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Abstract 
Nanoporous CuO/CeO2 ribbons are successfully prepared through dealloying melt-spun Al80−xCu20Cex 
(x = 0.5, 1, 2, 3, at%) alloy in a 5 wt% NaOH aqueous solution, followed by calcining in air. The 
samples are characterized by XRD, SEM, EDS, HRTEM, Raman and gas chromatograph. For the 
dealloyed melt-spun Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) alloy, the XRD results indicate that Cu and 
Cu2O are formed, while CuO and CeO2 are formed coupled with calcinations. The SEM shows that 
the CuO/CeO2 ribbons with a homogeneous pore/grain structure are thermally stable up to 600˚C 
because uniform CeO2 particles are dispersedly loaded on the fine CuO grains of the porous struc-
ture, which is validated by TEM again. Meanwhile, the Raman spectra show that the concentration 
of oxygen vacancies reach a maximum value when the calcining temperature at 600˚C. In addition, 
the gas chromatograph results show that the dealloyed Al78Cu20Ce2 ribbons with calcined at 600˚C 
have the best active catalysis for CO oxidation and the rates of CO conversation reaching at 50% 
and 100% are 150˚C and 320˚C, respectively, owing to the synergetic effects of the CuO and CeO2 
species. 
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1. Introduction 
Cerium oxide is an important rare earth oxide and has been widely investigated in the automotive exhaust puri-
fication, oxygen storage and release catalysis, and solid oxide fuel cell applications [1]-[3]. For such applica-
tions, especially for automobile exhaust gas emission control, CeO2 performs the following functions: 1) it sta-
bilizes the catalyst against metal dispersion; 2) it stores and releases oxygen; and 3) it improves CO oxidation 
and NOx reduction [4]. Meanwhile, copper is an attractive metal for industrial applications owing to its higher 
stability and lower cost, coupled with CuO with high catalytic activities toward CO and hydrocarbon oxidation, 
to which are paid much attention. In recent years, the Cu-Ce-O system has been found to be effective catalyst for 
low temperature CO oxidation and was widely studied with the hope that it could be used as a replacement for 
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expensive precious metal catalysts. 
What’s more, it has been identified that the enhanced catalytic activities of CeO2-CuO nanocomposites are at-

tributed to their synergetic interface interaction [5] [6]. Generally, a CuO/CeO2 catalyst is synthesized by im-
pregnation and precipitation methods. Gregorio Marba’n et al. have reparted that the CuOx/CeO2 nanocatalysts 
are synthesized using the silica aquagel co-precipitation technique and tested for the preferential oxidation of 
CO [7]. In addition, Xiucheng Zheng et al. have reported that CuO/CeO2 catalysts prepared thermal decomposi-
tion combined with impregnation can significantly promote the low-temperature CO oxidation, which were stu-
died by using a microreactor-GC system. It suggests that the physical properties of CeO2 supports affect the cat-
alytic activity of the CuO/CeO2 catalysts [4]. Besides, Weihua Shen et al. have reported that mesoporous cerium 
dioxide has been synthesized using the ordered mesoporous silica KIT-6 as hard template and a series of differ-
ent amounts of CuO have been modified to this CeO2 replica by wet impregnation [8]. It is easily observed that 
the above fabrication procedure are too complex to achieve large scale industrialization production, while the 
higher production cost and the environment unfriendly restrict its commercial application. 

Even so, there are few results about nanoporous CuO/CeO2 composites by dealloying. As far as I know, mo-
nolithic nanoporous CuO/CeO2 composites prepared by dealloying coupled with calcination treatment have not 
been reported so far. In our present work, we take a more effective and controllable approach to prepare nano-
porous metals, which is dealloying [9]. The objective is aimed at developing a high-performance catalyst and 
gain a better understanding of the interfacial interaction between transition metals and CeO2 while studying their 
catalytic activity in low temperature CO oxidation. It is expected that the strategy reported here can not only be 
extended to other nanoporous metal-oxidate materials for widespread applications, but also offer a new direction 
for nanocomposites. 

2. Experimental 
2.1. Preparation of the Al-Cu-Ce Precursor Alloy 
Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) alloy with nominal compositions were prepared from pure Al, Cu and Ce by 
arc-melting in a arc furnace at an argon atmosphere. Subsequently, the ingot was inserted into a quartz tube and 
heated by high frequency induction to the required temperature. Melt-spun Al80−xCu20Cex ribbons were obtained 
by a single roller melt spinning with a speed of 33 m/s. The thickness of the obtained ribbons was approximate-
ly30 µm, and the width about 3 mm. 

2.2. Preparation of the Nanoporous CuO/CeO2 Composite 
The melt-spun ribbons were dealloyed in a 5 wt% NaOH aqueous solution at room temperature until no obvious 
bubbles emerged. The dealloyed ribbons were rinsed in distilled water several times and rinsed in anhydrous 
ethanol, and then dried at 50˚C in a drying oven box. At last, the dealloyed ribbons were calcined for 1 h in a 
muffle furnace at 300˚C, 450˚C, 600˚C, 800˚C and 1000˚C, respectively. 

2.3. Characterization 
The phase structures of the as-quenched Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) ribbons, and the as-dealloyed and 
as-calcinated samples were analyzed by a Bruker D8 advanced X-ray Diffraction (XRD). The microstructures 
were observed by a JSM-7000F Scanning Electron Microscope (SEM, JEOL Ltd) and a JEM-2100 High Reso-
lution Transmission Electron Microscope (HRTEM, JEOL Ltd). The elemental distribution of the sample was 
analyzed by a JEM-2100F Transmission Electron Microscope equipped with an Energy Dispersive X-ray Spec-
troscopy (EDS, INCAX-Sight Oxford). The dealloyed and calcined Al78Cu20Ce2 samples were investigated by a 
Laboratory Ram JY-HR800 (HORIBA Jobin Yvon, France) spectrometer at an output laser power of 17.0 mW. 
The exposure time was 2 s and the operating wavelength 632.8 nm. 

2.4. The Characterization of CO Oxidation Performance 
The activity of the catalyst (about 100 mg) was tested using a GC7900 gas chromatograph equipped with a 
thermal conductivity detector (FID). Meanwhile, the gases contained 1% CO and 99% O2 balanced with nitro-
gen and the total gas flow rate were 0.01 mL/s. 
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3. Results and Discussion 
3.1. Microstructures of the Nanoporous CuO/CeO2 Composite 
Figure 1 shows the XRD patterns of as-quenched, dealloyed and as-calcined (x = 0.5, 1, 2, 3, at%) samples. For 
the as-quenched Al79.5Cu20Ce0.5 and Al79Cu20Ce1 ribbons, as shown in Figure 1(a), the peaks of α-Al and Al2Cu 
appear. When Ce content was increased to 2 and 3 at%, the α-Al, Al2Cu and Al2Ce can be measured, meanwhile, 
the diffraction peaks of Al2Cu disappear. It indicates that cerium mainly dissolves in aluminum solid solution 
when its content is very low, but a small amount of cerium compounds appear when the amount of cerium is 
more. After the Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) ribbons are dealloyed, as shown in Figure 1(b), all the 
samples only consist of Cu and Cu2O. Figure 1(b) reveal that the diffraction peaks are low and broad, indicating 
that constitution phases don’t crystallize fully. The peaks corresponding to the Ce, as shown in Figure 1(b), 
have not be detected, but the EDS analysis shows that the cerium in precursor alloys loss a little during dealloy-
ing. When the dealloyed Al78Cu20Ce2 samples are calcined at 300˚C - 1000˚C, the Cu and Cu2O are oxidized to 
CuO. While the CeO2 can be measured after the samples are calcined above 600˚C, which can be seen from 
Figure 1(d). These results confirm that the CuO/CeO2 composite are achieved through chemical dealloying 
combined with subsequent calcination. 

Figure 2 shows the SEM images of the dealloyed Al78Cu20Ce2 ribbons. The surface of the samples illustrate 
an ultrafine porous structure, as shown in Figure 2(a). The cross-section, as shown in Figure 2(b), shows a 
uniform porous structure. Pore channels with an average size of about 10 nm run throughout the whole ribbons 
and the pore walls exhibit a flake-like shape while each flake is made up of many small particles. 

Furthermore, from Figure 3(c), it can be seen that the surface of the samples calcined at 300˚C, 450˚C, 600˚C 
and 800˚C exhibits a bicontinuous nanoporous structure. While the energy dispersive X-ray spectroscope (EDS) 
 

 
Figure 1. XRD patterns of the melt-spun Al80−xCu20Cex(x = 0, 0.5, 1, 2, 3, at%) ribbons before and after 
dealloying in a 5 wt% NaOH solution (a); (b) and the dealloyed Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) samples 
calcined at 600˚C (c) and the dealloyed Al78Cu20Ce2 sample calcined at 300˚C - 1000˚C (d). 
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Figure 2. Plan-view and section-view SEM images showing the microstructures of the dealloyed 
Al78Cu20Ce2 ribbons at room temperature (a) (b). 

 

 
Figure 3. The cross-view SEM images showing the microstructures of the dealloyed Al78Cu20Ce2 ribbons 
calcined at 300˚C (a); 450˚C (b); 600˚C (c) and 800˚C (d). 

 
analysis demonstrates that the nanoporous samples are composed of Cu, Ce, and the residual Al. The Cu:Ce 
atom ratio is 87:7, which indicates that only a small amount of Ce atoms in the Al78Cu20Ce2 alloy has been lost 
during dealloying as shown in Table 1. With calcination temperature increasing, it can be clearly observed ob-
vious grain coarsening and higher pore size from the cross-section review (Figures 3(a)-(c)). While the sample 
calcined at 600˚C, some big pore can be observed, as shown in Figure 3(c). When the sample calcined at 800˚C, 
the pore walls transform from flake-like shape into block-like shape, and the porosity significantly decreases, 
coupled with the nanoporous structure has collapsed. The results show that the nanoporous structure will be 
coarsening in the calcination process owing to grain recrystallization and agglomeration. Besides, CeO2 is the 
most commonly additives using for CO catalytic oxidation, which can reduce the agglomeration of active com-
ponent and improve the stability of it by interacting with active component [10].  
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TEM and HRTEM images of the dealloyed Al78Cu20Ce2 sample calcined at 600˚C are displayed in Figure 4. 
Figure 4(a) shows that the sizes of the pore channels and grains are in agreement with the SEM observation. It 
can be seen that many nanoparticles are loaded on the surface of the CuO grains, which are CeO2.The formation 
mechanism of the nanoporous Cu prepared by the dealloying of melt-spun Al-Cu alloys in acidic or alkaline 
aqueous solution has been extensively studied. The dealloying process is essentially the selective dissolution of 
Al atoms from the precursor alloys and the rearrangement of Cu atoms, resulting in the formation of the nano-
porous Cu with a three-dimensional porous structure. In this report, the as-quenched Al78Cu20Ce2 alloy contains 
a-Al, Al2Cu and Al2Ce (Figure 1(a)). It is known that Al is easy to react with NaOH aqueous solution to pro-
duce soluble NaAlO2 but Ce cannot react with NaOH aqueous solution. As the a-Al and Al2Ce compound are 
decomposed, the released Cu atoms and Ce atoms diffuse, rearrange and accumulate, resulting in the formation 
of a nanoporous structure. When the samples are calcined at specific temperature, the released Ce atoms from 
the decomposed Al2Ce remain in the porous structure, and react with oxygen to form CeO2 in situ while Cu is 
oxidized to CuO. While the Cu and Ce atom will interact with oxygen in air forming CeO2 and CuO. Accor-
dingly, CeO2 is deposited on the surface of the CuO grains, which produce many interface between CeO2 and 
CuO (Figure 4(b)). It demonstrates that we have successfully prepared nanoporous CuO/CeO2 composite. 

Figure 5(a) shows the Raman spectra of the dealloyed Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) ribbons calcined 
at 600˚C. It can be observed that the sample Al79.5Cu20Ce0.5 shows three prominent peaks at about 292, 340 and 
589 cm−1. The peak at 292 and 340 cm−1 represent CuO while the peak at 589 cm−1 represent CeO2,which is at-
tributed to oxygen vacancies generated as charge compensation for the defects induced by the incorporation of 
ceria cations into the copper lattice [11] [12]. Most importantly, the peak at 589 cm−1 is much broad, which illu-
strates that CeO2 hasn’t crystallized or crystallized inadequately. Along with the content of cerium increasing, 
the peak at 461 cm−1 appears, which represent the F2g of CeO2 [13], deriving from the dealloyed Al80−xCu20Cex 
(x = 1, 2) ribbons calcined at 600˚C, whose intensity gradually get stronger. The results indicate that the nano-
porous CuO/CeO2 composite is formed while crystallinity increases and grain grow, which is consistent with the 
XRD results (Figure 1(c)). However, the peaks at 461 and 589 cm−1 turn to be weak accompanied with the 
peaks at 292 and 340 cm−1 becoming much weak when the content of cerium reaching at 3%, which well de-
monstrates that the perfect content of cerium is 2%.  

In the calcining process of porous Cu (Ce) alloy, the Cu and Ce are oxidized into CuO and CeO2 respectively  
 
Table 1. EDS results of the nanoporous Cu prepared by chemical dealloying of the Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) alloy 
at room temperature for different time. 

Samples Al (at%) Cu (at%) Ce (at%) 

Al79.5Cu20Ce0.5 7.13 90.48 2.39 

Al79Cu20Ce1 6.48 88.39 5.13 

Al78Cu20Ce2 5.69 87.09 7.22 

Al77Cu20Ce3 7.15 80.42 12.43 

 

 
Figure 4. TEM and HRTEM images of the dealloyed Al78Cu20Ce2 sample calcined at 600˚C (a); (b). 
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Figure 5. Raman spectra of the dealloyed Al80−xCu20Cex(x = 0.5, 1, 2, 3, at%) ribbons calcined at 600˚C, re-
spectively (a) and the dealloyed Al78Cu20Ce2 sample calcined at 300˚C - 800˚C (b). 

 

 
Figure 6. Catalytic activity of the dealloyed Al80Cu20 and Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) samples cal-
cined at 600˚C (a); Catalytic activity of the dealloyed Al78Cu20Ce2 sample calcined at 300˚C - 800˚C (b). 

 
under the condition of rich oxygen, while Ce4+ enter into CuO lattice and then form Ce1−xCuxO2−δ solid solution. 
These particles distribute on the surface of porous CuO, which makes CeO2 load on nanoporous CuO in situ. 
Besides, Cu2+ enter into CeO2 lattice and then form doped defect, resulting in the formation of a large number of 
oxygen vacancies in the bulk due to the different valence state of Cu2+ and Ce4+ and the precipitation of lattice 
oxygen. In addition, the concentration of oxygen vacancy is highly affected by the Ce content and calcination 
temperature. 

3.2. Catalytic Activity for CO Oxidation 
Figure 6(a) shows the conversion rate of CO catalytic oxidation of the dealloyed Al80Cu20 and Al80−xCu20Cex (x 
= 1, 2, 3, 4 at%) samples calcined at 600˚C. Obviously, the catalytic activity of the pure nanoporous CuO is 
lower than the CuO/CeO2 composites, and the CO conversion rates reaching at 50%, and 100% are taken place 
in 180˚C, and 350˚C respectively. There is a large difference in the temperatures of 50% conversion of the 
Al80−xCu20Cex (x = 1, 2, 3, 4 at%) samples, which is lower than 180˚C. Meanwhile, the temperatures of 50% 
conversion of the Al78Cu20Ce2 is the lowest (≈130˚C). It can be easily seen that catalytic activity of the nano-
porous CuO improves with the addition of Ce, which differs with different Ce content. The combined results of 
the HRTEM, XRD and Raman analyses show that the various CuO supports had different surface defects that 
led to the loading differences of CeO2 which entered into the copper lattice or dispersed on the copper surface. 
Luo et al. [14] also suggested that the dispersed CuO was responsible for the low-temperature CO oxidation in 
CuO/CeO2 catalysts. The results indicated that CeO2 supports affect the synergistic effect, subsequently affect 
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the catalytic activity of the corresponding CuO/CeO2 catalysts.  
Catalytic activity of the dealloyed Al78Cu20Ce2 sample calcined at 300˚C - 800˚C are presented in Figure 6(b). 

The catalysts calcined at 600˚Cexhibited the best catalytic activity in comparision with the samples calcined at 
300˚C, 450˚C, 800˚C, respectively, which reaches 50% conversion at 150˚C and reaches 50% conversion at 
320˚C. Obviously, the conversion rate of CO are highly affected by the calcination temperature. Catalytic activ-
ity of the dealloyed Al78Cu20Ce2 sample increase firstly and then decrease with the calcination temperature in-
creasing, which is attributed to the reduction of oxygen vacancy. In addition, the concentration of oxygen va-
cancy of catalysts are the highest when it calcined at 600˚C,with the increase of calcination temperature, the ini-
tial conversion rate of CO rise from 3% to 8%. When the reaction temperature increased further, the conversion 
rate of CO continue to increase. 

4. Conclusion 
We have successfully developed a novel approach to prepare CuO/CeO2 catalyst by a simple dealloying of 
melt-spun Al80−xCu20Cex (x = 0.5, 1, 2, 3, at%) ribbons in a 5 wt% NaOH aqueous solution, followed by calcin-
ing at different temperatures. A larger number of oxygen vacancies are formed in the CeO2 nanoparticles loaded 
on the CuO grains with an increase of the calcination temperature. Therefore, the nanoporous CuO/CeO2 com-
posite exhibits enhanced activities for CO oxidation due to the enhancement of interfacial interactions between 
CuO and CeO2. 
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