high‐resolution transmission electron microscopy (HRTEM) images in the (a–d) TEM im‐

ages, respectively (insets are the histograms to display the size distributions of Pt‐based nanoparti‐

cles). 

3.4. Temperature Programmed Reduction (TPR) 

In Figure 3, the H2‐TPR results describe different forms and reduction behaviors of 

these Pt‐based samples. Guo et al. reported that Pd/Al2O3 possessed negative peaks that 

were corresponded to the decomposition of the β‐PdH phase, confirmed the existence of 

metallic Pd nanoparticles [29,30]. In addition, the H2 desorption peak at higher tempera‐

tures  indicates  that some Pd  species are easily  reduced at normal  temperature.  In  this 

work, H2‐TPR results show that one negative peak was observed at about 70–100 °C, and 

one positive peak was detected at about 450–500 °C for these catalysts. Fu et al. [31] re‐

vealed that many Co oxide species loaded onto Pt NPs to form a nanoalloy can be reduced 

at 100 °C. Regalbuto et al. [32] reported that alloying Pt‐M (Co, Ni, Cu) was enabled to 

observe hydrogen spillover. Thus, the negative peak could be the characteristic peak of 

hydrogen desorption due to the effect of metal Pt particles. The positive peak at high tem‐

peratures could be attributed to the reduction of lattice oxygen species on the surface of 

Al2O3. Of course, these positive characteristic peaks at about 450–500 °C can be considered 

as the reduction peaks of surface lattice oxygen on these catalysts. The above temperature 

regions of H2 desorption peak over Pt‐M/Al2O3 catalysts are similar to those of Pd/Al2O3 

catalysts reported by Guo et al. [30]. Among these catalysts, the negative peak over the Pt‐

Co/Al2O3 catalyst slightly shifted to a higher temperature (93 °C), manifesting that the Pt 

species in Pt‐Co/Al2O3 catalyst could still be easily reduced at lower temperatures. In ad‐

dition, the addition of transition metal can cause the reduction peak to move slightly, and 

the intensity of hydrogen consumption at about 450–500 °C on the Pt‐M/Al2O3 catalysts is 

obviously decreased, which is mainly caused by the electronic interaction between transi‐

tion metal oxides (MOx) and Pt nanoparticles. 

Figure 2. (a) Pt/Al2O3, (b) Pt-Ni/Al2O3, (c) Pt-Co/Al2O3, and (d) Pt-Cu/Al2O3, as well as corresponding to (e–h)
high-resolution transmission electron microscopy (HRTEM) images in the (a–d) TEM images, respectively (insets are the
histograms to display the size distributions of Pt-based nanoparticles).

Processes 2021, 9, x FOR PEER REVIEW  6  of  14 
 

 

 

Figure 3. H2‐TPR profiles of as‐synthesized Pt/Al2O3 and Pt‐M/Al2O3 samples. 

3.5. Surface Element Composition 

To further investigate the surface composition of these Pt‐based catalysts, X‐ray pho‐

toelectron spectra (XPS) measurement was tested on the four samples. Figure 4 illustrates 

Al 2p/Pt 4f and O1s XPS spectra of all the samples. Since the characteristic peaks of Al 2p 

and Pt 4f were close and overlapped in the range of 73~75 eV, thus the valency of platinum 

was not determined from Figure 4a. XPS spectra of O 1s were also further analyzed, and 

three oxygen chemical states were observed on the surface of Pt‐based catalysts, as shown 

in Figure 4b. Wherein, the main peak with an O 1s spectrum appears in the position of 

binding energy (BE) of around 531.1 eV, which was related to lattice oxygen species (Olatt) 

[33,34]. While the peak at 532.2 eV was considered to be surface absorbed oxygen species 

(Oads), and the weak peak at 533 eV was ascribed to adsorbed hydroxyl and water mole‐

cules (O‐OH). Besides, the proportion of three oxygen chemical states over these samples 

was calculated, the results are shown in Table 2. The oxygen vacancy (Oads + O‐OH) ratios 

were Pt/Al2O3 (39.1%), Pt‐Ni/Al2O3 (40.3%), Pt‐Co/Al2O3 (42.5%), and Pt‐Cu/Al2O3 (36.4%), 

respectively, indicating that Pt‐Co/Al2O3 can provide the higher content of surface oxygen 

species. The existence of oxygen vacancies was of great significance to the chemical prop‐

erties and catalytic activities of nanomaterials. 

Table 2. The binding energy and percentage ratio of O 1s XPS results over these Pt‐based samples. 

Sample 
Olatt 

BE (eV) 

Oads 

BE (eV) 

O‐OH 

BE (eV) 
Olatt (%)  Oads (%)  OOH (%) 

Pt/Al2O3  531.17  532.23  533.41  60.9  23  16.1 

Pt‐Ni/Al2O3  531.06  532.24  533.4  59.7  27.0  13.3 

Pt‐Co/Al2O3  531.08  532.13  533.23  57.5  27.3  15.2 

Pt‐Cu/Al2O3  531.13  532.19  533.18  63.6  23.2  13.2 

Figure 3. H2-TPR profiles of as-synthesized Pt/Al2O3 and Pt-M/Al2O3 samples.



Processes 2021, 9, 230 6 of 13

3.5. Surface Element Composition

To further investigate the surface composition of these Pt-based catalysts, X-ray photo-
electron spectra (XPS) measurement was tested on the four samples. Figure 4 illustrates Al
2p/Pt 4f and O1s XPS spectra of all the samples. Since the characteristic peaks of Al 2p and
Pt 4f were close and overlapped in the range of 73~75 eV, thus the valency of platinum was
not determined from Figure 4a. XPS spectra of O 1s were also further analyzed, and three
oxygen chemical states were observed on the surface of Pt-based catalysts, as shown in
Figure 4b. Wherein, the main peak with an O 1s spectrum appears in the position of binding
energy (BE) of around 531.1 eV, which was related to lattice oxygen species (Olatt) [33,34].
While the peak at 532.2 eV was considered to be surface absorbed oxygen species (Oads),
and the weak peak at 533 eV was ascribed to adsorbed hydroxyl and water molecules
(O-OH). Besides, the proportion of three oxygen chemical states over these samples was
calculated, the results are shown in Table 2. The oxygen vacancy (Oads + O-OH) ratios
were Pt/Al2O3 (39.1%), Pt-Ni/Al2O3 (40.3%), Pt-Co/Al2O3 (42.5%), and Pt-Cu/Al2O3
(36.4%), respectively, indicating that Pt-Co/Al2O3 can provide the higher content of surface
oxygen species. The existence of oxygen vacancies was of great significance to the chemical
properties and catalytic activities of nanomaterials.
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Table 2. The binding energy and percentage ratio of O 1s XPS results over these Pt-based samples.

Sample Olatt
BE (eV)

Oads
BE (eV)

O-OH
BE (eV) Olatt (%) Oads (%) OOH (%)

Pt/Al2O3 531.17 532.23 533.41 60.9 23 16.1
Pt-Ni/Al2O3 531.06 532.24 533.4 59.7 27.0 13.3
Pt-Co/Al2O3 531.08 532.13 533.23 57.5 27.3 15.2
Pt-Cu/Al2O3 531.13 532.19 533.18 63.6 23.2 13.2

3.6. Oxygen Temperature-Programmed Desorption (O2-TPD)

O2-TPD experiments were performed to understand their O2 desorption behavior,
as shown in Figure 5. Three distinct desorption peaks could be seen on four catalysts,
corresponding to different desorption oxygen species. The conversion process of oxygen
adsorption on a catalyst was followed [35–37]: O2 (ads)→ O2

− (ads)→ O2− (ads)→ O2−

(latt). Thus, it can be seen that these different states of oxygen on the surface of catalysts.
Three distinct peaks were observed at about 170 ~ 210 ◦C, 400 ~ 420 ◦C, and 500 ~ 550 ◦C. A
α strong peak in the range of 100 ~ 300 ◦C was regarded as the physically surface-adsorbed
oxygen species and adsorbed O2

− species (ads-O2 and ads-O2
−, respectively) [36,38,39]. A

β peak in between 300 and 450 ◦C was assigned to surface lattice species (latt-O2−), while
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the third peak (γ peak in between 450 and 600 ◦C) belongs to the pyrolysis of lattice oxygen
at high temperature [40]. If the catalyst with α peak at a lower temperature level indicated
that there could be more likely to produce surface oxygen species, which will provide higher
catalytic activity. Generally speaking, a material with abundant reactive oxygen species
can perform a redox reaction at lower temperatures, and the high-temperature oxygen
fluidity can improve the efficiency of transporting oxygen species. As everyone knows
that the oxidation process of VOCs mainly follows a Mars–van Krevelen mechanism and
the reaction occurs due to a nucleophilic attack of surface absorbed oxygen species [41,42].
Meanwhile, the higher levels of surface active-oxygen species were conducive to VOCs
oxidation [40,43–45]. Abundant surface oxygen vacancies could facilitate the formation
of surface adsorbed oxygen species, which was verified by measuring the higher oxygen
vacancy molar ratios of catalysts via XPS results in this study. Therefore, the strong
desorption peak (α peak) of Pt-Co/Al2O3 suggests that more surface adsorption oxygen
can be provided by the Pt-Co/Al2O3 catalyst, resulting in the catalytic performance of
CO/toluene oxidation being improved significantly.
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3.7. Catalytic Activity Measurement

Figure 6 shows the catalytic activities for CO/toluene of Pt-based samples under dif-
ferent reaction conditions as a function of temperature, while the CO/toluene conversion
plots were recorded at the heat preservation stage for 1.0 h. CO2 and H2O were the main
products, while other by-products (below 1.0 ppm) were not detected. The catalytic activi-
ties of these samples were compared by using T10, T50, and T99 (the catalytic temperatures
of 10%, 50%, and 99% CO/toluene conversion, respectively) as a reference, as described
in Table 3. It can be found that all the catalysts have more outstanding catalytic activities
than Pt/Al2O3 (T99 = 180 ◦C) for individual CO oxidation in Figure 6a, their T99 values for
CO oxidation were achieved at 160 ◦C with a WHSV of 60,000 mL g−1 h−1. For individual
toluene oxidation, Pt-Co/Al2O3 catalyst exhibited an optimal catalytic activity among
these Pt-based catalysts in Figure 6b, its T10, T50, T99 are 160, 180, and 195 ◦C, respectively.
However, the catalytic performance of bimetallic Pt-Ni/Al2O3 and Pt-Cu/Al2O3 catalysts
for toluene oxidation was reduced, compared with the Pt/Al2O3 catalyst. However, when
CO and toluene gases simultaneously exist in the reaction gases stream, the catalytic
activities for CO and toluene oxidation over all the catalysts were inhibited due to the
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competitive adsorption of CO and toluene on the same active sites, as shown in Figure 6c
and d. In addition, it can be found that there was an inverse hysteresis in CO or toluene
conversion during catalytic oxidation over Pt-Co/Al2O3 catalyst in Figure S2, which was
due to exothermic combustion. The Pt/Al2O3 catalyst exhibited complete oxidation for CO
and toluene co-existence at 200 ◦C. Among bimetallic Pt-M/Al2O3 catalysts, Pt-Co/Al2O3
catalyst exhibited a more excellent catalytic activity for CO and toluene oxidation in mix-
ture conditions, while Pt-Ni/Al2O3 and Pt-Cu/Al2O3 catalysts displayed a poorer CO
and toluene oxidation activity than the Pt/Al2O3 catalyst. The presence of toluene caused
an obvious decrease in CO conversion due to competitive adsorption of both CO and
toluene on the surface of catalysts. Moreover, Platinum atoms exposed on the surface
of catalytic materials were often considered as the active site for controlling the catalytic
oxidation of CO/toluene. The TOF values for CO/toluene co-oxidation at 190 ◦C have
also been calculated in Figure 7. With the increased dispersity of Pt in bimetallic catalysts,
the Pt-based catalysts would effectively increase the catalytic activity and TOF of each
active site. Therefore, the Pt-Co/Al2O3 catalyst with the highest dispersity and TOF value
exhibited the best catalytic performances for CO/toluene oxidation at a lower temperature.
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Figure 6. (a) CO and (b) toluene conversions in simple conditions of these Pt/Al2O3 and Pt-M/Al2O3 samples; (c) CO and
(d) toluene conversion in mixture conditions of these Pt/Al2O3 and Pt-M/Al2O3 samples. Simple conditions: 1.0 vol.% CO
or 1000 ppm toluene balanced with air; Mixture conditions: 1.0 vol.% CO and 1000 ppm toluene balanced with air. All the
reactions were kept at WHSV = 60,000 mL g−1 h−1.
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Table 3. Catalytic activities of these Pt/Al2O3 and Pt-M/Al2O3 samples under different conditions.

Sample Temperature
(◦C)

Simple Conditions Mixture Conditions

T10/◦C T50/◦C T99/◦C T10/◦C T50/◦C T99/◦C

Pt/Al2O3
CO 144 169 180 155 180 200

Toluene 150 182 200 176 190 200

Pt-Ni/Al2O3
CO 140 155 160 139 172 220

Toluene 130 172 220 166 190 220

Pt-Co/Al2O3
CO 140 155 160 142 168 190

Toluene 153 174 195 165 182 200

Pt-Cu/Al2O3
CO 143 156 160 160 185 210

Toluene 158 185 210 182 198 220
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Figure 7. The TOF values for (a) CO and (b) toluene oxidation over these Pt/Al2O3 and Pt-M/Al2O3 samples at 190 ◦C
under mixture conditions.

3.8. The Effects of WHSV and Moisture

The effect of WHSV on the catalytic activities of Pt-Co/Al2O3 catalyst for CO/toluene
oxidation was further investigated, as shown in Figure 8. With the increase in WHSV
values, the catalytic activities of CO/toluene oxidation decreased. Under the condition
of WHSV = 30,000 mL g−1 h−1, the temperature of complete oxidation for individual CO
and toluene oxidation could be obtained at a temperature of 160 and 190 ◦C, respec-
tively, whereas the T99 values for CO and toluene oxidation in mixture conditions were
about 170 and 190 ◦C, respectively. When the WHSV value was further increased to
120,000 mL g−1 h−1, the Pt-Co/Al2O3 catalyst can completely degrade the CO and toluene
at below 220 ◦C.

To simulate more realistic conditions, certain moisture was introduced into the simu-
lated off-gas stream, which could obviously affect the catalytic performance of catalyst. The
influence of moisture on the catalytic activities of the Pt-Co/Al2O3 catalyst for CO/toluene
oxidation are showed in Figure 9. Surprisingly, it can be found that H2O promotes the
catalytic activities for CO/toluene oxidation over the Pt-Co/Al2O3 catalyst. In addition,
the promoting effect of H2O in individual CO/toluene oxidation is more remarkable than
that in CO and toluene co-oxidation. For individual CO/toluene oxidation with mois-
ture, Pt-Co/Al2O3 catalyst maintains full CO and toluene conversions at a temperature
of 150 ◦C and 190 ◦C, respectively. Under the mixture conditions with moisture, the CO
and toluene conversions would be mildly facilitated by moisture. Therefore, it can be
seen from the experimental data that the Pt-Co/Al2O3 catalyst owns an excellent tolerance
to H2O in the oxidation process, and H2O also have a similar promoting effect on other
catalysts [44,46–48].
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3.9. Catalytic Stability

Figure S3 shows an on-stream stability experiment for CO/toluene oxidation over
the Pt-Co/Al2O3 catalyst at different conditions under a WHSV of 60,000 mL g−1 h−1.
During the long-term stability test for 48 h, the conversions of CO and toluene over the Pt-
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Co/Al2O3 catalyst under dry conditions at a temperature 200 ◦C were found to be 100% and
98% in Figure S3a, respectively, which were not significantly decreased. Besides, their CO
and toluene conversions with or without H2O under mixture conditions at a temperature
of 180 ◦C did not fluctuate significantly in Figure S3b. The above results manifest that the
Pt-Co/Al2O3 catalyst exhibits a relatively high catalytic activity for CO/toluene oxidation,
good stability as well as high resistance to CO and hydrocarbon inhibition in the simulated
exhaust stream, indicating that the Pt-Co/Al2O3 catalyst can be well applied to CO and
toluene co-oxidation.

4. Conclusions

In summary, we have successfully synthesized bimetallic Pt-M (M = Ni, Co, Cu) on
alumina substrates via introducing inexpensive metal elements for the catalytic removal of
CO and toluene co-existence. It can be found that introducing inexpensive metal elements
into Pt/Al2O3 catalyst clearly changes the physico-chemical properties, anti-toxic abilities,
and catalytic performances for CO and toluene co-oxidation. The catalytic evaluations of
CO/toluene oxidation indicate that the Pt-Co/Al2O3 catalyst exhibits the best catalytic
activity for complete CO and toluene oxidation (T99/CO = 160 ◦C, T99/toluene = 200 ◦C)
under individual atmosphere among these Pt-based catalysts. Moreover, the bimetallic Pt-
M/Al2O3 catalysts display identical catalytic performance (T99/CO = 160 ◦C) for individual
CO oxidation, which is higher than the Pt/Al2O3 catalyst. For CO and toluene co-oxidation,
the Pt-Co/Al2O3 catalyst also had the lowest temperature, and CO and toluene have
competitive adsorption at the active sites of catalysts. Importantly, H2O promotes the
catalytic activities for CO/toluene oxidation over the Pt-Co/Al2O3 catalyst due to excellent
tolerance to H2O. According to the catalytic and characterization analysis, it can be seen
that Pt-Co/Al2O3 catalyst with superior activity has the highest turnover frequency (TOF)
for CO/toluene conversion and the well dispersity of Pt particles. In addition, the catalytic
performance is related to the Pt particle size, metal species, more surface adsorption
oxygen, and well redox ability. However, the pathway introducing Ni and Cu elements
into Pt/Al2O3 to prepare Pt-Ni/Al2O3 and Pt-Cu/Al2O3 do not achieve the desired goal of
increasing catalytic activity for simultaneous CO and toluene oxidation and the synthesis
of Pt-based catalysts decorating a low content of Co metal element is a useful method to
improve Pt-metal utilization in the CO and toluene oxidation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/2/230/s1, Figure S1: XRD patterns of as-synthesized Pt/Al2O3 and Pt-M/Al2O3 samples,
Figure S2: Hysteresis in CO/toluene conversion during catalytic oxidation over Pt-Co/Al2O3 catalyst,
Figure S3: Long-term stability test for (a) individual CO/toluene oxidation under dry condition and
(b) CO/toluene co-oxidation under mixture condition over the Pt-Co/Al2O3 catalyst, respectively.
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