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ABSTRACT 

Nanostructural catalyst with long-term durability under harsh conditions is very important for 

outstanding catalytic performance. Herein, a new ultra-stable PtCo/Co3O4-SiO2 nanocatalyst was 

explored to improve the catalytic performance of carbon monoxide (CO) oxidation in virtue of the 

active surface lattice oxygen derived from strong metal-support interactions. Such structure can 

overcome the issues of the Co3O4-SiO2 inactivation by water vapor and the Pt inferior activity at 

low temperature. Further, Co3O4-SiO2 nanosheets endow superior structure stability under a high 

temperature up to 800 °C, which gives the long-term catalytic cyclability of PtCo/Co3O4-SiO2 
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nanocomposites for CO oxidation. Moreover, the large specific surface areas (294 m2/g)  of the 

nanosheet structure can expose abundant active surface lattice oxygen, which significantly 

enhanced the catalytic activity of CO oxidation at 50 °C over 30 days, and without apparent 

aggregation of PtCo nanoparticles after 20 cycles from 50 °C to 400 °C. It can be expected to be a 

promising candidate for ultra-stable efficient catalyst. 

1. INTRODUCTION 

Many industrial catalytic processes, including carbon monoxide (CO) oxidation, CH4 

combustion, catalytic hydrogenation reaction, etc., are generally carried out over 300 °C, 

therefore, designing high-temperature-resistant catalysts with good performance become 

critically demanded.1-5 Till now, nanocatalysts containing Pt have still received extensive 

attention for these applications.6-9 However, Pt nanoparticles (NPs) are easily aggregated 

for minimizing their surface energy at a high temperature, which could result in serious 

activity dropping of catalysts. To solve this problem, some methods have been 

proposed.10,11 For example, Pt NPs have been dispersed onto the support with large surface 

areas (e.g., CeO2 or Al2O3), and thus can realize enhanced utilization of active-atoms 

thereby improving the catalytic activity. But the catalytic activity remains to be improved 

at temperatures <100 °C.12-14 So it is yet an arduous challenge to construct Pt included 

nanocatalysts with a long cyclability within a much wider temperature range.  

Owing to the special structure features, various two-dimensional (2D) nanomaterials 

have been investigated globally in recent years.15,16 Hereinto, non-noble-metals nanosheets 

with an atomic-layer thickness, especially those with defective ones, have been proposed 

as a promising candidate to improve catalytic performance due to their abundant catalytic 

active sites.17-21 It has been demonstrated that ultrathin CeO2 nanosheets with surface pits 
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can exhibit an outstanding catalytic activity for CO oxidation.22 However, it is difficult to 

maintain 2D nanostructure and activity at a high temperature because of high surface 

energy, which significantly restrict their practical catalysis applications. In order to stabilize 

the active components, silica (SiO2) has been widely applied as a support or a shell in the 

heterogeneous catalysts, but this is still not good enough to restrain the aggregation of 

active components or to contact well with catalytic substrates.23-25 To address the above 

issues, one way is to fabricate the 2D nanocomposite with the catalytic active components 

separated by SiO2 nanosheets, which can not only increase the stability of active species, 

but also enlarge surface areas for the effective utilization of active atoms.  

In this work, a unique heterostructure of PtCo/Co3O4-SiO2 has been designed and 

successfully constructed through a galvanic replacement coprecipitation process followed 

by H2 reduction, in which insitu alloying of PtCo anchored on Co3O4-SiO2 nanosheets 

results in abundant active lattice oxygens. Such structure is expected to improve the 

catalytic activity of Pt at low temperature, meanwhile to overcome the catalysis limitation 

of Co3O4 under water vapour for CO oxidation. Thus, the obtained PtCo/Co3O4-SiO2 

catalysts can give rise to the following advantages for CO oxidation:  i) Such nanoflower-

like structure assembled by nanosheets leads to a mass of channels and large surface areas, 

which are beneficial for gas flow thereby immensely improving the catalyzation of CO 

oxidation; ii) The excellent thermal-stability of Co3O4-SiO2 nanosheets can ensure the 

steady structure even at a high-temperature over 800 °C for long cycling catalytic activity; 

iii) The strong metal-support interactions (SMSI) between PtCo and Co3O4-SiO2 can 

generate plentiful active lattices oxygens, which enable to significantly enhance catalytic 

performance at low temperature under water vapour. Therefore, the PtCo/Co3O4-SiO2 
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structures exhibit an excellent stability at a high temperature, meanwhile, overcome the 

both issues of the Co3O4-SiO2 inactivation by water vapor and the Pt inferior activity at low 

temperature. This work explores a new route in the development of ultra-stable hetero-

nanocatalysts with 2D self-assembled structure for efficiently catalyzing CO oxidation at a 

wide temperature range in virtue of the active centers derived from SMSI. 

2. EXPERIMENT SECTION 

2.1. Chemicals 

Copper chloride dihydrate (CuCl2·2H2O, 99%), ethanol (C2H5OH, 99%), acetone (C3H6O, 

99.5%) and chloroplatinic acid hexahydrate (H2PtCl6·6H2O with Pt content ≥ 37%) were 

purchased from Sinopharm Chemical Reagent Co., Ltd., China. Cobalt chloride hexahydrate 

(CoCl2·6H2O, 99.7%), sodium borohydride (NaBH4, 98%), urea (CH4N2O, 99%) and hydrofluoric 

acid (HF, ≥ 40%) were purchased from Aladdin Reagents, Shanghai, China. All reagents were 

used without further purification. The silicon wafers were purchased from Zhejiang Lijing Silicon 

Material Co., Ltd. China., and cleaned with acetone, ethanol, and then the deionized water for three 

times before the usage. 

2.2. Synthesis of Co3O4-SiO2 nanoflower-spheres 

The Co3O4-SiO2 nanoflower-spheres catalyst was synthesized by a modified hydrothermal 

method. The typical synthesis process is described as follows: CoCl2·6H2O aqueous solution (15 

mL, 5 mM) and CuCl2·2H2O aqueous solution (5 mL, 5 mM) were mixed in a Teflon-lined 

stainless steel autoclave. Then, a piece of 1cm×1cm silicon wafer and 200 mg of urea were added. 

After magnetic stirring for 10 min, the reaction system was sealed and heated at 140 oC in an oven 

for 8 hrs with a heating rate of 1 oC·min-1. When the oven was cooled down to room temperature, 

the obtained products in the autoclave except for silicon wafer was collected by centrifugation, 
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and then alternately washed by ethanol and deionized water for three times and dried in a vacuum 

oven at 60 oC for 24 hrs. The Co3O4-SiO2 catalyst was obtained by calcinating the dried powder in 

air at 600 oC for 5 hrs. In addition, 3D radial needle-like Co3O4 would be obtained, when only 

CoCl2·6H2O aqueous solution (15 mL, 5 mM) and urea (200 mg) were added to the Teflon-lined 

stainless steel autoclave. 

2.3. Synthesis of PtCo/Co3O4-SiO2 nanocomposite 

In a typical preparation process, 50 mg of as-obtained Co3O4-SiO2 nanocomposite was added to 

HF solution (10 mL, 0.04%) and stirred for 20 min; then the suspension was washed with deionized 

water. After that, H2PtCl6 solution (5 mL, 5 mM) was added to the washed suspension and 

subsequently ultrasonically dispersed for 2 hrs. The obtained solution was then placed in the 

freezer to ice-cold and rapidly injected a freshly prepared and ice-cold NaBH4 aqueous solution 

(10 mL, 10 mM) under vigorous stirring. The resulting mixture was then left at room temperature 

for 5 hrs and the final precipitates of Pt/Co3O4-SiO2 nanocomposites were collected by 

centrifugation and washed thoroughly. By further reducing Pt/Co3O4-SiO2 nanocomposite in 5% 

H2 at 400 oC for 1hr with a heating rate of 10 oC·min-1, PtCo/Co3O4-SiO2 nanocomposite catalyst 

can be obtained. 

For comparison, the flower-like nanostructure of PtCosync/Co3O4-SiO2 were also prepared by 

co-reduction alloy method, in which PtCo NPs were directly loaded on Co3O4-SiO2 nanosheet. 

The specific synthetic steps were as follows: 50 mg Co3O4-SiO2 nanocomposite was added to HF 

solution (10 mL, 0.04%) and stirred for 20 min; then the suspension was washed with deionized 

water. After that, H2PtCl6·6H2O aqueous solution (5 mL, 5 mM) and CoCl2·6H2O aqueous 

solution (2 mL, 5 mM) were added to the washed suspension, and ultrasonically agitated for 2 hrs. 

The obtained solution was then placed in the freezer to ice-cold, and a freshly prepared, ice-cold 
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NaBH4 aqueous solution (10 mL, 10 mM) was then rapidly injected under a vigorous stirring. The 

solutions was precipitated at room temperature for 5 hrs, and the precipitates were centrifuged, 

washed with deionized water and absolute ethanol repeatedly, and then dried in a vacuum oven at 

60 oC for 24 hrs to obtain PtCosync/Co3O4-SiO2 nanocomposite catalyst. 

2.4. Characterization 

Field-emission scanning electron microscope (SEM, JEOL, S-4800) was used to investigate the 

morphology of the samples, and elemental compositions were analyzed by using an energy 

dispersive X-ray spectroscope (EDS), which was conducted at 20 keV on a TN5400 EDS 

instrument (Oxford). Microstructures of the materials were studied by using a high-resolution 

transmission electron microscope (HRTEM, JEOL JEM-2100EX, Japan). Powder X-ray 

diffraction (XRD) patterns were obtained by using a Bruker D8 (German) diffractometer with a 

Cu Kαradiation source (λ= 0.1541 nm) and a scanning angle (2θ) of 10°-90°, operated at 40 kV 

and 40 mA. The chemical states of elements were analyzed by using an X-ray photoelectron 

spectroscope (XPS, RBD-upgraded PHI-5000C ESCA system, Perkin Elmer) with Mg Kα 

radiation (hν=1486.6 eV). Before analyzing the XPS peaks, the binding energies of all the elements 

were calibrated using the containment carbon (C 1s=284.6 eV) as the reference. The deconvolution 

of the XPS spectra was performed after subtracting the background of each peak using the Shirley. 

The Brunauer–Emmett–Teller (BET) surface areas were measured using the Micromeritics 

TRISTAR 3020. H2 temperature-programmed reduction (H2-TPR) was carried out on a 

Micromeritics AutoChem II 2920 automated catalyst characterization system. CO adsorption 

diffuse reflectance infrared Fourier-transform spectroscopy (CO DRIFTS) was performed on 

PerkinElmer Frontier FT-IR. 

2.5. CO oxidation measurements 
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The activities of catalysts for CO oxidation were evaluated in a continuous flow fixed-bed quartz 

reactor under an atmospheric pressure. 50 mg catalysts were pressed, crushed, and sieved to the 

40-60 mesh size range and diluted with 200 mg of quartz sand. The operation temperature was 

controlled using a thermocouple and adjusted in the range of 30 °C to 400 °C. Temperatures used 

in the catalytic tests were measured using a second thermocouple placed in the catalyst bed. Before 

each measurement, the catalysts were pre-treated with N2 gas (50 ml·min-1) at 300 °C for 1 hr, 

then a 2.0 vol.% CO/10 vol.% O2/N2 mixture (50 ml·min-1) was introduced into the reactor, which 

corresponds to a gas hourly space velocity(GHSV) of 60,000 h−1. The reactants and products were 

analyzed using on-line A90 gas chromatography (Shanghai Yimeng Electronic Technology Co., 

Ltd.). The column was a stainless steel tube with a diameter of 3 mm and was filled with a carbon 

molecular sieve chromatography packing. The detector used was a thermal conductivity detector 

(TCD). And the details of the equipment are shown in scheme S1. The catalytic oxidation activity 

of the catalyst is represented by the conversion rate of CO2 generated by CO. The CO light-off 

temperature is 50% of CO conversion and represented by T50; and the lowest complete conversion 

temperature of the CO is represented by T100. The conversion rate (C) was calculated according to 

the following formula: C=n(COin)-n(COout) /n(COin) 

For a typical light-off run, the temperature was ramped with a rate of 2 °C·min-1 from 30 °C to 

400 °C, and the data collection was performed after every 5 °C. Prior to data recording for each 

experiment, the temperature was stabilized for 5 min.  

In a typical steady-state experiment, the system was adjusted to the measured temperature under 

N2 flow at a heating rate of 10 °C·min-1, and then replaced by the reaction mixture gas. The data 

were recorded every 12 hrs. 
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In a standard cycle experiment, the temperature was increased from 50 °C to 400 °C with a step 

of 25 °C. Before the measurement, the temperature was controlled to stabilize for 5 min. Once a 

cycle was finished, the reactor was cooled down to room temperature before new cycle was started. 

3. RESULTS AND DISCUSSION   

3.1. Mechanism of fabrication 

The flower-like nanostructures of PtCo/Co3O4-SiO2 have been successfully constructed, 

in which the structures were self-assembled by Co3O4-SiO2 nanosheets with embedded 

PtCo nanoalloys (NAs) via the insitu reduction of H2, as shown in Scheme 1. Firstly, 

Co3(Si2O5)2(OH)2 nanoflower-spheres, the precursor of the Co3O4-SiO2 nanocomposites, 

were fabricated by galvanic replacement coprecipitation process in a hydrothermal system. 

The reaction is initiated by the hydrolysis of urea, the subsequent product of NH3 

hydrolyzes to produce OH- and react with Co2+ & SiO3
2-. Then Co3(Si2O5)2(OH)2 precursor 

were obtained, in which SiO3
2- was derived from the replacement of Cu2+ with Si on the 

surface of silicon wafer, because ϕCu2+/Cu (-0.222 V) is much higher than ϕSiO3
2-/Si (-

1.697 V) in the alkaline solution. After the reaction, the surface of silicon wafer was then 

chemically deposited by a layer of copper, which can be confirmed by XRD analysis 

(Figure S1). As the surface of silicon wafer covered by a layer of Cu, Co3(Si2O5)2(OH)2 

complex was preferred to grow in the solution, rather than on the silicon wafer. In the 

hydrothermal reaction, the Cu2+ ions can not only control the generation rate of SiO3
2-, but 

also react with NH3 to form [Cu(NH3)4]
2+, therefore restrict the hydrolysis of NH3 and then 

further control the co-precipitation rate of Co2+ and SiO3
2- , which finally lead to the 

formation of 2D Co3(Si2O5)2(OH)2 nanosheets precursor. In order to optimize the synthesis 

method and demonstrate the synthesis mechanism, we have selected different specifications 
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of silicon wafers and different additions of Cu2+ to react. The SEM was used to observe the 

morphologies of obtained samples, as shown in Figure S2 and S3.  After the calcination, 

the precursors can be transformed into Co3O4-SiO2 nanocomposites. Secondly, after 

treatment with HF, PtCl6
2- was absorbed on Co3O4-SiO2 nanosheets then to be in-situ 

reduced and form Pt/Co3O4-SiO2 composites. Finally, the further H2 treatment gives rise to 

the heterostructured of PtCo/Co3O4-SiO2, in which Pt induced the reduction of Co from the 

surrounding Co3O4 to form PtCo NAs, and results in the generation of active lattice oxygens 

as shown in Scheme 1B.26,27 

Scheme 1. Schematic illustration of the fabrication process of PtCo/Co3O4-SiO2 

heterostructure. 
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3.2. Morphologies and Structures 

Morphologies and structures of PtCo/Co3O4-SiO2 nanocomposites and contrast samples 

(Pt/Co3O4-SiO2 and Co3O4-SiO2) are characterized, shown in Figure 1. It can be clearly observed 

that Co3O4-SiO2 support are nanoflower-spheres with an average diameter of 3.5 μm, self-

assembled by numerous Co3O4-SiO2 nanosheets (Figure 1A-E). Such structure is endowed with an 

extremely large surface area of 294 m2·g-1. The HRTEM image in Figure 1F presents a mixture of 

crystalline structures with a lattice spacing of 2.86 Å of Co3O4 (220) planes (marked with white 

box) and amorphous structures of SiO2 (marked with black circle), further illustrates Co3O4 and 

SiO2 embedded by each other. The inset SAED pattern shows polycrystalline diffraction rings, 

which can be indexed as the (220), (311), (400) and (422) facets of Co3O4, respectively. In 

Pt/Co3O4-SiO2 nanocomposites, Figure 1G distinctly shows that the Pt NPs (~2 nm) are uniformly 

dispersed on the surface of Co3O4-SiO2. Its HRTEM image reveals Pt (110) planes with a lattice 

spacing of 2.27 Å (marked in red box) besides Co3O4 (220) planes and amorphous SiO2 (Figure 

1H). The inset SAED pattern shows mixed diffraction ones of (111) and (220) facets from Pt and 

(311), (222) and (400) facets from Co3O4. The further H2 treatment of the Pt/Co3O4-SiO2 lead to 

the formation of PtCo/Co3O4-SiO2 composites, in which the PtCo NPs with a mean diameter of 3 

nm are uniformly anchored onto the Co3O4-SiO2 nanosheets (Figure 1I). In addition, the mixed 

crystalline structure proved by the corresponding HRTEM image and SAED patterns confirms the 

formation of PtCo/Co3O4-SiO2 nanocomposite (Figure 1J, K). Figure 1L shows EDS analysis 

results of the PtCo/Co3O4-SiO2 (trace (a)) and Pt/Co3O4-SiO2 (trace (b)) composites. Both of them 

contain Pt, Co, Si and O elements with the atomic ratio of Pt:Co:Si estimated to be 1:20:30, while 

Pt is absent in the Co3O4-SiO2 nanocomposites (trace (c)). The element mappings are shown in 

Figure 1N-P, which can be overlapped with the corresponding SEM image (Figure 1M). 



 11 

 

Figure 1. (A~C) SEM images and (D, E) TEM images with different magnification of Co3O4-SiO2 

nanocomposite; (F) HRTEM image of Co3O4-SiO2 nanocomposite with inset SADE pattern; (G, 

H) TEM image with inset particle size distribution and HRTEM image with inset SADE pattern 

of Pt/Co3O4-SiO2 nanocomposite; (I~K) TEM image with inset particle size distribution, HRTEM 

image and SADE pattern of PtCo/Co3O4-SiO2 nanocomposite; (L) EDS analysis of PtCo/Co3O4-

SiO2 (a), Pt/Co3O4-SiO2 (b) and Co3O4-SiO2 (c) nanocomposites; (M~P) SEM image of 

PtCo/Co3O4-SiO2 nanocomposite and elements mapping of Si, Co and Pt  respectively. 

Figure 2A shows the XRD patterns of the PtCo/Co3O4-SiO2 nanocomposites and as-contrast 

samples. Because of the amorphous structure of SiO2, only Co3O4 peaks can be observed in Co3O4-

SiO2 nanocomposite (curve (a)). The similar cases appear in Pt/Co3O4-SiO2 (curve (b)) and 
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PtCo/Co3O4-SiO2 (curve (c)), but without apparent peaks of Pt and PtCo alloys detected. This is 

mainly because these tiny NPs are uniformly distributed on the surface of Co3O4-SiO2.
 12,28 To 

further confirm the structure of these homodisperse NPs, Pt/Co3O4-SiO2 and PtCo/Co3O4-SiO2 

samples were calcined at 873 K for 5 hrs in an argon environment. The XRD results of these 

samples were obtained and the results are shown in curves (d) and (e). In curve (d), we can clearly 

see three peaks at 39.7°, 46.2° and 67.4°, which can be indexed to the (111), (200) and (220) planes 

of Pt NPs (JCPDF No. 65-6828).  Three peaks at 40.3°, 46.8° and 68.0° can be observed in curve 

(e), which are located between the standard peaks of Pt (JCPDF No. 65-6828) and Co (JCPDF No. 

15-0806), indicating the existence of the PtCo NAs. 29,30 

   To investigate the redox property of catalyst surface, H2-TPR test has been conducted for the 

PtCo/Co3O4-SiO2 nanocomposite and its contrast samples and shown in Figure 2B. There are two 

reduction peaks in both of the PtCosync/Co3O4-SiO2 (curves b) and Pt/Co3O4-SiO2 (curves c). The 

reduction peak in the low temperature range is linked with Co3+ reduction into Co2+, during which 

the spinel structure of Co3O4 can be converted into CoO. The reduction peak in the high 

temperature range is related with the reduction of CoO to metallic Co.31,32 Whereas, the H2-TPR 

curve of the PtCo/Co3O4-SiO2 composite (curves a) has three reduction peaks. The weak peak at 

166 °C is attributed to the reduction of active lattice oxygen, which derived from SMSI via the in 

situ alloying of PtCo on Pt/Co3O4-SiO2 nanosheets. 33 The active lattice oxygen can significantly 

enhance the activity of the CO catalytic reaction, especially at the low temperature.13 In addition, 

the reduction peak of Co3+ reduced to Co2+ has been shifted to higher temperature, which is mainly 

due to the existence of SMSI between the PtCo NAs and Co3O4-SiO2 support.34 

To examine the role of the active lattice oxygen and PtCo alloy during reaction, we performed 

CO DRIFTS of PtCo/Co3O4-SiO2 nanocomposite (Figure 2C) and compared the results with 
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Pt/Co3O4-SiO2 nanocomposite (Figure 2D). The samples were placed in CO-filled infrared pool at 

100°C, and spectral data were collected at 0min, 2min, 5min and 10min, respectively. A prominent 

symmetrical band at 2174 cm−1 and 2115 cm−1 can be observed in both samples, which are assigned 

to CO in the gas phase and linearly adsorbed CO on catalyst surface, respectively. In addition, a 

band at 2349 cm−1 was only seen on PtCo/Co3O4-SiO2 for 2min, corresponding to CO2, which can 

be considered as the reaction product of CO adsorbed on the catalyst surface with active lattice 

oxygen. After 5min, the band of CO2 disappeared and the band of CO increased, indicating the 

product CO2 can desorb in time without affecting CO reabsorption. Whereas for Pt/Co3O4-SiO2, 

the band of CO keep increasing over time. Therefore, the active lattice oxygen and PtCo alloy 

plays an important role in the catalytic reaction of CO oxidation.  

 

Figure 2. (A) XRD patterns of Co3O4-SiO2 (a), Pt/Co3O4-SiO2 (b), PtCo/Co3O4-SiO2 (c), and the 

annealed Pt/Co3O4-SiO2 (d), PtCo/Co3O4-SiO2 (e) nanocomposites; (B) H2-TPR profiles of 

PtCo/Co3O4-SiO2 (a), PtCosync/Co3O4-SiO2 (b) and Pt/Co3O4-SiO2 (c) nanocomposites ; (C, D) CO 

DRIFTS of PtCo/Co3O4-SiO2  (C) and Pt/Co3O4-SiO2 (D).  
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XPS measurement was performed to further insight into the elemental valence information of 

Pt/Co3O4-SiO2 and PtCo/Co3O4-SiO2 nanocomposites. The survey spectra in Figure S4 clearly 

shows that both of the samples contain C, O, Si, Co, and Pt elements, which are consistent with 

the EDS results. In order to obtain the specific valence information of the elements, XPSPEAK41 

peak software has been used to further analyze the characteristic peaks of Co 2p and Pt 4f. In 

Figure 3A, the peaks of Pt 4f7/2 and Pt 4f5/2 for Pt/Co3O4-SiO2 can be deconvoluted into two pairs 

of peak, the peaks at 71.15 eV and 74.55 eV are attributed to Pt (0), the other peaks at 71.98 eV 

and 75.48 eV are related to Pt (II). Meanwhile, Pt 4f7/2 and Pt 4f5/2 of PtCo/Co3O4-SiO2 in Figure 

3B can be deconvoluted into two pairs of peak with binding energies of 71.19 eV & 74.7 eV and 

72.02 eV & 75.54 eV, corresponding to Pt (0) and Pt (II), respectively. These peaks position of 

PtCo/Co3O4-SiO2 shifts to the higher binding energy compared with those of Pt/Co3O4-SiO2. This 

is mainly because that after the formation of PtCo alloy, the electron transfer between Pt and Co 

can shift the binding energy.35,36 For the detailed XPS analysis of Co 2p spectra, Pt/Co3O4-SiO2 

(Figure 3C) and PtCo/Co3O4-SiO2 (Figure 3D) have the same peak type, both of them are 

composed of main peaks and satellite peaks,  but there is a difference in the position and FWHM 

of the peaks. Meanwhile, the analysis of XPSPEAK41 peak software shows that the main peaks 

of Co 2p3/2 and Co 2p1/2 for the Pt/Co3O4-SiO2 in Figure 3C can be deconvoluted into two pairs of 

peak with binding energies of 779.8 eV & 795.6 eV and 782.2 eV & 797.2 eV, corresponding to  

Co (II) and Co (III), respectively. Whereas Figure 3D shows that the peaks of Co 2p3/2 and Co 

2p1/2 for PtCo/Co3O4-SiO2 can be deconvoluted into three pairs of peak with binding energies of 

778.7 & 794.6, 780.0 & 795.8 and 782.1 eV & 797.3 eV, corresponding to Co (0), Co (II) and Co 

(III), respectively. The existence of Co (0) in PtCo/Co3O4-SiO2 further demonstrates the successful 
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partial reduction of Co in Pt/Co3O4-SiO2 nanocomposites. The peak located at the binding energy 

of 103.4 eV is related to the SiO2 (Figure S5).  

 

Figure 3. Detailed XPS analysis of Pt 4f spectra for Pt/Co3O4-SiO2 (A) and PtCo/Co3O4-SiO2 (B) 

as well as Co 2p spectra for Pt/Co3O4-SiO2 (C) and PtCo/Co3O4-SiO2 (D). 

3.3. Catalytic Performance 

Co3O4 has been widely used as the catalyst for efficient CO oxidation, however its performance 

stability is still limited by structure stability at high temperature and water vapour at low 

temperature.37-39 In order to achieve high structure stability and large surface area for outstanding 

performance at high temperature, SiO2 was embedded into Co3O4 to construct Co3O4-SiO2 

nanosheets. Meanwhile, as relevant density functional theory (DFT) calculation showed that water 

vapour can effectively promote CO oxidation performance of the Pt based catalyst,40 Pt was 

introduced into catalyst system to overcome the negative effects of water vapour. In our case, the 

as-synthesized heterostructure of PtCo/Co3O4-SiO2 is expected to address the issues of Co3O4 

structure stability at high temperature and inactivation under water vapour, meanwhile, raising the 
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catalytic activity of Pt based catalyst at low temperature in virtue of active lattice oxygens derived 

from the insitu alloying of PtCo from Pt/Co3O4-SiO2 under H2. 

In Figure 4A, for PtCo/Co3O4-SiO2 nanocomposites, the CO light-off temperature (T50) and the 

complete conversion temperature (T100) are 50 °C and 115 °C, respectively, which are much lower 

than those of PtCosync/Co3O4-SiO2 (T50 =105 °C and T100 =155 °C)  and Pt/Co3O4-SiO2 (T50 =115 

°C and T100 =170 °C) . The reason can be suggested that the existence of abundant active lattice 

oxygens in the PtCo/Co3O4-SiO2 nanocomposites can remarkably promote the catalytic reaction 

of CO oxidation. Therefore, the active lattice oxygen plays an important role in the catalytic 

reaction of CO oxidation. Meanwhile, the activity curve of Co3O4-SiO2 nanocomposites shows a 

U shape, a lowest point of the CO conversion rate at 80 °C can be found, which is mainly due to 

the influence of water vapour.41 In addition, the catalytic activity of CO oxidation for PtCo/Co3O4-

SiO2 nanocomposites have also been compared with other reported catalysts in the literature and 

summarized in the Table S1. Figure 4B shows the Arrhenius plots of the PtCo/Co3O4-SiO2, 

PtCosync/Co3O4-SiO2, Pt/Co3O4-SiO2 and Co3O4-SiO2 composites, according to the slope of the 

curves, their activation energies can be calculated to be 27.0 kJ/mol, 42.5 kJ/mol, 37.0 kJ/mol and 

34.0 kJ/mol, respectively, further demonstrate the best catalytic activity of PtCo/Co3O4-SiO2 

nanocomposites. Since the light-off curves in Figure 4A can only indicates the short-term 

performance of the catalyst at a given temperature. In order to further investigate the catalytic 

activities of the synthesized catalysts in the low temperature and high temperature ranges, we have 

also tested the catalysts at a constant temperature (50 °C and 400 °C). 
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Figure 4. Temperature dependence of the activity (A) and Arrhenius plot for CO oxidation (B); 

Catalytic performance of CO oxidation at a constant temperature of 50 °C (C) and  400 °C (D) for 

PtCo/Co3O4-SiO2 (a), PtCosync/Co3O4-SiO2 (b), Pt/Co3O4-SiO2 (c) and Co3O4-SiO2 (d).  

 Figure 4C shows the CO conversion rate of PtCo/Co3O4-SiO2 nanocomposites and other 

contrast catalysts, which have been continuously catalysed at 50 °C for 30 days. It can be clearly 

seen that the Pt/Co3O4-SiO2 nanocomposites have little catalytic activity, and the activity of 

PtCosync/Co3O4-SiO2 is much lower than that of the PtCo/Co3O4-SiO2, indicating the formation of 

PtCo NAs and the active surface lattice oxygens can effectively enhance the catalytic oxidation 

activity in a low temperature environment. In addition, we can clearly see that catalytic activity of 

PtCo/Co3O4-SiO2 nanocomposites has no significant decrease after 30 days catalysis reaction, by 

contrast, the catalytic activity of Co3O4-SiO2 nanocomposites is decreased sharply after 100 hrs, 

which mainly because the catalyst surface was deactivated by the water vapour adsorption. 

Meanwhile, under the high temperature reaction environment of 400 °C, the CO conversion rates 

for all the synthesized catalysts are 100%, even after 30 days (Figure 4D). It illustrates that the 
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Co3O4-SiO2 support plays a vital role in the catalysis under a high temperature environment. The 

excellent thermal stability of as-prepared Co3O4-SiO2 nanocomposite can be demonstrated by heat 

treatment at 800 °C in air for 10 hrs (Figure S6). 

 

Figure 5. Conversion rate of CO from 50 to 400 °C with 20 cycles and 10 cycles for PtCo/Co3O4-

SiO2 (A), PtCosync/Co3O4-SiO2 (B) and Pt/Co3O4-SiO2 (C)  

For further understand the high temperature thermal cycle stability of the synthesized catalysts, 

we conducted the cyclic catalytic tests from 50 °C to 400 °C. Figure 5A shows the CO conversion 

rates of PtCo/Co3O4-SiO2 composite cycled for 20 times. The complete conversion temperature 

T100 has little increase after 20 cycles. Whereas for the PtCosync/Co3O4-SiO2 (Figure 5B) and 

Pt/Co3O4-SiO2 (Figure 5C) nanocomposites after 10 cycles catalysis, the T100 values are increased 

from 155 °C to 300 °C and 170 °C to 275 °C, respectively. The morphology and structure of the 

reacted catalyst have been further investigated by TEM (Figure S7) and XRD characterization 

(Figure S8). Severe agglomeration can be observed for the PtCosync/Co3O4-SiO2 and Pt/Co3O4-

SiO2 nanocomposites, whereas the PtCo/Co3O4-SiO2 only has little increase of the particle size 
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and there is no obvious change in the phase except adding a broad peak of PtCo alloy, which is 

mainly due to the increase in the particle size. This demonstrates that the heterostructure of the 

PtCo/Co3O4-SiO2 has better structural stability relative to other nanocomposites, and thus has 

better cycling stability, which is mainly due to the existence of SMSI between the embedded PtCo 

NAs and Co3O4-SiO2 support. 

Scheme 2. Illustration of the catalysis mechanism of the CO oxidation reaction over 

PtCo/Co3O4-SiO2 nanocomposites.  

 

Based on the results of structural characterizations and performance measurements, the catalysis 

mechanism of the PtCo/Co3O4-SiO2 nanocomposite has been proposed, as illustrated in Scheme 

2. The CO catalytic oxidation can be assumed as a typical gas-solid heterogeneous catalytic 

reaction, thus the surface microelectronic structures and the specific surface areas of the catalyst 

have significant influences on its performance. CO oxidation over metallic Pt supported on 

reducible oxides follows a Mars-van Krevelen reaction mechanism. According to this mechanism, 

the active lattice oxygens, generated by the insitu alloying of PtCo on Co3O4-SiO2 under H2 

reduction treatment, is responsible for the catalytic reaction. Therefore, over the catalyst of 
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PtCo/Co3O4-SiO2 composites, CO is preferentially adsorbed onto the PtCo alloy and then reacts 

with the active lattice oxygen in its vicinity. 33,42,43 Then the O2 molecules will fill the oxygen 

vacancies caused by the reacted lattice oxygen, thus the adsorbed O2 molecules can be activated 

and dissociated to easily react with the CO. In addition, the PtCo NAs can weaken the strong 

absorption of the product CO2 with Pt which would prevent the re-adsorption of CO at the active 

sites, thus PtCo/Co3O4-SiO2 nanocatalyst have higher catalytic activity and cycle stability than 

Pt/Co3O4-SiO2 nanocatalyst. When the reaction occurs at a high temperature, the influence of the 

active surface lattice oxygen on the catalytic performance can be significantly decreased, because 

the high temperature environment is favorable for the breaking of chemical bonds. Therefore, there 

are no apparent differences in the catalytic activities of CO oxidation among PtCo/Co3O4-SiO2, 

PtCosync/Co3O4-SiO2, and Pt/Co3O4-SiO2 at high temperatures. 

4. Conclusion 

In summary, we have designed a flower-like structure of PtCo/Co3O4-SiO2 composite, which 

has been obtained through a galvanic replacement coprecipitation process with subsequent H2 

reduction. The large specific surface areas and excellent structure stability of Co3O4-SiO2 

significantly enhance the catalytic activity and thermal cycling stability for catalyzing CO 

oxidation, meanwhile,  the abundant active lattice oxygens and the SMSI between PtCo NAs and 

Co3O4-SiO2 support remarkably improve the inferior activity of Pt based catalyst at low 

temperature. Hence, the PtCo/Co3O4-SiO2 nanocomposites present an outstanding enhanced 

catalytic activity at low temperature and long-term catalytic cyclability for CO oxidation. This 

work opens up a new way to design a thermostable nanostructures by embedding SiO2 nanosheets 

and improve the catalytic activity of catalysts by introducing active centers. 
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