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The effect of K promotion on the CO preferential oxidation (CO-PROX) reaction has been studied over Cu-CeO2 based 

catalysts supported on carbon nanotubes (CNT) and reduced graphene oxide (G). The catalysts were prepared with 3 wt % 

Cu and 20 wt % CeO2 loadings, and 1 wt % K when promoted. In the CNT series, K loading was varied between 0.5 and 2 wt 

%. The catalytic performance and the characterization by powder X-ray diffraction (XRD), TEM-STEM, H2-temperature-

programmed reduction (H2-TPR) and X-ray photoelecton spectroscopy (XPS) has been presented. TEM analysis showed 

that the type of carbon support has an important effect on the dispersion of ceria, this latter being higher for CNT support. 

Addition of K to the catalysts improved the conversion of CO at lower temperatures. The characterization results reveal 

that the observed increase in the Cu+ species proportion and in lattice oxygen are related to the better catalytic 

performance.  

Introduction 

The selective oxidation of carbon monoxide employing a small 

amount of O2 (CO-PROX), is considered one of the best 

alternatives to purify the hydrogen rich stream obtained from 

the hydrocarbon reforming and subsequent WGS reaction. The 

CO amount has to be reduced to levels lower than 10 ppm in 

order to avoid the poisoning of the Pt-based electrodes which 

are employed on the proton exchange membranes of fuel 

cells, where H2 is used as fuel.1 Several catalytic systems have 

been explored for CO-PROX reaction, among them the CuO-

CeO2 based-catalysts proved to exhibit good results in terms of 

activity and selectivity, while having a lower price compared to 

noble metals-based catalysts.2 According to several studies, 

the interface of CuO-CeO2 is responsible of its catalytic 

performance. It has been revealed that the active sites for CO-

PROX reaction are Cu+ entities, which are formed after 

reduction by contact with the feed mixture and promoted by 

ceria. The reaction takes place over those Cu+ sites where the 

CO molecules adsorb.
3,4

 Ceria can promote the mobility of 

surface oxygen species over the catalyst surface due to the 

Ce
+4

 ↔ Ce
+3

 redox process, this favouring the Cu
+
 ↔ Cu

+2
 

reaction.
5
 In addition, ceria can stabilize small metal 

nanoparticles.
5,6

  

In order to improve the efficiency and stability of CuO-CeO2 

systems, several alternatives have been considered
7
. Mixed 

oxides CeO2-MOx
8,9,10

 or doping elements as Mn or Fe
11,12,13

 

have been studied with different results. The addition of TiO2 

increases the surface area and reduces the particle size
8
 and, 

similarly, ZrO2 improved CuO dispersion and its interaction 

with CeO2, which was ascribed to the disorder and defects 

induced by the presence of zirconia.
10

 On the other hand, the 

addition of MnxO2 seems to increase the lattice oxygen 

mobility,
9
 while small amounts of Mn and Fe enhance the CuO-

CeO2 interaction and the oxygen vacancies.
11,13

 

Increasing the amount of defects sites of ceria would 

increase the formation of oxygen vacancies and, thus, the Cu 

reducibility would be enhanced. As the defects sites are mainly 

located on the external surface, reducing the particle size of 

ceria would increase the number of defects and this can be 

achieved, for example, by supporting CuO-CeO2 onto a high 

surface area support.
14

 Supporting ceria, will also allow to use 

a smaller amount of this low available oxide. In this sense, it is 

has been studied the positive effect of dispersing Pt-CeO2 over 

carbon nanotubes compared to a traditional support as 

activated carbon,
15

 the effect of the CuO loading over 

CeO2/CNT
16

 and the different catalytic behaviour by 

preferential location of the active phase inside or outside the 

CNT.
17

 Besides their mesoporous structure and special 

morphology as rolling graphene layers, carbon nanotubes can 

offer peculiar electronic, adsorption, mechanical and thermal 
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properties.
18

 Since the reaction mechanism involves the 

formation of oxygen vacancies and the above mentioned 

redox process, it is expected that the addition of an element 

that can enhanced the oxygen mobility, would have a positive 

effect on the reaction. Alkali metals have been employed as 

promoter for CeO2-based catalyst and it has been observed 

that when they are incorporated in the CeO2 lattice, some 

changes are induced in the ceria structure that can improve 

the reducibility of the catalyst.
19,20

 Moreover, the promotion 

with alkalis can prevent the formation of coke deposits and 

decrease the reduction temperature of the metal oxides.  

However, the investigations on the effects of alkali promotion 

on CO-PROX have been scarce and mainly on noble metal-

based catalysts.
21-23

 In general, the addition of alkali or alkali 

earth metal cations brings about up to a 10-fold enhancement 

in the low temperature PROX activity. Its promotional effect 

has been related to electronic effects or the creation of 

reaction OH groups that react smoothly with CO adsorbed on 

neighbouring metal atoms as in Pt to give CO2 as the product.  

Therefore, in the present work we studied the promoter 

effect of potassium over Cu-CeO2/CNT and over an analogous 

system supported over a lab-prepared graphene to study the 

influence of the support morphology. The best support was 

used to study the influence of potassium loading.  

Experimental 

Catalyst preparation 

Commercial carbon nanotubes (Nanocyl 3100, > 95% purity, 

CNT) and a lab-prepared reduced graphene oxide, G, were 

used as starting supports. This reduced graphene oxide was 

prepared from a graphite oxide synthesized using a modified 

Brodie’s method and the subsequent exfoliation at 723 K in N2 

atmosphere.
24

 For the cerium precursor impregnation, the 

corresponding amount of Ce(NO3)3·6H2O (99.99%, Sigma–

Aldrich) to obtain a 20 wt %. was dissolved in acetone. The 

CNT was added to the solution, in a proportion of 10 mL/g of 

support, with stirring. After 6 h in a covered flask, the excess of 

solvent was slowly removed in a rotator evaporator under 

vacuum, until complete removal of the solvent. The solid was 

dried for 24 h at 373 K and finally, it was heat treated during 5 

h at 623 K under flowing nitrogen (50 mL/min), with a heating 

rate of 1 K min
−1

. In this way the samples CeO2/CNT and 

CeO2/G were obtained. The Cu catalysts were prepared by 

dissolving in acetone (10 mL of solution per gram of solid) the 

proper amount of Cu(NO3)2·3H2O (99.9%, Sigma–Aldrich) and 

KNO3 (≥ 99.9% Sigma–Aldrich). After stirring for 6 h, the 

solvent was removed under vacuum at 333 K and the solid was 

dried for 24 h at 373 K. Finally, the materials were treated at 

623 K for 5 h under flowing nitrogen (50 mL min
−1

). The 

amount of CuO was fixed to 3 wt % and the amount of K on 

the CeO2/CNT was varied to obtain 0.5 wt % (K0.5), 1.0 wt % 

(K1), 1.5 wt % (K1.5) and 2.0 wt % (K2). According to this 

procedure five catalysts were prepared which are labelled as 

Cu-CeO2/CNT, and Cu(Kx)-CeO2/CNT. Cu-CeO2/G and Cu(K1)-

CeO2/G were also prepared in a similar way. For the sake of 

comparison, Cu/CNT was synthetized in a similar way.  

 

Techniques for characterisation  

Powder X-ray diffraction (XRD) patterns of the samples were 
obtained on a Polycristal X'Pert Pro PAnalytical diffractometer 
with Ni-filtered Cu Kα radiation (λ=0.1542 nm) operating at 45 
kV and 40 mA. For each sample, Bragg's angles between 4 and 
90 º were scanned with steps of 0.04 º.  
 Temperature-programmed reduction (TPR) measurements 
were carried out in a U-shaped quartz cell using a 5% H2/He 
gas flow of 25 cm

3
 min

˗1
 and about 0.15 g of sample, with a 

heating rate of 10 K min˗1 (TPR/TPD2900 Micromeritics 
system). Hydrogen consumption was followed by on-line gas-
chromatograph (TCD).  

Transmission electron microscopy (TEM) and annular dark-

field scanning transmission electron microscopy (ADF-STEM) 

images were measured using a JEOL JEM 2100F field emission 

electron gun microscope operated at 200 kV and equipped 

with an energy-dispersive X-ray detector. The samples were 

ground and a small amount was suspended in ethanol solution 

using an ultrasonic bath. Some drops were added to the nickel 

grid (Aname, Lacey carbon 200 mesh) and the ethanol was 

evaporated at room temperature before introduce in the 

microscope. The imaging in the scanning transmission electron 

microscopy (STEM) mode was done using a spot size of 1 nm. 

X-ray energy dispersive spectroscopic (EDS) mapping analysis 

was carried out with the help of an Oxford Instruments Inca 

software package.  

X-ray photoelectron spectra of the fresh samples were 

recorded with an ESCAPROBE P spectrometer from Omicron 

equipped with an EA-125 hemi-spherical electron multichannel 

analyser and X-ray source (Mg Kα) operated at 150 W, with 

pass energy of 50 eV. Each sample was pressed into a small 

pellet of 15 mm diameter and placed in the sample holder and 

degassed in the chamber for 6–8 h to achieve a dynamic 

vacuum below 10˗8 Pa before analysis. The spectral data for 

each sample was analyzed using CASA XPS software. The 

binding energy is referenced to the C 1s line at 284.6 eV. The 

relative concentrations and atomic ratios were determined 

from the integrated intensities of photoelectron lines 

corrected for the corresponding atomic sensitivity factor.  

 

Catalytic measurements 

The CO-PROX reaction was studied in a fix-bed reactor under 

atmospheric pressure and temperatures in the range 323-473 

K. The activity tests were performed using 0.050 g of catalyst. 

The catalysts were directly exposed to reaction gas without 

any pretreatment. A mixture of 1% CO, 1% O2, 50% H2 (He 

balance) at a total flow rate of 100 ml min-1 was passed 

through the catalytic bed. The composition of the gas stream 

exiting the reactor was determined with a Varian CP-3380 gas 

chromatograph equipped with a TCD detector and a 

CarboxenTM-1000 (15 ft × 1/8 in) column.  
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 The conversion of CO (CCO) and the selectivity towards CO2 
(SCO2) were calculated as shown in Equations (1) and (2),  
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Results and discussion 

Catalysts characterization  

The XRD patterns of the catalysts are shown in Figure 1. For 

the CNT-based catalysts, besides the diffractions peaks at 26.1° 

and 43.1° corresponding to the hkl reflections (002) and (100) 

of graphite, the characteristic CeO2 peaks at 28.6°, 33.4°, 47.8° 

and 56.7°, due to the reflections in the (111), (200), (220) and 

(331) crystalline planes of the cubic fluorite type phase (JCPDS 

34-0394), can be clearly observed. The intensity and wideness 

of the diffractions can be taken as an indication of the 

crystallinity. The XRD profile of CeO2/G displayed the 

narrowest peaks among the samples, indicating a high 

crystallinity and suggesting larger particle size in agreement 

with the microscopy (see later). The mean crystallite sizes of 

CeO2 were estimated by application of the Scherrer equation 

to the (220) diffraction peak and are shown in Table 1. This 

reflection was selected due to the interference of carbon 

supports in the (111) and (200) reflections. It is noted that the 

diffraction peaks due to CuO, Cu2O or Cu were not detected in 

Cu-CeO2/CNT, Cu-CeO2/G catalysts, which may be related to 

the low amount of Cu, the formation of extremely small 

clusters well dispersed on the surface or to the incorporation 

of Cu into the ceria lattice. It is also remarkable the increase of 

CeO2 dispersion on Cu-CeO2/G catalysts compared to the 

original CeO2/G. In a similar fashion, only diffractions ascribed 

to ceria could be observed for the K-promoted sample, Cu(K1)-

CeO2/CNT and Cu(K1)-CeO2/G. The crystallite size presented 

similar values to that of the potassium-free catalyst Cu-

CeO2/CNT, Cu-CeO2/G.  

 

Catalyst d (nm) 

CeO2/CNT 6.1 

Cu-CeO2/CNT 4.3 

Cu(K1)-CeO2/CNT 4.2 

CeO2/G 11.6 

Cu-CeO2/G 3.4 

Cu(K1)-CeO2/G 4.0 

 

Selected TEM and HRTEM images of the calcined samples 

CeO2/CNT and CeO2/G are shown in Figures 2 and 3. Figure 2a 

for CeO2/CNT sample showed that ceria was mainly wrapped 

around the nanotubes as aggregates of multiple small particles 

whose estimated particle size was around 5 nm, consistent 

with the crystallite size determined by XRD. The lattice fringes 

10 20 30 40 50 60 70 80

Cu(K1)-CeO
2
/CNT

CeO
2
/CNT

 2θ

 

 

Cu-CeO
2
/CNT
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te
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.)

Cu/CNT

Cu(K1)-CeO
2
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2
/G
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2
/G

Figure 1. XRD patterns of CNT- and graphene-supported samples. 

Figure 2. (a) and (b) Representative TEM and HRTEM images of CeO2/CNT sample, (c) 

zoom of the highlighted area in (b) showing lattice fringes and (d) FFT for CeO2 phase. 

Figure 3. (a) and (b) Representative TEM and HRTEM images of CeO2/G sample, (c) 

zoom of the highlighted area in (b) showing lattice fringes, and (d) FFT for CeO2 phase. 

Table 1. Mean crystallite sizes of CeO2 determined by XRD 

Page 3 of 11 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

whose interplanar distances of ca. 2.71 and 3.12 nm (Figure 

2c) indexed to the (200) and (111) planes of the cubic ceria, 

and the corresponding FFT (Figure 2d) indicated that the ceria 

phase was along the [100] axis of the fluorite structure. The 

large graphene sheets of CeO2/G sample can be clearly 

observed in Figure 3a. CeO2 is present on this sample as 

circumscribed round-shaped nanoparticles on the surface with 

a roughly estimated average particle size of 70 nm. As 

occurred for CeO2/CNT sample, the lattice spacings and the 

FFT indicated the good crystallinity of the phase. 

 As long as the Cu-CeO2/CNT and Cu-CeO2/G samples are 

concerned, some differences can be envisaged in Figures 4a 

and 4b. In general, the same faces as those observed for the 

Cu-free CeO2/CNT sample appear exposed at the surface of the 

ceria crystals in the Cu-containing catalysts. For Cu-CeO2/G, a 

clear redispersion of the nanoparticles seemed to occur, 

consistent with the XRD data. In the dispersed aggregates, no 

copper-containing phase could however be resolved in any of 

the multiple HRTEM images taken for these samples. 

Promotion of the catalysts with K, Cu(K1)-CeO2/CNT (Figure 4c) 

and Cu(K1)-CeO2/G (Figure 4d), produced similar CeO2 

crystallites distributions. 

The CO oxidation reaction is dependent on the redox 

properties of the catalysts. Herein, H2-TPR analysis was 

performed to gain the information about the reducibility and 

the chemical state of copper species of the as-prepared Cu-

CeO2/CNT samples. Figure 5 shows the TCD signal evolution of 

H2 consumption as a function of temperature for the carbon 

supported copper-ceria catalysts. As reference the profile for 

Cu/CNT sample is also listed. It can be seen that only one peak 

centred at around 490 K was observed in the pure Cu/CNT 

sample that was synthesized using a conventional 

impregnation method. As it is well known, the reduction 

profile of pure CuO is characterized by a single peak at about 

653 K.25,26 As shown in Figure 5, the wide H2-TPR reduction 

peak of Cu-CeO2/CNT sample was located at ∼478 K and 

presents two overlapping contributions, α and β. A qualitative 

attribution of the TPR peaks to different Cu species over CeO2 

support has been proposed by many researchers.4,26-30 In this 

work, based on the literature data and the above XRD and TEM 

results, the lower temperature reduction peak α can be 

ascribed to finely dispersed CuO strongly interacting with CeO2 

and the higher temperature reduction peak β to bigger 

clusters of CuO weakly associated with the CeO2. Compared 

with the reduction of Cu/CNT, the decrease in the reduction 

temperature of Cu species in the prepared Cu-CeO2/CNT 

sample is consistent with the highly dispersed nature of the 

copper particles and can reveal the interaction between the 

CuO species and the CeO2, this facilitating the reduction of 

CuO. With the addition of K, Cu(K1)-CeO2/CNT sample, the 

peaks α and β coalesced, since the peak was sharper. 

Furthermore, the peak was shifted to lower temperature, 

indicating that the presence of K favours the reduction of Cu.  

By comparison of the TPR profiles between Cu-CeO2/CNT 

and Cu-CeO2/G it can be deduced that an effect of the support 

exists. The reduction of Cu is facilitated in the case of the CNT 

probably due to the higher interaction with the CeO2 favoured 

by the smaller particle size, and an electron transfer from the 

CNT.  For Cu-CeO2/G the wide peak and the presence of a 

contribution at 513 K, a temperature similar to that previously 

373 473 573
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Figure 4. Representative TEM images of (a) Cu-CeO2/CNT, (b) Cu(K1)-CeO2/CNT, (c) Cu-

CeO2/G and (d) Cu(K1)-CeO2/G samples. 

Figure 5. H2-TPR profiles of the catalysts: a) Cu/CNT, b) Cu-CeO2/CNT, c) Cu(K1)-

CeO2/CNT, d) Cu(K2)-CeO2/CNT, e) Cu-CeO2/G, f) Cu(K1)-CeO2/G. 
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reported,27,30,31 indicates that small segregated CuO clusters 

with no specific structure and probably over the carbon 

support are present. Addition of K on the graphene supported 

catalyst resulted in a widening of the peak and shifting to 

lower temperatures, similarly to the changes observed for the 

CNT samples.  

 

PROX reaction 

Figure 6 displays the catalytic activity in terms of CO 

conversion, and the selectivity to CO2 as a function of 

temperature of the different Cu catalysts supported on the 

two carbon materials with and without potassium. It can be 

observed that all the catalysts were active except Cu/CNT, this 

confirming the important role of ceria. An effect of the support 

on the ceria dispersion and on the Cu-Ce interaction was 

clearly observed. The conversion obtained with the Cu-

CeO2/CNT catalyst was higher than that reached with Cu-

CeO2/G (30% conversion at 473 K). The catalytic activity was 

similar than that reported for comparable systems under 

similar reactions conditions.16,17 The good dispersion of ceria 

over the CNT support, as observed by XRD and TEM, favoured 

the Cu-ceria interaction and thereby the reduction, as 

confirmed by H2-TPR experiments. On the other hand, the 

worse activity offered by the Cu-CeO2/G sample contrasts with 

the good dispersion observed by TEM. However, the higher 

reduction temperature in the H2-TPR profile would be in line 

with a low proportion of Cu-Ce interacting which could be 

consequence of the larger ceria agglomerates of the initial 

CeO2/G sample (Figure 3). It can be seen that addition of K 

enhances the conversion values at lower temperatures over all 

the support materials. Moreover, the results show that Cu(K1)-

CeO2/CNT exhibited the best activity among the compared 

catalysts. Additional elemental mapping analyses from the 

corresponding STEM-EDS data, Cu(K1)-CeO2/CNT (Figure 7) 

and Cu(K1)-CeO2/G (Figure 8), seem to confirm the 

homogeneous distribution of both Cu and Ce atoms, implying 

that copper may be well-dispersed on the samples or 

embedded in the lattice of ceria which can produce oxygen 

vacancies. Furthermore, some isolated domains or patches of 

copper phases are evident (ESI, Figure S1), which is in contrast 

to the related XRD results. A low proportion of Cu patches on 

the sample can explain this discrepancy. Although K was 

difficult to detect by EDS analysis most likely due to the low 

amount of the dopant, it can be clearly detected in areas were 

the Cu-CeO2 nanoparticles are more aggregated (Figure 8b). 

Therefore, based on the comparison among supports, the 

effect of potassium loading was studied by preparing a series 

of catalysts using CNT as parent support, Cu(K0.5)-CeO2/CNT, 

Cu(K1)-CeO2/CNT, Cu(K1.5)-CeO2/CNT and Cu(K2)-CeO2/CNT. 

In Figure 9 the reaction temperature dependence of CO 

conversion and selectivity to CO2 over the potassium-

promoted Cu-CeO2/CNT series are shown. All the samples 

were active from very low temperatures, i.e. 353 K. However, 

differences were observed as the K loading was varied. 

Initially, as the K loading increases from 0 to 1.5%, the 

conversion increases, reaching 97% at 423 K for Cu(K1)-

CeO2/CNT and CuK(1.5)-CeO2/CNT. Further increment in K 

content up to 2% resulted in a change of the tendency and the 

conversion decreased to 75%, a value similar to those of 

Cu(K0.5)-CeO2/CNT. In summary, the activity followed the 

trend: Cu(K1)-CeO2/CNT > Cu(K1.5)-CeO2/CNT > Cu(K0.5)-

CeO2/CNT ≈ Cu(K2)-CeO2/CNT. As long as the selectivity to CO2 

is concerned, it is observed that it can reach nearly 100% 

before complete CO conversion, and that rapidly decreases 

with increasing reaction temperature. Thus, the variation in 

the temperature of maximum conversion of the catalysts with 

different K content implies that the presence of K affects the 

characteristics of the active phase for CO oxidation that is 

commonly considered to be Cu
+
 species. Furthermore, it seems 

that there is an optimum K loading, around 1 wt %, that shows 

the best performance with a wider temperature range for CO 

conversion with good selectivity to CO2. This goes in line with 

previous suggestions that residual K
+
 influence the 

physicochemical and catalytic properties of CeO2 and CuOCeO2 

systems.
22,32

 It was shown that K with an appropriate content 

was beneficial to alleviate the adsorption of CO2 and H2O on 

the reaction sites and improve the catalytic performance in 

preferential oxidation of CO in excess of hydrogen.  

Figure 6. Plots of (A) CO conversion and (B) CO2 selectivity versus temperature of CO-

PROX reaction of non-promoted and K-promoted catalysts supported on CNT and G. 

Reaction conditions as indicated in the Experimental section, CO/O2 = 1. 
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The CeO2 crystallite size does not vary significantly with K 

loading as measured by XRD (ESI, Figure S2 and Table S1). 

However, from the TEM-STEM-EDS study some inferences 

were obtained. For the highest K loading, Cu(K2)-CeO2/CNT 

(Figure 10 and ESI, Figure S3), part of the Cu is still 

homogeneously distributed over CeO2, but there is an increase 

in the proportion of Cu-rich areas. Moreover, the Cu-CeO2 

domains seem to be more agglomerated and not well 

dispersed over the CNT support. Potassium seems to be mostly 

present on the Cu-CeO2 dispersed areas. In addition, the effect 

of K loading on the catalysts properties was also detected by 

H2-TPR. By increasing the K content, the reduction peaks 

shifted to higher temperatures (Figure 5d), and the TPR profile 

was similar to that for the potassium free Cu-CeO2/CNT sample 

(Figure 5b). This is in agreement with the increase in the 

proportion of Cu-rich areas observed by TEM. However, 

deposition of non-dissolved K on the CeO2 surface could also 

take place, as it has been proposed for Na in Ni/CeO2 

systems.
19

 

 

X-ray Photoelectron Spectroscopy (XPS) 

There seems to be agreement in the literature that the CO-

PROX reaction occurs at the CuO-CeO2 interface.33,34 The 

reaction route mainly involves the chemisorption of CO on Cu+ 

species stabilized on the CuO–CeO2 interface and the oxidation 

of chemisorbed CO by the interface lattice oxygen. While, the 

role of ceria is to provide the oxygen source through a 

Ce
4+

/Ce
3+

 cycle. Then, in order to shed some light on the effect 

of K on the catalytic behaviour, XPS analyses were performed 

to study the oxidation states of the surface species present on 

the catalysts. First, the K 1s region at 292-296 eV did not 

displayed any contribution for any of the measured Cu(Kx)-

CeO2/CNT samples probably due to the low amount of K 

introduced. Therefore, the spectra for the Ce 3d, Cu 2p3/2 and 

O 1s levels were analysed. The spectra for the Ce 3d region 

were deconvoluted into 8 peaks
31,35,36

 with the assignments 

defined in Figure 11. Both Ce
4+

 and Ce
3+

 species were present 

in the catalysts surface, as the characteristic multiplets of 3d5/2 

and 3d3/2 core holes were observed. The values for surface 

relative amount of Ce
3+

, estimated considering the relative 

area of u´ and v´ peaks to the area of Ce 3d region, are 

reported in Table 2. It can be observed that the contribution of 

Ce
3+

 to the overall spectra is in the 0.17-0.22 range, and 

Figure 7. Dark-field STEM image of Cu(K1)-CeO2/CNT with corresponding EDS elemental maps of the highlighted area showing the chemical distribution of Ce (green) and 

Cu (red) for two different areas. 

Figure 8. (a) ADF-STEM image of Cu(K1)-CeO2/G sample. (b) Dark-field STEM image with corresponding EDS elemental maps of the highlighted area showing the 

chemical distribution of Ce (green) and Cu (red) and K (yellow). 
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slightly higher for Cu(K0.5)-CeO2/CNT and Cu(K1)-CeO2/CNT. 

The stabilization of Ce
3+

 defects on the surface can be 

explained by the small ceria particle size of the supported 

samples. Moreover, the higher Ce
3+

 concentration in Cu(K0.5)-

CeO2/CNT and Cu(K1)-CeO2/CNT suggests the presence of 

copper and/or potassium ions as dopants into the ceria, this 

inducing additional Ce
3+

 and oxygen vacancies.
37,38

   

 It is evident from Figure 12 that part of the surface copper 

species is in the reduced Cu
+
 state due to the strongest 2p3/2 

peak at 932.5 eV.
39,40

 However, the broad shake-up peak at 

942.7 eV and the asymmetry of the main peak with apparent 

shoulders at higher binding energy, 933.4 eV, for all the 

samples point to the predominant presence of CuO. An 

accurate quantitative analysis of Cu oxidation states could not 

be established not only because of the low signal to noise 

ratios due to the rather low surface Cu content of the 

supported catalysts, but also the possible self-reduction of 

highly dispersed Cu species as a result of exposure to X-rays. 

However, a comparison of the ratio of intensities of satellite 

peaks to those of principal peaks (Isat/Ipp) can provide valuable 

information of reduced copper species. It is known that this 

Isat/Ipp ratio is 0.57 for Cu2+ species.41 Therefore, the values of 

relative intensity of the shake-up to the main 2p3/2 lines 

reported in Table 2 suggest the existence of a small amount of 

partially reduced copper species. It was not possible to 

distinguish between Cu(0) and CuO based on Cu 2p3/2 

photoelectron spectra due to the proximity of their 

respectively binding energies. An attempt to analyse the Cu 

L3M45M45 Auger transition was neither successful. The 

presence of partially reduced copper species in CuO/CeO2 

catalysts has also been reported by other groups.39,41 To 

explain this, well-dispersed copper oxide clusters strongly 

interacting with ceria or the substitution at their interface have 

been proposed.36,42 The higher content of reduced copper 

species (mainly Cu+) induced in Cu(K1)CeO2/CNT, as the direct 

comparison of ratio of peak intensities suggests, is in 

agreement with the higher Ce3+ concentration and reflects the 

ability for the redox cycle between copper and ceria. Thus, 

reduced Cu+ species can be viewed as a good indication of a 

favourable synergetic interaction between copper and ceria in 

Cu–O–Ce sites that are proposed as the main active site for 

PROX reaction.  

0

20

40

60

80

100

323 373 423 473

0

20

40

60

80

100

 

 
C
o
n
v
e
rs
io
n
 (
%
)

 Cu/CNT

 Cu-CeO
2
/CNT

 Cu(K0.5)-CeO
2
/CNT

 Cu(K1)-CeO
2
/CNT

 Cu(K1.5)-CeO
2
/CNT

 Cu(K2)-CeO
2
/CNT

A

B

 

 

S
e
le
c
ti
v
it
y
 t
o
 C
O

2
(%

)

Temperature (K)

Figure 9. Plots of (A) CO conversion and (B) CO2 selectivity versus temperature of 

CO-PROX reaction over the K-promoted series of catalysts supported on CNT. 

Reaction conditions as indicated in the Experimental section, CO/O2 = 1. 

Figure 10. (a) TEM image of Cu(K2)-CeO2/CNT sample. (b)  Dark-field STEM image with corresponding EDS elemental maps of the highlighted area showing the chemical 

distribution of Ce (green) and Cu (red) and K (yellow). 
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 Finally, Figure 13 displays the core level spectra of the O 1s 

region for the samples supported on CNT. It is apparent that 

three O 1s components can be included in CeO2/CNT catalyst 

(Figure 8b). A peak at 528.9 eV is characteristic of lattice 

oxygen of metal oxides, a peak at around 531 eV is assigned to 

adsorbed oxygen and the additional last peak at higher binding 

energy (532.4 eV) can be assigned to surface defective Ce 

species in CeO2 as already reported.36,39 But, some small 

contribution of the oxygen groups present on the CNT surface 

(Figure 13a, O/C ratio for original CNT is 0.015) has to be 

considered at the higher BE side. After the addition of copper 

and potassium, these peaks are also observed. However, 

variations on the relative intensity of the components with 

increasing K content are evident. So, the relative intensity of 

the first component to the total O 1s peak (denominated as 

Olatt/Ototal) was calculated and listed in Table 2. The Olatt/Ototal 

decreases for Cu(K1)-CeO2/CNT and Cu(K1.5)-CeO2/CNT and 

for higher K contents increases to values similar to those for 

the non-promoted catalysts, i.e. 0.40. The relatively lower 

Olatt/Ototal for Cu(K1)-CeO2/CNT and Cu(K1.5)-CeO2/CNT 

suggests the presence of more Ce3+ surface defects that are 

accompanied by the formation of oxygen vacancies. This 

finding correlates well with the higher Ce3+/Cetotal ratio and the 

H2-TPR results. Then, with a weaker Olatt peak, this catalyst is 

expected to have a better capacity for oxygen storage. Hence, 

the general trend of the lattice oxygen intensity with the 

change of K content determined by XPS is consistent with the 

order of catalytic performance (Fig. 9). It is well known that the 

oxygen storage capacity and the reactivity of lattice oxygen are 

important to obtain a highly active catalyst for CO 

oxidation.33,42 The presence of defect sites (oxygen vacancies) 

from Cu substitutions increases the relative freedom 

Catalyst Cu/Ce Ce/C Ce3+/Cetot Olatt/Otot Isat/Ipp 

CeO2/CNT  0.0049 0.17 0.39  

Cu-CeO2/CNT 0.80 0.0055 0.18 0.40 0.56 

Cu(K0.5)-CeO2/CNT 0.62 0.0058 0.22 0.40 0.51 

Cu(K1)-CeO2/CNT 0.61 0.0070 0.21 0.32 0.46 

Cu(K1.5)-CeO2/CNT 0.47 0.0057 0.19 0.37 0.55 

Cu(K2)-CeO2/CNT 0.50 0.0069 0.18 0.39 0.48 
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Figure 12. Cu 2p core level spectra of samples: a) Cu-CeO2/CNT, b) Cu(K0.5)-

CeO2/CNT, c) Cu(K1)-CeO2/CNT, d) Cu(K1.5)-CeO2/CNT, e) Cu(K2)-CeO2/CNT. 

Figure 11. Ce 3d core level spectra of samples: a) CeO2/CNT, b) Cu-CeO2/CNT, c) 

Cu(K0.5)-CeO2/CNT, d) Cu(K1)-CeO2/CNT, e) Cu(K1.5)-CeO2/CNT, f) Cu(K2)-

CeO2/CNT. 

Table 2. XPS results of the catalysts supported on CNT. 
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movement of lattice oxygen and consequently enhances the 

oxygen mobility. It has been proposed that the addition of Na
+
, 

within the solubility limit of 2 wt %, displaces Ce
4+

 in the CeO2 

lattice, generating oxygen vacancies and thereby increasing 

oxygen mobility in Ni/xNa/CeO2 catalyst for the water-gas shift 

reaction.
19

   

 

Role of K doping 

The activity obtained with the studied catalysts is in 

agreement with the characterization results and confirm the 

relevance of a good dispersion of ceria on the support to give a 

better contact with the Cu active phase. Addition of K in an 

appropriate amount seems to favour this Cu-Ce interaction or 

synergistic effect between CuO and CeO2 producing better Cu+ 

sites for CO adsorption. According to XRD, H2-TPR and XPS 

results, it is evident that the easily reducible and highly 

dispersed active copper oxide species which interacts strongly 

with ceria is the key to achieving superior catalytic 

performance. The ability of potassium to stabilize cuprous ions 

has been reported previously even on unsupported copper 

catalysts for the synthesis of methanol from carbon monoxide 

and hydrogen.43 However, the electron–donor character of K 

can be a factor to take also into account. This electron 

donating effect has been regarded as the factor that improved 

the competitive adsorption and activation of oxygen molecules 

on Ru metal surface at lower temperatures by weakening the 

CO adsorption and favouring the CO oxidation reaction at 

lower temperatures.21 Similar modifications in the nature of 

the adsorption of CO and O2 on our materials could be 

proposed. In addition, comparing the catalysts supported on 

the two carbon materials, the better results of the K 

promotion on CNT could be related to the electron conducting 

character of the CNT that could facilitate the transfer of 

electrons from potassium. 

Conclusions 

We have developed highly active Cu-Ce carbon nanotubes 

supported catalysts for the PROX reaction. Cerium oxide (20  

wt %) has been dispersed over commercial carbon nanotubes 

and a lab-prepared graphene oxide. The results indicate that 

the morphology and the surface chemistry of the supports play 

an important role on the dispersion of ceria. XRD and TEM 

studies have confirmed the small crystal size (4-6 nm) and high 

dispersion of CeO2 over the CNT support in comparison with 

the graphene. Comparing the two supports, the better ceria 

dispersion afforded on CNT resulted in a better interaction Cu-

ceria, this leading to a better catalytic performance. Promotion 

with K was studied over the two carbon supports, carbon 

nanotubes and graphene. It was observed that the activity 

achieved over the former catalyst was better, which can be 

ascribed to the better dispersion of ceria over the carbon 

nanotubes, despite their lower surface area, favouring a 

superior Cu-Ceria interaction. The influence of different K 

loadings was also studied over the CNT based catalysts. An 

optimum K loading (around 1 wt %) resulted in an increase of 

the catalysts activity at lower temperature. Increasing the 

potassium loading, the catalytic performance become worse 

and approaches that for the K-free catalyst. As demonstrated 

by XPS, promotion with K seems to favour the generation of 

oxygen vacancies and the synergistic effect between Cu and 

CeO2. It can be concluded that the presented results showed 

that promotion with K is a promising method to improve the 

performance of Cu-Ceria systems in the CO-PROX reaction. 
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Improved performance of catalysts promoted with K was obtained in the CO-PROX 
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