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Abstract
In the present study, we synthesized catalysts based on CuO2 and CeO2 on 

pretreated MWCNT (Multi-Walled Carbon Nanotubes) support.  The metallic 
oxides were selectively deposited (on internal and/or external surfaces of the 
MWCNT) by wet impregnation. The CeO2/CNT@CuO, CuO/CNT@CeO2 
and CuO-CeO2/CNT@CeO2 catalysts (which means “external component”/
CNT@“internal component”) were tested in the PROX reaction. We studied the 
selective introduction of the CuO and CeO2 nanostructures in and outside the 
CNT (carbon nanotubes) walls and their influence on the activity, selectivity and 
stability in the PROX reaction. Characterizations showed that it was possible to 
drive selectively the deposition of the metallic oxides to one of the MWCNTs 
surface. Results showed that the activity does not depend whether metallic oxides 
are internally or externally located on the MWCNTs walls. There are no sintering 
or interaction of metal oxides. The catalysts reached high conversions 65-70% and 
are very stable for long time. The CNT contribute to the electronic mobility of 
the electrons of metal oxide and the CNTs.

Keywords
MWCNT, Selective deposition, Metal oxides, CO oxidation, Activity, 

Stability

Abbreviations
PROX: Preferential Oxidation of a Carbon Monoxide; MWCNT: Multi-
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Introduction
The preferential CO oxidation is widely used for treating H2-rich streams 

for use in fuel cells [1, 2]. The noble metals have been used for PROX reaction, 
at low temperatures, however, they are expensive [3-6]. The transition metals 
and oxides present high performance and enormous potential. The catalytic 
activity of the oxidation reaction depends on several factors. Among these, the 
support materials such as silica, alumina, carbon, among others, show a dominant 
influence on the catalytic performance [7, 10, 13]. Indeed, noble metals and 
nickel oxide are excellent activation metal oxides for this reaction, but the first is 
very expensive while nickel oxide is very susceptible to quick deactivation, which 
is disadvantageous for this reaction. On the other hand, the oxide supports have 
been vastly cited in the literature and although they show stable performance, 
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there are disadvantages due to sintering and formation of 
byproducts, due to the different surface properties of the 
supports. Therefore, according to the literature, the cerium 
oxide (CeO2) and copper oxide (CuO) have been excellent 
active oxides when supported on oxide or mixed oxide supports 
for this reaction [7]. In fact, the CeO2 presents vacancies 
and high storage capacity, which contributes to the redox 
processes. The interaction between redox ion pairs gives rise to 
the interface CuO-CeO2. Martinez-Arias [8] showed that the 
CO adsorption and subsequent CO2 formation takes place at 
this interface on CuO/CeO2 and CuO/ZrCeO4 catalysts. Zhu 
[9] also prepared CuO-CeO2 mixed oxide catalysts by the 
hydrothermal method, varying the composition, and showed 
that the CuO concentration influenced the activity. The CO 
conversions are high, which were ascribed to the synergistic 
effect between the Cu and Ce oxide particles and due to 
the high dispersion and homogeneity of the metallic oxide 
distribution in accordance with other results [10-12].

Since the support affects the reaction performance and 
the stability, the literature began to search for new materials 
that may inhibit sintering and/or interaction with the active 
metallic oxides during the oxidation reaction and in particular 
for the PROX reaction. Among them, the carbon nanotubes 
provide an innovative and interesting approach by giving a 
nano-confined environment (empty internal surface). Besides, 
the nanotubes contribute to a higher exposition of the metals 
or oxides, good stability and longer lifetimes. Moreover, 
the nanotubes intervene in the electronic structure of the 
metal or oxide and influence the adsorption and diffusion 
of reagents and products [12, 14, 15]. The MWCNTs have 
major advantages because they are inert, avoid sintering or 
interactions with the active metal oxides, and the oxides can 
be regenerated.

However, for CNT there are two issues: (i) the access to the 
internal surface while controlling and driving the deposition of 
the metallic oxides to one of the surfaces (internal or external), 
which is important for synthesizing bifunctional catalysts; (ii) 
it is very important to verify the dispersion of such active sites 
on the inner and outer walls of the CNT. How and whether 
the location of the active sites influences the reaction rate or 
the catalytic activity occurring on the internal or external walls 
of the CNT, or if instead, the location of these metal oxide 
does not influence the activity of the catalysts. The literature 
is scarce concerning the use of CNT in catalysis, the metal 
distribution on CNT surface walls, the metal concentration, 
metal deposition on inner and outer walls, and mainly how 
this deposition influences the reaction. Due to the high 
surface area, the dispersion of metal and metal oxide is much 
higher than on oxide supports. The high surface area facilitates 
the dispersion of metals, increasing the activity. Wang et al. 
[16] were the first authors who introduced Pt nanoparticles 
in MWCNTs deposited preferably on the internal surface 
wall of the carbon nanotubes. Tessonier [17] used an organic 
solvent to deposit Pt nanoparticles. The organic solvents in 
contact with the external surface easily reach the inner walls 
and due to the low surface tension allow higher control during 
the deposition of the particles. Astinchap [18] suggested a 
different method, in which the internal surface containing 

the nanoparticles previously deposited was protected using 
an organic solvent. Ma [19] obtained NiO nanoparticles 
deposited on the external and internal surface for the dry 
reforming of methane. Kozonoe [60] introduced Fe-Co-Cu 
oxide and NiO selectively on the inner and outer walls of the 
MWCNTs walls for the methane reforming.

Here, we chose CuO and CeO2 nanostructures, the first 
as active phase and the second as oxygen storage supplier, 
both introduced selectively and alternatively on the inner and 
outer walls of MWCNT or both on the outer wall to study 
the influence of the location of each oxide on the activity and 
stability of the catalyst in the PROX reaction. We used organic 
solvents for the selective addition of metal in and out of the 
CNT, and performing complete characterizations we verified 
the effectiveness of selective deposition. Then, using the PROX 
reaction as a test, we verified the influence of the location of these 
oxide nanostructures at the MWCNTs walls on the conversion 
and reaction rates, the influence of the metal oxide concentration 
on the activity and finally the stability of the catalysts and the 
effects on their surface after catalytic evaluation.

Experimental Section
We synthesized catalysts meaning “external component”/

CNT@“internal component”, or specifically CeO2/CNT@
CuO, CuO/CNT@CeO2, and CuO-CeO2/CNT@CeO2 
catalysts, in the last one both phases are settled externally 
(bimetallic), using precursor solutions of Cu(NO3)2.3H2O and 
Ce(NO3)3.6H2O. The nanotubes were supplied by the UFMG, 
Brazil and were synthesized by the CVD method (commercial). 
Throughout this paper, CNT is a codification for multi-wall 
carbon nanotubes (MWCNT). The proposed methodology 
was divided into three stages: (i) functionalization of carbon 
nanotubes (MWCNT); (ii) deposition of nanoparticles 
(CeO2 or CuO) on the internal surface of the functionalized 
MWCNT; (iii) and finally deposition of nanoparticles (CeO2 
or CuO) on the external surface of MWCNT, with the 
nanoparticles previously inserted on the internal surface. The 
total concentration was 10 wt. %, or 5 wt. % for CeO2 and 5 
wt. % for CuO. For the bimetallic catalyst, the total loading 
on the external surface was 5 wt. % or 2.5 wt. % of CeO2 and 
2.5 wt. % CuO, as presented in table 1. Codification meaning 
“MeOe”-CNT@“MeOi”.

Functionalization of carbon nanotubes
The raw carbon nanotubes were functionalized with HNO3 

(65% by mass) at 140 °C for 16 h. We used a mass/volume ratio 
of 10 g of CNTs for each 500 mL of HNO3 (65%). Magnetic 
stirring was maintained during the oxidative treatment. Then, 

Table 1: Specifications of the catalysts. Location of the metallic oxides and 
loading (%) of the oxides on internal and external surfaces of the MWCNT.

Catalysts Internal Surface External Surface

CeO2/CNT@CuO 5% CuO 5% CeO2

CuO/CNT@CeO2 5% CeO2 5% CuO

CuO-CeO2/CNT@CeO2 5% CeO2 2.5% CuO; 2.5% CeO2
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the solid was filtered, washed several times with deionized water 
(until reaching pH 7) and dried at 100 °C for 12 h.

Deposition of metallic oxides on the inner wall of the CNT
The CeO2 and CuO were introduced selectively by wet 

impregnation in the functionalized MWCNT on the inner 
and outer walls, as “external component”/CNT@“internal 
component”. We prepared three samples: CeO2/CNT@
CuO, CuO/CNT@CeO2 and CuO-CeO2/CNT@CeO2 
catalysts. After functionalization, the total pore volume of the 
nanotubes was 0.6 g/cm3. Ethanol solution smaller or equal to 
the total pore volume was used to deposit the metal oxide on 
the inner surface wall of the nanotubes. The precursor solution 
(Cu or Ce) in ethanol (0.4 mL) was slowly added to the 
functionalized carbon nanotubes (2 g) and an equal volume 
of distilled water was added (0.4 mL). Once the wet point 
was reached, the materials were dried in the muffle furnace 
at 100 °C for 1 h. This procedure was repeated several times 
until the total volume of the precursor solution was completed. 
Then, the impregnated nanotubes were dried at 100 °C for 
12 h. Subsequently, the material was washed with deionized 
water to clean the external surface of the CNTs. The internal 
surface along with the deposited nanoparticles was protected 
by adding 1 mL of benzene and then washed for removing 
the nanoparticles on the outer surface. Finally, the solid was 
dried at 100 °C for 12 h. The samples obtained in the first step 
of preparation were assigned as CNT@CuO, CNT@CeO2, 
and CNT@CeO2 (@internal component). Different from the 
methodology described elsewhere [18], our materials were not 
calcined and not re-functionalized.

Deposition of metallic oxides on the outer wall surface
Of the samples prepared previously, CNT@CuO, CNT@

CeO2, and CNT@CeO2 was performed by adding aqueous 
solutions of the corresponding precursors of Cu and Ce 
nitrates. In this stage, the internal surface was previously 
protected with 1 mL benzene. Benzene penetrates and fills 
the inner walls of the nanotubes. Thereafter, the precursor 
solutions of the metal oxide nitrates were impregnated and 
adhered to the outer walls by anchoring over the surface of 
carbon nanotubes. These samples were dried at 100 °C for 12 h 
and finally calcined under N2 flow at 60 mL/min and 400 °C 
(10 °C/min) for 2 h. The final catalysts were codified as CeO2/
CNT@CuO, CuO/CNT@CeO2 and CuO-CeO2/CNT@
CeO2. (“external component”/CNT@“internal component”).

Characterizations
X-ray diffraction

The crystalline phases of the catalysts were studied in a 
Miniflex Rigaku diffractometer with Cu/Kα radiation (λ = 
1.5418Å) operated at 30 kV and 15 mA. Data acquisition was 
done in the range of 10° ≤ 2ϴ ≤ 90°, semi-continuous mode, 
and scanner speed of 0.05°/s.

Raman spectroscopy
It was used to identify the structural properties of 

the catalysts and was performed at room temperature on 
a LabRam HR-UV800/Jobin-Yvon spectrometer, 1 μm3 
resolution and equipped with an Olympus BX41 microscope, 
a thermal conductivity detector, operated at -70 °C, a He-Ne 
laser (λ = 632 nm) and “spot” of 100 μm size.

X-Ray photoelectron spectroscopy
The external surface of the catalysts was studied using 

X-ray photoelectron spectroscopy (XPS). The powder samples 
were analyzed in a Thermo Scientific (ESCALAB 250Xi) 
brand equipment. The sample was placed in an ultra-high 
vacuum chamber below 10-7. The x-ray source was (Al-Kα) 
with monochromatic light (hv = 1486.6 eV) in CAE (Constant 
Energy Analyzer) mode, 100 eV pass-through energy for 
survey and 25 eV for high resolution. The spectrometer was 
calibrated with copper patterns. The standard carbon line 
(C1s) at 283.4 eV was used as a calibration reference.

Transmission Electron Microscopy
The ultra-high microscopy analysis was performed in an 

FEI Titan 80-200 apparatus equipped with BrukerChem 
STEM EDS system for obtaining the images of the metal 
oxide on the surface of the CNT. 1 mg of powder sample was 
suspended in ethanol and dispersed by using ultrasound for 
20 min. A drop of the solution was suspended on a copper 
grid coated with a carbon film (lacey carbon), 400 mesh and 
Formvar coating. The grid was dried at room temperature.

Catalytic tests
Catalytic evaluation of the catalysts was carried out in a 

bench unit containing a U-shaped Pyrex glass reactor, a furnace, 
a thermocouple Therma model TH 90DP, coupled to a gas 
chromatograph. Gas compounds were analyzed in a Shimadzu 
GC-2014 chromatograph with two thermal conductivity 
detectors (TCD) and two chromatographic columns to 
separate O2, N2, CO, H2, H2O, CO2. The concentration of 
the monitored gas compounds was calculated based on the 
calibration of standard gas mixtures in known quantities of 
products and reagents. For the catalytic tests, a mass of 100 
mg of the catalyst was pretreated in situ in pure H2 flow (60 
mL.min-1) at 450 °C for 1 h (10 °C.min-1).

Subsequently, the reactor was cooled down to room 
temperature under N2 flow. Then, the catalyst was exposed to 
the mixture of 2% CO, 2% O2, 54.7% H2, 10% N2 (internal 
standard), and He balance. The total flow was maintained at 
100 mL.min-1 during the tests. The catalysts were evaluated at 
temperatures of 150, 180 and 200 °C, returning and remaining 
at 180 °C for 20 h, with GC injections every 1.5 h. The CO 
conversion (XCO), O2 conversion (XO2), CO2 selectivity 
(SCO2) and the rates of reaction were calculated according to 
Equations (1), (2), (3) and (4).

XCO = ([CO]in - [CO]out)/[CO]in × 100%	 	        (1)

SCO2 = 0.5([CO]in - [CO]out)/([O2]in – [O2]out) × 100%      (2)
XO2 = ([O2]in - [O2]out)/[O2]in × 100%		         (3)
Rate = ([F]in * XCO)/mcat (mol.g-1.min-1)		          (4)
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Results and Discussion
XRD analyses

The raw and the functionalized carbon nanotubes (CNT) 
and the catalysts were analyzed by XRD (Figure 1). The 
diffraction patterns of CAT A, CAT B, and CAT C catalysts 
are shown in figure 1.

The diffractograms show one intense peak at 2ϴ equal 
26°. The peak associated with the crystallographic plane (0 
0 2) is characteristic of the reflection of the carbon structure. 
Also, another peak was observed with lower intensity at 2ϴ 
= 43° that corresponds to the diffraction plane (1 0 0). These 
peaks are characteristic of hexagonal graphite [21-23]. The 
diffraction peaks of CAT A (CeO2/CNT@CuO), CAT B 
(CuO/CNT@CeO2) and CAT C (CuO-CeO2/CNT@CeO2) 
indicate the presence of the metallic oxides on the surface of the 
nanotubes at 35.5°, 42.25°, 46.16° and 53.32° identified for CuO 
phase (PDF#440706) [24]. The peaks at 27.32°, 36.71°, 42.04° 
and 50.62° are characteristic of the cerium oxide (CeO2) with 
hexagonal structure (PDF#44-1001) [12]. The CAT A displays 
more intense peaks of the copper oxide phase compared to the 
CeO2 peaks, probably because of the higher concentration of the 
CuO on the surface. On the other hand, the peak intensity of the 
CeO2 phase present on the outer walls of the CNT is lower. The 
diffractogram of CAT B displays more intense peaks, associated 
with CeO2, ascribed to the higher concentration of CeO2 on 
the internal surface. The environment favored the reduction of 
the Ce precursor, decreasing the reduction temperature since it 
was possible to consolidate the CeO2 phase more easily. Similar 
behavior was observed for CAT C. Peaks of the CeO2 phase 
were more intense compared with the peaks of the CuO phase. 
Oxidation of the cerium precursor took place to a higher extent. 
The lower intensity of the CuO diffraction peaks indicates well-
dispersed species on the surface of the CNT, also on the CeO2, 
due to the lower concentrations that were not detected by the 
XRD analysis.

Raman spectroscopy
Structural properties of the catalysts were also studied by 

Raman spectroscopy. The materials evaluated between 900-
1800 cm-1 showed the bands D, G, and D′ (Figure 2). The 
D-band observed at 1335 cm-1 was related to amorphous and 
disordered carbon that evidences structural defects, such as 
vacancy, heptagon-pentagon pairs, bifurcations, openings and 
curvatures. The G band located around 1585 cm-1 indicates 
the ordered graphite and is associated with the tangential 
vibration of carbon atoms [25]. The shoulder D′ at 1616 
cm-1 stands out from the G band. This band is indicating the 
disordered carbon and defects in the graphite structure [26]. 
These results also suggest that the graphitic structure of the 
nanotubes is preserved after oxidative treatment with HNO3 
[27]. According to the literature, the low intensity of the 
bands may be related to the interference of the metallic oxides. 
The metals act as a load-donor system that intervenes in the 
vibration of vibrational modes. Polychronopoulou [28], Zedan 
[30] and Shi [11] observed signals in the regions between 200-
500 cm-1 and 460-470 cm-1, which are associated with copper 
oxides and cerium oxides, respectively, not observed here. In 
fact, the concentration of the metallic oxides is very low.

The ID/IG ratio indicates the degree of graphitization. 
High ID/IG ratios are associated with the formation of 
structural defects [31, 32]. Motchelaho [33] and other 
authors found that after the oxidative treatment, the ID/IG 
ratio is high indicating breakage of nanotubes, formation of 
defects and addition of functional groups. CAT A, CAT B 
and CAT C catalysts showed ID/IG ratios of 1.97, 2.41 and 
1.84 respectively. These results indicate structural changes 
after the deposition of copper and cerium oxides. Ma [19] 
observed for nickel catalysts supported on carbon nanotubes 
that the ID/IG ratios changed depending on the location 
of the nanoparticles (internal or external surface of CNTs). 
Metal particles deposited externally did not show significant 
changes, which indicates that the nanoparticles deposited on 
the external surface have not modified the graphitic structure 
of the support. On the other hand, when the nanoparticles 
were deposited on the inner walls of the nanotubes, structural 
changes in the graphite layers were notorious, due to 
deep defects mostly disordered. Ma [19] showed that the 

Figure 1: XRD patterns of CNT, FCNT, CeO2/CNT@CuO (CAT A), CuO/
CNT@CeO2 (CAT B) and CuO-CeO2/CNT@CeO2 (CAT C) catalysts.

Figure 2: Raman spectra of CNT, FCNT, CeO2/CNT@CuO (CAT A), CuO/
CNT@CeO2 (CAT B) and CuO-CeO2/CNT@CeO2 (CAT C) catalysts.
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nanoparticles were deposited simultaneously on the inner and 
the outer surface of the nanotubes. High values of ID/IG ratio 
indicate a more disordered structure of the nanotubes [34, 35]. 
These results agree with the literature and indicate that metallic 
oxides were deposited on the inner and outer surface walls of 
the carbon nanotubes. In fact, nanoparticles were anchored 
on the defects and/or functional groups inserted during the 
functionalization of the nanotubes, which also suggest high 
dispersion of the metal oxides and strong interaction with the 
CNT.

TEM analyses
TEM images of CAT A and CAT B catalysts showed 

the opening of the tips of CNT, as well as the formation of 
defects as bifurcations and excessive curves, which confirms 
the effective functionalization process. The open ends facilitate 
the introduction of metallic oxides into the inner walls of the 
support. The internal and external diameters of the nanotubes 
are 6.9 and 8.9 nm, respectively.  We identified 16 walls with 
layers spacing of 0.206 nm. These results were also observed 
in references [12] and [17] and are representative of the 
crystallographic plane (0 0 2) of the hexagonal graphite. For the 
CAT A catalyst, the images in figure 3 display nanoparticles 
with regular shapes and well dispersed on the internal and 
external surfaces of the nanotubes.

The nanoparticles on the inner wall of the nanotubes 
are oval-shaped particles with a mean diameter of 5.6 nm 
and interplanar distances of 0.29 nm. According to Shi [11], 
the nanoparticles are ascribed to the CuO phase. Authors 
associated these results with the crystallographic plane (110) 
of the CuO with spacing between planes of 0.267 nm. As well, 
the nanoparticles anchored on the external surface also showed 
regular spherical shapes. It was estimated an average diameter 
of 7.2 nm with crystalline planes spacing of 0.32 nm. Shi et al. 
[11] found that CeO2 (111) presented spacing between planes 
of 0.31 nm. These results are consistent with our observations 
and confirm the formation of CuO and CeO2.

Figure 4 shows TEM images of CAT B catalyst, which are 
similar to CAT A catalyst. The nanoparticles deposited probably 
on the internal surface have an average diameter of 3.7 nm and 
crystalline plane spacing of 0.32 nm (see details in Supplementary 
Material 3). The diameter of the nanoparticles deposited on the 
outer walls was 4.8 nm with a spacing of 0.27 nm. Based on these 
results, probably CeO2 nanoparticles are deposited on internal 

walls and CuO decorates the external walls of carbon nanotubes. 
The small size of the nanoparticles suggests a good interaction 
between the inner surface and the metallic oxides. Also, the 
small sizes of the oxides deposited on the external surface may 
be related to electrostatic interactions between the oxides and the 
functional groups existing on this surface. This interaction favored 
the decrease in size and improved the dispersion of particles on 
the surface of catalysts [16].

According to the literature, when a solid solution is 
formed usually there is a crystal shrinkage phenomenon. The 
interplanar crystal spacing of CeO2 in CAT A and CAT B 
catalysts does not exhibit shrinkage in comparison with values 
of pure CeO2 (0.3124 nm) reported in the literature, indicating 
that a high percentage of the copper and cerium oxides in the 
CAT A and CAT B catalysts could be found isolated on the 
walls of the carbon nanotubes [12]. Also, the larger copper 
content (5 wt. % for CAT A and CAT B catalysts) could mainly 
lead to the presence of larger CuO particles, comparing with 
2.5 wt. % CuO deposited on the CAT C catalyst (not shown). 
Also, for CAT C catalyst, copper and cerium were deposited 
simultaneously on the external surface of carbon nanotubes. 
The Cu+ (74 pm) radius is smaller than Ce4+ one (92 pm), so it 
is likely that some of the copper tapped onto the ceria oxide or 
in the lattice [57-59].

XPS analyses
The XPS analyses were performed for identifying the 

oxidation state of copper and cerium oxides deposited on the 
outer surface of the CNT, and also identifying the functional 
groups of the functionalized MWCNTs. All binding energies 
were corrected referencing to the C1s (284.6 eV) peak of the 
contamination carbon as an internal standard. Results are 
shown in table 2.

Figure 5 shows the deconvolution of C1s peak. Results 
showed graphitic carbon at 284.3 eV [41]. The peak at 285.6 
eV was related to defects in the lateral walls and tips of the 
carbon nanotubes [42, 43]. Peaks at 286.5, 288.5, 290.5, and 
291.5 eV are assigned to the carbon atoms attached to groups 
containing oxygen in their structure [44]. The electronic 
transition of orbitals π → π* was associated with the peak at 
290.9 eV. These results indicate the functionalization of the 
external surface and also that the graphite layers retained their 
original structure [12].

Figure 3: Images of Transmission Electron Microscopy (TEM) of CeO2/
CNT@CuO (CAT A) catalyst with identification of CeO2 and CuO 
nanoparticles.

Figure 4: Images of Transmission Electron Microscopy (TEM) of CuO/
CNT@CeO2 (CAT B) catalyst with identification of CeO2 and CuO 
nanoparticles.
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The deconvolution of the oxygen peaks is shown in 
Figure 6 and displays bands at 533.8 and 531.5 eV which are 
associated with carboxylic and hydroxyl groups, respectively. 
The peak at 530.5 eV was associated with oxygen adsorbed on 
the surface. These results corroborated the functionalization of 
the carbon nanotubes. The peaks at 529.3, 529.5, and 529.4 eV, 
respectively for CAT A, CAT B, and CAT C, are related to 
the metallic oxides on the external surface of the CNTs. These 
peaks were associated with oxygen from copper and cerium 
oxides. Additionally, CAT B shows two other peaks at 534.7 
and 536.2 eV, and CAT C presents an additional peak at 535.5 
eV, which may have a relationship with vacancies formed, sub-
surfaces of CeO2, evidencing the presence of Ce3+species [45].

The oxygen peaks (O1s) of the CAT B and CAT C 
(Supplementary Material 1) show higher intensity at 529.5 
eV and 529.4 eV, respectively, when compared to CAT A. In 

addition, other peaks appeared at 534.7 and 535.5 eV for CAT 
B and CAT C, respectively, which may be related to changes 
in the chemical composition of the catalysts, linked to the 
formation of Ce3+ on the external surface. The lower intensity 
of the peak O1s (529.5 eV) and the absence of the signal at 
534.7 eV (observed only in the CAT B and CAT C catalysts) 
can be associated with a lower concentration of Ce3+ species 
at the outer walls of the nanotubes of the CAT A. Here the 
CeO2 was deposited on the outer walls of the nanotubes, while 
for CAT B and CAT C, the cerium oxide was deposited on 
the inner wall of the CNT. Noteworthy is that the CAT C 
catalyst presents the most intense O1s band, due to a higher 
concentration of CeO2 (7.5 wt.% total), therefore suggesting 
a higher formation of Ce3+ species compared to the other 
samples. In fact, the higher the formation of Ce3+ on the 
surface, the more vacancies are present. As reported in the 
literature [46], the oxygen vacancies in ceria lead to higher 
oxygen mobility and diffusion from lattice to the interface 
of copper and cerium oxides, and favor the formation of Cu+ 
species through the redox equilibrium of Cu2+↔ Cu+ and Ce4+ 
↔ Ce3+.

Figure 7 displays the Cu2p1/2 and Cu2p3/2 spectra of 
CAT A (CeO2/CNT@CuO), CAT B (CuO/CNT@CeO2), 
and (CAT C(CuO-CeO2/CNT@CeO2). The standard C1s 
line at 283 eV was used as a calibration reference.

The peaks at 933.8 and 953.5 eV (CAT A), 933.9 and 953.5 
eV (CAT B), 934.1 and 953.7 eV (CAT C), are respectively 
associated with Cu2p3/2 and Cu2p1/2 (Figure 7) [47]. Peaks at 
933.8 eV for CAT A, 933.9 eV for CAT B, and 934.1 eV for 
CAT C, and the satellites at 943.2, 943.5 eV and 943.1 eV 
for CAT A, CAT B and CAT C respectively, demonstrated 
the predominant formation of Cu2+ [Cu2p3/2; 932.18 eV for 
Cu+ and 933.76 eV for Cu2+)] [40, 48, 49]. The binding energy 
varies slightly among the catalysts. In fact, it is possible that 
Cu+ is present [50]. The small differences observed in binding 
energy (0.1 to 0.5 eV) are in the standard deviation [61].

Supplementary material 1 displays the deconvolution 
of Cu 2p3/2 spectrum of CAT A (CeO2/CNT@CuO), CAT 

Figure 5: Peak deconvolution C1s of the (b) CuO/CNT@CeO2 (CAT B) 
catalyst. The standard C1s line at 283 eV was used as calibration reference. 
Supplementary material 1: (a) CeO2/CNT@CuO (CAT A) and (c) CuO-
CeO2/CNT@CeO2 (CAT C) catalysts.

Figure 6: Peak deconvolution O1s of the (b) CuO/CNT@CeO2 (CAT B) 
catalyst. The standard C1s line at 283 eV was used as calibration reference. 
Supplementary material 1: (a) CeO2/CNT@CuO (CAT A) and (c) CuO-
CeO2/CNT@CeO2 (CAT C) catalysts.

Figure 7: Comparative XPS spectrum for Cu of the CAT A, CAT B and 
CAT C catalysts.
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B (CuO/CNT@CeO2), and CAT C (CuO-CeO2/CNT@
CeO2). The standard C1s line at 283 eV was used as a 
calibration reference. The small differences in binding energy 
(0.1 to 0.3 eV) may be related to small changes in copper 
and/or cerium electronegativity, possibly produced by the 
formation of various types of chemical bonds, associated with 
Cu2+, Cu1+, Ce3+ species. In this sense, the presence of these 
species can influence the electrochemical properties of the 
oxygen network.

Supplementary material 1 displays the deconvolution 
of Ce3d spectrum for CAT A (CeO2/CNT@CuO), CAT 
B (CuO/CNT@CeO2), and CAT C (CuO-CeO2/CNT@
CeO2).

The XPS spectra also showed Ce3d3/2 and Ce3d5/2 peaks 
due to the presence of CeO2, representing the combination of 
the 4f atomic orbitals of the cerium and 2p atomic orbitals of 
the oxygen (Supplementary material 1). The peaks at 916.5, 
906.5, 903.6 and 900.9 eV for CAT A; 916.5, 906.3, 903.9 and 
900.5 eV for CAT B; and 916.4, 906.5, 903.3 and 900.8 eV 
for CAT C represent the functions u’’’, u’’, u’, u of the Ce3d3/2, 
respectively. The functions v’’’, v’’, v’, v which represent the 
Ce3d5/2 peaks were observed at 898.6, 888.6, 885.1 and 882.3 
eV (CAT A); 897.8, 887.8, 884.9 and 881.8 eV (CAT B); and 
897.9, 888.2 886.1 and 882.0 eV (CAT C). Photoemission 
of Ce4+ was observed in the u’’’/v’’’ functions. The reduced and 
formed species by the transfer of one or two electrons from the 
full O2p orbital to a partially full Ce4f orbital are represented 
by the u/v and u’’/v’’ functions [51, 52]. The u’ and v’ functions 
are characteristic of Ce3+ cations formed from the interaction 
between cerium and surrounding atoms [53]. Also, it may be 
related to oxygen vacancies resulted from incomplete oxidation 
of CeO2 (111). The binding energies have changed somewhat 
between catalysts (< 0.5 eV).

Figure 8 shows peaks referring to cerium, which are more 
intense for CAT B (5% internal CeO2), followed by CAT A 
(5% external CeO2). This feature is in accordance with the 
chemical composition of the catalysts. The concentration of 
cerium for CAT C catalyst is low as expected because only 
2.5% of cerium oxide was deposited on the outer surface and 

the remaining 5% was deposited on the inner walls. This feature 
is represented by figure 8. In contrast, the peaks associated 
with copper, as shown in figure 7, are more in intense for CAT 
B, followed by CAT C and CAT A. These observations can be 
used as an indirect measure of selectivity achieved during the 
synthesis.

Table 2 shows the values of the relative concentration of Ce 
and Cu on the surface of the catalysts estimated by XPS. The 
concentration of Ce and Cu species was lower than expected. 
The difference observed may be related to the limited pore 
effect. The detection depth is limited by the photoelectron (< 2 
nm). Thus, nanoparticles deposited in the mesoporous are not 
accurately quantified. Also, the walls of the nanotubes interfere 

with the signal, and therefore less intense peaks are observed. 

On the other hand, it was observed that the concentration 
of Ce and Cu is not proportional to the relative concentration 
of the metal oxides that have been deposited on the outer and 
inner surface of the nanotubes. The external concentrations 
of Ce and Cu for CAT C are similar (2.5% CuO and 2.5% 
CeO2), however, the relative surface concentrations are low.

TPR analyses
The samples were pretreated with He under a flow rate of 

60 mL.min-1 for 1 h at 450 °C and heating rate of 10 °C.min-1. 
Thereafter, the samples were cooled down to room temperature 
under helium flow and finally reduced with 10% H2/Ar (60 
mL.min-1) at 10 °C.min-1 up to 650 °C. The hydrogen signal 
was followed and monitored by a mass spectrometer. The TPR 
profiles are shown in figure 9.

The reduction profiles of the catalysts display several 
peaks. For CAT A sample there are three main peaks (α, β and 

Figure 8: Comparative XPS spectrum for Ce of the CAT A, CAT B and 
CAT C catalysts.

Figure 9: TPR-H2 of the functionalized (CNTF), raw material (CNT) 
and catalysts: CeO2/CNT@CuO (CAT A), CuO/CNT@CeO2 (CAT B) 
e CuO-CeO2/CNT@CeO2 (CAT C).

Table 2: Relative concentration of the species detected in the XPS spectra 
of the catalysts.

Catalyst C1s O1s Cu2p Ce3p

CAT A 92.4 6.87 0.53 0.22

CAT B 93.6 5.07 1.01 0.31

CAT C 93.8 5.26 0.53 0.38
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γ) between 110 and 145 °C. Peak α (112 °C) was attributed 
to the reduction of CuO nanoparticles. On the other hand, 
the β (128 °C) and γ (142 °C) peaks are related, respectively, 
to the CuO species and the reduction of bulk CuO [11, 53]. 
These results suggest that the Cu precursor is dispersed on 
the inner surface of the catalyst (CAT A) interacting with the 
inner surface of the nanotubes which favored the reduction 
of CuO at lower temperatures. CAT B exhibited similar 
profiles and that suggests only the reduction of CuO at the 
external wall. It also indicates that the CeO2 on the inner 
surface of the nanotubes was not reduced, indicating strong 
interaction with the internal wall. The profile of CAT C, for 
which both CuO and CeO2 oxides are located at the external 
surface wall and CeO2 also internally, indicated reduction at 
higher temperatures than CAT A and CAT B, respectively, 
at 222 and 248 °C. In fact, the β and γ peaks shifted to higher 
temperatures, indicating that the CuO is influenced by the 
presence of CeO2. For CAT C the β peak is more intense than 
on CAT A and CAT B, and the presence of CeO2 difficult 
their reduction, suggesting reduction of isolated CuO and 
partial interaction with CeO2 which is mostly associated 
with the reduction of superficial ceria, as observed by XPS. 
Therefore, the presence of Ce3+ on CAT C suggests that 
reduced Cu species may facilitate the reduction of CeO2 on the 
external surface. The CeO2 in the form of Ce3+ ions, improved 
the formation of vacancies. Noteworthy is that isolated CeO2 
particles are not reduced, located internally or externally on 
the CNT walls. The conclusion is that CAT A and CAT B 
evidenced the presence of isolated metal oxides, and CAT C 
evidenced low surface interaction of CuO with CeO2 on the 
external surface.

PROX Reaction
The samples were pretreated with He, at a flow rate of 60 

mL.min-1 for 1 h, at 450 °C and heating rate of 10 cC.min-1. 
Thereafter the samples were cooled down to room temperature 
under helium flow. Then, the samples were reduced with 
10% H2/Ar (60 mL.min-1) at 10 °C.min-1 up to 450 °C. The 
CO oxidation was performed at different temperatures. 
The support itself is not active for this reaction under such 
conditions, in accordance with the references [11] and [24]. 
The CO conversions at 150 °C were similar around 30% for 
the three catalysts. At 180 °C the conversions obtained for 
CAT A and CAT B were of the order of 56% and reached 
maximum conversions of 57% for 200 °C, which suggests that 
the selective deposition of the metal oxides CuO and CeO2 on 
the inner or outer walls does not affect the conversion.  For	
the external bimetallic CAT C (CuO- CeO2/CNT@CeO2) 
the conversion was 51% at 180 and 200 °C.

The activity was calculated determining the reaction 
rates based on the total mass of metallic oxides (10% wt.), as 
displayed in figure 10.

The rates (per gram of total metal) of CAT A (CeO2 
external) and CAT B (CuO external) are similar and higher 
than CAT C (CuO + CeO2 external). Noteworth, the reaction 
rate increased 2 times when temperature increased from 150 
to 180 °C, and reached maximum rate at 200 °C. The higher 

reaction rates of CAT A and CAT B can be attributed to the 
high particle dispersions of CuO (3.7 nm), and CeO2 (4.8 
nm) on CNT in and outer walls, respectively which contributes 
to the redox processes. However, for the bimetalllic oxide on 
CAT C, the rate decreases, due to the lower concentration 
of CuO (2.5%) and CeO2 (2.5%) on the external walls of 
the CNTs, compared to CAT A and CAT B, and hence 
the lower copper dispersion in the presence of ceria oxide 
on the external CNT wall. Zhu [9] observed that the CuO 
concentration influenced the activity. Based on these results 
we can affirm that the activity is independent of the location 
or selective deposition of metal oxides inside or outside the 
carbon nanotube walls of CAT A and CAT B, but depends on 
the CuO and CeO2 concentration (CAT C). In fact, the CNT 
facilitates the dispersion of metal oxide inside or outside the 
CNT walls and the activity is independent of their location.

The CO2 selectivity decreases as the temperature increases. 
High selectivity (100%) was achieved at 150 °C for CAT A 
catalyst and high O2 conversion (100%) was reached between 
180 and 200 °C, besides the formation of water. In fact, 
oxidation of H2 occurs with increasing temperature on CuO, 
besides the reverse water-gas shift reaction [56]. Noteworthy 
is that methane was not observed, indicating that under such 
conditions the methanation reaction does not occurr. The 
bimetallic catalyst CAT C showed lower selectivity than CAT 
A and CAT B, as shown in figure 11, which can be assigned 
to the lower concentrations of the metal oxides on the external 
CNT walls and thus their dispersions.

Stability
The stability tests were carried out isothermally at 180 °C 

for all catalysts. After pretreatment and reduction in H2, the 
catalytic bed was cooled down and set at the test temperature. 
Tests were performed under space velocity of 60.000 mL.g-1.
min-1 for 20 h. The results are shown in figure 12.

Figure 12 shows excellent stability over time (20 h). In 
addition, supplementary material 2 presents CO2 selectivity. 
The catalysts reached high conversions 65-70%. It demonstrates 
that the catalysts are stable under the reaction conditions.

Figure 10: Rate of reaction based on the total mass of metallic oxides, 10% 
CuO and 10%CeO2 and CAT C (2.5% CuO and 7.5%CeO2)
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Electronic effects
Since the nanotubes provide a high specific area, the 

dispersion of the oxides increases inside and outside the walls. 
which favors the dispersion of the active phase on the surface 
of CNT walls. In fact, the chemical properties of the outer 
surface of the nanotubes are different compared to the nano-
confined space, characteristic of the internal walls of CNTs. 
Catalysts CAT A, CAT B, CAT C indicate isolated and 
dispersed metal oxides over the internal and external walls, 
and not the formation of a solid solution, in opposition to Shi 
[11] for mixed oxides CuxCe1-xO/CNTs catalysts.

On the other hand, the XPS results also showed the 
presence of Cu+/Cu2+ or Ce3+/Ce4+ surface species that may 
favoring the adsorption of molecules and the oxygen storage 
capacity in their vacancies, essentials for the reaction. Indeed, 
according to the literature, the metal oxides deposited on the 
outer walls of the nanotubes suggest that the p orbitals of the 
carbon atoms increase the adsorption of diatomic molecules 
(CO and H2) on metal oxides, and therefore promote the 
dissociation of molecules and two orbitals of the molecules, 

since they can occupy the highest levels (HOMO) and the 
lowest level (LUMO) that allow the adsorption on surfaces of 
these catalysts [63]. Therefore, the electronic properties of CuO 
and CeO2 are modified, benefiting the activity of the catalysts. 
In addition, the curved surface of the CNT favors also the 
diffusion of the molecules [39]. Therefore, the activity depends 
not only on the dispersion but on the electronic properties of 
the metal oxide or metal ion species over the support and of 
the CNT support. The CNT favors the electronic mobility of 
the electrons between the metal oxide and the CNTs and thus 
its stability.

Post reaction analysis
The MWCNTs are inert, avoid sintering or interactions 

with the active metal oxides and carbon deposition during 
the PROX reaction. The main consequence is the structure 
modification of the CNT and the structure modification of the 
metal oxides. Therefore, after the stability tests, the catalysts 
were analyzed by X-ray diffraction. XRD patterns (Figure 13) 
showed graphite, CeO2 and CuO phases.

The diffraction peaks at 2Ɵ = 26° e 78° were associated 

with the crystallographic planes (0 0 2) of the graphite layers. 
This suggests that catalysts are stable, and nanotubes maintain 
their structural characteristics after 20 h of reaction. The peaks 
at 2Ɵ = 32.26°, 42.24°, 44.21°, 53.32° and 61.36° correspond 
to the CuO phase (PDF#44-0706). The CeO2 phase was 
identified at 2Ɵ = 27.37°, 36.76°, 48.12°, and 50.59° (PDF#44-
1001). Also, an additional phase was identified. The peaks at 
2Ɵ = 42.64°, 44.85°, and 53.86° are linked to the Cu2O phase 
(PDF#35-1091). The Cu2O phase confirms the reduction of 
the copper during the catalytic reaction, as expected. CuO 
phase became more intense in the CAT A catalyst, whereas 
the intensity of the CeO2 phase was very similar for both 
catalysts (CAT A and CAT B). The diffraction pattern of the 
CAT C catalyst showed that the peaks of the CuO phase are 
less intense compared to the peaks shown by the CAT A and 
CAT B catalysts. No sintering or interaction of CuO-CeO2 
were observed, contrary to the results observed for these metal 
oxides on the mexed oxides supports.

Figure 12: Stability tests for CeO2/CNT@CuO (CAT A), CuO/CNT@
CeO2 (CAT B) and CuO-CeO2/CNT@CeO2 (CAT C). CO conversions 
at 180°C. Reaction for 20 h. Figure 13: XRD patterns of CeO2/CNT@CuO (CAT A), CuO/CNT@

CeO2 (CAT B) and CuO-CeO2/CNT@CeO2 (CAT C) catalyst after 
stability test.

Figure 11: CO2 selectivity tests for CeO2/CNT@CuO (CAT A), CuO/
CNT@CeO2 (CAT B) and CuO-CeO2/CNT@CeO2 (CAT C), Test 
conditions: 2% CO, 2% O2, 54.7% H2.
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Conclusion
CuO and CeO2 catalysts were synthesized and supported 

on multiple-walled carbon nanotubes. Metallic oxides were 
selectively deposited by wet impregnation. Functionalization 
of the carbon nanotubes led to the oxidation of the ends and 
lateral walls of this support leaving the inner surface exposed. 
Structural characterization by XRD showed characteristic 
peaks of CuO and CeO2. TEM images showed open ends and 
the formation of defects on the support surface. Nanoparticles 
with a mean diameter of 3.7-7.2 nm were associated with 
CeO2, whereas nanoparticles with mean diameter of 4.8-5.6 
nm were linked to CuO.

The CeO2/CNT@CuO (CAT A) and CuO/CNT@
CeO2 (CAT B) showed a higher catalytic activity within the 
temperature range of 180-200 °C than bimetallic CuO- CeO2/
CNT@CeO2 (CAT C). The CNT facilitates the dispersion of 
metal oxide inside or outside the CNT walls and the activity 
are independent of their location. The CO2 selectivity decreases 
with the temperature. The selectivity of CAT A catalyst was 
100% at 150 °C and O2 conversion 100% at 180 °C with the 
formation of water. The bimetallic catalyst CAT C presented 
lower selectivity due to the lower concentrations of the metal 
oxides on the external CNT walls.

The catalysts reached high conversions 65-70% and are 
very stable for long time. The CNT contribute to the electronic 
mobility of the electrons of metal oxide and the CNTs. There 
is no sintering or interaction between metal oxides.

Synopsis
Inner empty surface of the MWCNT present different 

properties that can be used in the synthesis of catalysts. 
Depositing particles selectively on the inner and/or outer 
surface of MWCNT is a challenge. Catalysts synthesized 
according to these parameters have different characteristics. 
In our work, we demonstrated that it was reached a good 
selectivity during deposition of the metallic oxides. The 
materials showed catalytic activity for CO oxidation.
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