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Catalytic oxidation of carbon monoxide (CO) is of great importance in many different fields of industry.
Until now it still remains challenging to use non-noble metal based catalysts to oxidize CO at low
temperature. Herein, we report a new class of nanoporous, uniform, and transition metal-doped cerium
(IV) oxide (ceria, CeO,) microsphere for CO oxidation catalysis. The porous and uniform microsphere is
generated by sacrificed polymer template. Transition-metals, like Cu, Co, Ni, Mn and Fe, were doped
into CeO, microspheres. The combination of hierarchical structure and metal doping afford superior
catalytic activities of the doped ceria microspheres, which could pave a new way to advanced non-
precious metal based catalysts for CO oxidation.

Catalytic oxidation of carbon monoxide is of great importance in a variety of practical applications, such as
automobile exhaust purifiers, CO gas masks and CO sensors'. McKinney first reported transition metal oxides
as catalysts for oxidation of CO?. Since then, noble metals, especially Pt, Pd and Au, are widely employed for cat-
alytic oxidation of CO?. For example, Pt/Al,O;, and Pt/A-zeolite were utilized in the catalytic oxidation of CO*.
Pd-based ceria materials were synthesized and showed excellent activities in the oxidation reaction’. Modified
Au/CeO,was fabricated through a nanocasting route and a high catalytic activity was obtained by the formation
of inter-particle bridges®. Structure-activity relationships of metal doped nano-Au catalysts were then elucidated
in Reddy’s work’. CO oxidation mechanisms were studied and metal-support interaction between nanoparticles
and the supports partly accounted for the improvement of catalytic activities®~!°. However, those noble metal
based catalysts are still expensive, scarce and sensitive to impurities for deactivation!!, which hinder their wide-
spread applications.

Thus, low cost alternatives based on nonprecious metals, like Cu, Co, Ni, Zn and Mn, have been studied over
decays'?. A CuO-CoO, hybrid ceria system also showed good performance in CO oxidation reaction!. Thermally
stable Fe-Cu/CeO, catalysts were prepared for CO oxidation'*. Recently, CO oxidation at low temperature with
nonprecious metal based catalysts was an important research goal'>~'%. Madras and his co-workers studied reac-
tion dynamics of Sn doped transition-metal (Cu, Fe, Co, Mn) oxides in CO oxidation, which utilized more cheap
metals in the low-temperature CO oxidation reaction'®. Mn-Ce solid solution supported on alumina helped to
improve the activity of Mn-based catalysts, showing outstanding catalytic activity at low temperatures®’. Schiith
and his coworkers developed Co doped nanocomposites with unusual catalytic behavior through template based
method?'. Among different types of metal oxide supports, cerium oxides were widely investigated in industrial
applications?>-®® due to its intrinsic physical and chemical properties®*-25. Substitution of metal cations into ceria
could lead to the formation of structural defects or mixed cerium oxide phases, thus having effects on the activi-
ties of oxygen ion”. Therefore, doping of cheap transition metals into ceria catalysts is of fundamental importance
in low temperature CO oxidation.

The morphology and structure of metal and ceria nanoparticles are important for catalytic performance,
but are hard to be controlled®—*. Surfactants or silica template were usually involved in the synthesis of metal/
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Figure 1. Synthetic scheme of transition metal doped CeO, microspheres: (a) sol-gel process; (b) calcination;
(¢) H, activation.

metal oxide hybrids with well-defined structures. It was noteworthy that catalysts prepared through soft tem-
plate method without further treatment were not as active as those fabricated through hard template method™®.
Recently we developed a hard template method to synthesize transition-metal doped CeO, microsphere by
employing microsized and porous P (GMA-co-EGDMA) polymer sphere as template®. The size and pore struc-
tures of the polymer template can be precisely controlled during the process of swelling polymerization. The sur-
face of the polymer templates can be functionalized with quaternary ammonium groups by ring-opening reaction
of epoxide groups, which could introduce interaction sites for functional materials. The porous ZrO,, Pt/CeO,
microspheres prepared by such templates showed superior catalytic activities in the Friedel-Crafts alkylation of
indoles and catalytic reduction of 4-nitrophenol®.

Herein, we employed such polymer templates to construct monodisperse and uniform CeO, microspheres,
and then further modified the materials by metal doping. Several different metal dopants such as Cu, Co, Ni,
Fe and Mn were studied. It was found that Cu doped porous CeO, microspheres exhibited the highest catalytic
activity, which was much better than that of the undoped CeO, microspheres or the counterparts with ill-defined
structures. This new approach of constructing transition metal hybrid nanoporous metal oxide microspheres
showed high potential in the development of CO oxidation catalysts.

Results and Discussion

Fabrication and Characterization of Transition-metal Doped CeO,Microspheres. The synthetic
scheme of the transition-metal doped CeO, hybrid microspheres was shown in Fig. 1. To render the surface neg-
atively charged, epoxide groups on the surface of the template (PGMA-co-EGDMA) microspheres underwent
ring-opening reaction with sodium sulphite (Na,SO;) at 70 °C, obtaining the sulfonated polymer microspheres.
During the sol-gel process, the functionalized polymer microspheres, together with metal salts, and cerium (III)
nitrate were dispersed in water and thermally treated at 60 °C in the drying oven for at least 6h. Species and
contents of metals could be adjusted in this step by varying the kinds and amounts of the metal precursors.
Transition-metals including Cu, Co, Ni, Mn and Fe could all be incorporated into ceria microspheres in the sol-
gel process. Hybrid ceria materials with metal contents of 10 mol% were denoted as M,CeO,_x (M, stands for
the doping metal). Metal oxide nanoparticles developed and cerium (IV) oxide microspheres formed after calci-
nation in a muffle furnace at 600 °C, during which process polymer template was removed. After H, activation at
330°C, activated metal hybrid ceria microspheres were successfully synthesized, which was ready for the follow-
ing heterogeneous catalysis. The scanning electron microscopy (SEM) images of metal doped ceria microspheres
were shown in Fig. 2a,b and Supplementary Fig. S1, indicating microsized and monodisperse morphologies of
the resulting Cu,CeO,_x microsphere and other ceria hybrids, which were similar to those of the parent micro-
spheres and CeO, microspheres without metal-doping. There were no obvious ceria NPs outside the transition
metal substituted ceria microspheres after calcination according to Fig. 2b, since cerium and Cu precursor gels
were adsorbed into the polymer microspheres during the sol-gel process*. EDS-mapping analysis of an individ-
ual Cu,CeO,_x microsphere was shown in Fig. 2¢, indicating the existence of Cu element. The estimated content
of Cu in the Cu,CeO,_x microspheres was 10 mol% according to element content analysis by ICP-OES.

Particle size distribution analysis of CeO, microsphere and transition metal doped microspheres, like
Cu,CeO,_x, Co,Ce0,_x, Mn,CeO,_y, Fe,CeO,_x and Ni,CeO,_y microspheres, was illustrated in Supplementary
Fig. S2. The sizes of all the metal oxide microsphere were in the range from 3 to 5 um, smaller than that of the
polymer templates. This could be possibly due to the higher densities of CeO, microspheres than that of polymer
microspheres. Pore structure (BET surface area, BET average pore size, t-plot micropore area, BJH pore vol-
ume) of the metal substituted CeO, hybrids was quantitatively evaluated by N, adsorption/desorption isotherm,
which was shown in Supplementary Table S1. BET surface areas of these five kinds of metal substituted ceria
microspheres were between 10-20 m?/g, which was similar to that of ceria microspheres. Metal contents of the
transition-metal substituted ceria hybrids were evaluated through atomic absorption spectroscopy with an opti-
cal emission spectrometer (ICP-OES) and scanning electron microscopy energy-dispersive X-ray spectroscopy
(SEM-EDS) mapping (Supplementary Table S1) respectively and values calculated from ICP-OES were used to
estimate the amounts of metal dopants in the ceria hybrids. The average transition metal substitutions of the
Cu,CeO,_y, Ni,CeO,_x, Mn,CeO,_y and Co,CeO,_y hybrids were 10 mol%. FT-IR spectra of Cu,CeO,_y micro-
spheres before and after H, reduction were shown in Supplementary Fig. S3, which were similar to that of CeO,
with peak at 1126 cm™! 6. The XRD patterns of all the as-synthesized transition metal substituted CeO, micro-
spheres were shown in Fig. 3a. The characteristic diffraction peaks of CeO, microspheres with the face-centered
cubic structure indicated good crystallinity (JCPDS No. 34-0394). After Cu substitution, diffraction peaks of the
hybrid CeO, materials appeared to shift to lower degrees due to the replacement of Ce*" by larger sized Ce* .
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A small diffraction peak of Cu,O (200) was also observed (JCPDS No. 34-1354), possibly due to the partial
reduction of Cu spieces in the Cu,CeO,_ hybrid microspheres after thermal treatment under H,/N, atmosphere.
XPS analysis of Cu 2p region in Supplementary Fig. S4 revealed more information about the valence state of Cu.
There existed a peak position at 932.1 eV, which could be assigned to Cu 2p 3/2, demonstrating the existence of
Cu (I) species. Peak located at 935.6 eV could be corresponded to Cu (II) 2p 3/2. A strong shakeup at 943.8eV fur-
ther confirmed the existence of Cu?* in the Cu,CeO,_y hybrid microspheres. Therefore, both Cu (II) and Cu (I)
existed in our Cu,CeO,_x microspheres, but there was no obvious phase separation for a Cu,CeO,_x microsphere
(Supplementary Fig. S5). The shift of XRD peaks was also observed in different metal doped ceria samples, sug-
gesting the successful incorporation of the metals into the ceria lattice (Supplementary Fig. S6). XPS at the ceria 3d
region of metal substituted microspheres was shown in Fig. 3b. By means of XPS-peak-differentiation-imitating
analysis, ten different peaks (vq, v, v/, v/, v/, ug, u, v/, u”, u’”") were obtained, which were corresponded to Ce**
and Ce** respectively®. Oxygen vacancy content (x) was estimated to be half of the concentration of Ce** ions.
Formula shown below illustrated the calculation of Ce*" ions and oxygen vacancy content: x (%)= (vo+ v/ + u,
+u)2 (vo+v+V + V" + V" +uy+u+u' + u” + u'”). (1) Here, peak area of these ten peaks was used in the
calculation of oxygen vacancies. Different oxygen vacancies of those transition metal substituted microspheres
were listed in Supplementary Table S2. According to the calculated oxygen vacancies, chemical formula of those
doped CeO, microspheres were Cu, ;5CeO, g5, Coy;;CeO; go, Nij13Ce0, 47, Mn 1,CeO; g6 and Feg 1,CeO g.
Among them, oxygen vacancy of Cu doped hybrid microsphere was better than the other catalysts. At the same
time, oxygen vacancies in the catalysts gave evidence to the fact that transition-metal spieces were doped into the
lattice of ceria. Raman spectra of these metal doped ceria microspheres were shown in Supplementary Fig. S7.
Band at 464 cm ™' was assigned to F,, mode of CeO,*. Oxygen vacancies were obviously observed in the range
of ~580-600 cm™! #1. We observed that the band at 464 cm™! shifted to lower wavenumbers after metal doping,
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Figure 3. (a) XRD patterns of: (i) CeO, standard card (JCPDS No. 34-0394), (ii) CeO, microspheres, (iii) Cu,O
standard card (JCPDS No. 34-1354) and Cu,CeO,_x microspheres (The black arrow indicating diffraction peak
from substituted Cu,0.) and (b) XPS of M,CeO,_x microspheres at the Ce 3d region: Cu,CeO,_x, Co,CeO,_x,
Ni,CeO,_x, Mn,CeO,_y and Fe,CeO,_.

which could be explained by lattice expansion. Formation of Ce*" in the CeQ, lattice was one of the factors, which
corresponded with the reason for peak shifts in XRD. Oxygen vacancy was evaluated as half of the concentration
of Ce*" ions, which supplemented the analysis of XPS. Heterogeneous metal doping made a big effect on the con-
centration of Ce** ion, which could be supported by XRD, XPS and Raman, thus leading to changes in the oxygen
vacancies. Cu,CeO,_x possessed the largest peak shift at 460 cm™ in the Raman spectrum and the largest oxygen
vacancy calculated from XPS, which was the best catalyst in the CO oxidation reaction among all these transition
metal doped microspheres. Oxygen active species were more stable on the surface of ceria based catalysts than the
bulk and helped to promote the CO oxidation*.

Catalytic Study of Transition-metal Doped CeO, Microspheres. Catalytic oxidation of CO was per-
formed on Cu doped CeO, microspheres to investigate the influence of prepared procedures on the catalytic
performance. CO conversion curves of those Cu,CeO,_x hybrids under oxygen rich conditions (2400 ppm CO,
15 vol% O,) were shown in Fig. 4a. Introduction of Cu into the CeO, lattice effectively promoted CO catalytic
activities compared with CeO, microspheres. A Cu,CeO,_x composite with ill-defined structure was synthesized
through similar approach to that of Cu,CeO,_x microspheres except that no polymer templates were added.
SEM images of Cu,CeO,_x composite were shown in Supplementary Fig. S8 and no microsphere structure was
observed. T, represented the temperature at which 100% of CO was converted to CO, and T, was the light-off
temperature. Ts, of Cu,CeO,_yx composite was 68 °C higher than that of Cu,CeO,_x microspheres, suggesting that
the catalytic activity of Cu,CeO,_x composite was lower than that of Cu,CeO,_y microsphere. It indicated the
advantage of the porous microsphere structure in enhancing the catalytic activity.

Without H, activation, T, of Cu,CeO,_x microspheres was raised to 230 °C, which was 81 °C higher than
those with H, activation. At 330 °C under H,/N, atmosphere, the Cu species doped in the microspheres were likely
to be reduced into lower valence states, such as Cu (I)***3, which could help to improve the catalytic activities for
CO oxidation*%. The doping content of Cu on the catalytic performance was also studied (Supplementary Fig. S9).
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Figure 4. CO catalytic oxidation on metal doped hybrid ceria microspheres. CO conversion curves of

(a) 1#: CeO, microspheres; 2#: Cu,CeO,_y microspheres (10 mol%); 3#: Cu,CeO,_x composite (10 mol%);
4# Cu,CeO,_y microsphere without H, activation (10 mol%); and (b) different metal doped ceria catalysts:
Cu,CeO,_x (10mol%), Fe,CeO,_x (10 mol%), Ni,CeO,_x (10mol%), Co,CeO,_x (10 mol%) and Mn,CeO,_x
(10 mol%) microspheres.

The catalytic activities increased with the increase of Cu content from 2 mol% to 10 mol%, but further increase of
Cu content after that led to decrease of the catalytic activity. T,,, and Ts, of all these catalysts mentioned above in
Fig. 4 and Supplementary Fig. S9 were listed in Supplementary Table S3. It suggested that Cu dopant was impor-
tant for the enhancement of CO oxidation catalysis. However, a much larger content (like 44 mol%) of Cu would
afford phase separation from the ceria lattice, which might decrease the catalytic performance.

The catalytic stability of Cu,CeO,_x was also studied. After cycling catalytic oxidation of CO below 300°C
without activation, the CO conversion was maintained 100% after 4 cycles, and T, of the Cu,CeO, x micro-
spheres remained 300 °C after 4 cycles (Supplementary Fig. S10). It revealed the good stability and cyclability
of Cu,CeO,_x microspheres under the relatively high temperature. The effect of doping metal species on CO
oxidation catalysis was further studied. The 100% conversion temperature of the metal doped samples was
sequenced as below in Fig. 4b: Cu,CeO,_x (300°C) = Co,Ce0,_x (300°C) < Ni,CeO,_x (350°C) < Mn,CeO,_x
(600°C) < Fe,CeO,_x (above 600°C). Ts, revealed more detailed activities of the hybrids. Ts, of Cu,CeO,_x was
150°C, which was much lower than the other 4 kinds of metal doped ceria microspheres. Therefore, Cu,CeO, _x
showed the best catalytic activity of all these hybrid ceria microspheres in the catalytic oxidation of CO. None
of these hybrid ceria catalysts underwent obvious sintering or phase changes in the catalysis, suggesting high
potential in real-world CO oxidation converters or respirators. It has been reported that Cu-based ceria catalysts
show the best CO catalytic activity among cobalt, copper, manganese, nickel, chromium, iron, and vanadium
based ceria materials*. The superior activity in Cu,CeO,_x may be related to the electronic structure® or oxygen
vacancies and the detailed mechanism will be addressed in future studies.

Conclusion
In summary, we have presented a simple and general route for the fabrication of metal nanoparticles deposited on
uniform and porous ceria microspheres by employing poly (GMA-co-EGDMA) microspheres as hard template.
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The nanoporous, hierarchical and microsized M,CeO,_x hybrid structure exhibited high catalytic activity and
good recycling stability, as well as easy recovery. This general synthetic method could furnish uniform and porous
metal oxide microspheres embedded with metal nanoparticle, opening door to advanced catalysts in various
catalytic applications.

Experimental Section

Characterization Techniques. The morphology and structure of the transition-metal substituted CeO,
microspheres were observed by field emission scanning electron microscope (FESEM) on a Hitachi S4800 scan-
ning electron microscope (Japan). The particle size distribution analysis was performed with a coulter counter
Multisizer 3 (Germany). BET (Brunauer-Emmett-Teller) surface area, t-Plot micropore area, BJH (Barrett-Joyner-
Halenda) pore volume, and N, adsorption/desorption of the microspheres were measured on a Micromeritics
Tristar IT 3020 v1.03 analyzer (USA) at liquid nitrogen temperature (—196 °C). Samples were subjected to vacuum
system and then kept at 120 °C for 12h under vacuum prior to the measurement. FT-IR spectra were collected
on a Shimadzu IR Prestige-21 with resolution of 4 cm™'. Powder X-ray diffraction (XRD) was recorded by using
a Rigaku D/Max-2200PC diffractometer. The diffraction angle range was 26 = 10-80°, with Cu Ko radiation at
40KV, 200 mA. X-ray photoelectron spectroscopy (XPS) was measured on a Thermo scientific ESCALAB 250XI
(USA) with a monochromatic Al K (1486.6 eV) radiation source. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was operated on ShimadzuICPS-7510 (Japan). Raman was observed on Horiba LabAM
HRB800 (Japan).

Procedures for the Preparation of Transition Metal-Doped Hybrid Ceria Microspheres. To a sus-
pension of 1g of the sulfonated microspheres in 5mL water, 2 g of Ce(NOs);:6H,0 was added into the mixture. At
the same time, metal precursors were added. The mixed suspension was transferred to oven set at 60 °C and then
heat-treated for 6 h. Finally, the obtained poly (GMA-co-EGDMA)/cerium microspheres with metal cations were
calcined at 600 °C for 12 h. After that, metal oxide nanoparticles/CeO, microspheres were obtained. Microspheres
were then further treated at 330 °C for 3 h in flowing H,/N, (0.5/99.5v/v) at a heating rate of 10 °C/min.

Catalytic Study. CO catalytic oxidation measurement was conducted with a fixed-bed continuous flow reac-
tor by temperature programmed reaction (TPR) technique. 0.10 g of the catalysts was carefully held in a 6 mm
(i. d.) quartz tubular reactor. A thermocouple was placed in the region of the catalyst bed to monitor the reaction
temperature. The temperature was controlled by a PID-regulation system (Bachy, CKW-2200), which was raised
at a rate of 4°C/min from 80 °C to 550 °C. The reaction gas containing CO (2400 ppm) and O, (15vol%) and bal-
ance Ar was fed through the catalyst bed at a rate of 100 mL/min.

The residence time and flow of CO were 0.5s and 2 cm/s respectively. The compositions of CO, CO, and COx
(=CO + CO,) were continuously detected on-line by GC-2014C gas chromatograph (GC) equipped with a col-
umn packed with Porapak-Q and a FID detector. The percent conversions were the values calculated according to
the equation: % Conversion = Cco,/(Cco, + Cco) *100%, where Cco, and C represented the concentrations of
CO, and CO, respectively. The concentrations of the feed and the output gases were determined and calculated
from the relative peak areas of CO, and CO with respect to the internal Ar standard.
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