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investigate the influence of the dopants on the CO PROX, an 
activity test was conducted for each sample under a reactant 
stream containing CO,  H2,  CO2 and  H2O. Negative effects of 
the dopants on the CO PROX activity were experimentally 
observed. Several characteristics on the catalysts induced by 
the insertion of dopants caused the effects. The presence of 
the non-reducible dopants on the surface hindered the effi-
ciency of the redox equilibrium between copper and cerium, 
which is the essential process for CO PROX. Surface oxygen 
vacancies, generated by the introduction of foreign dopants, 
were not beneficial to the CO PROX activity. Copper species 
on the catalysts might be penetrated through these vacan-
cies and protected as non-reactive reduced form in these 
vacancies.

Abstract The effects of non-reducible dopants on cop-
per–ceria catalysts for the preferential oxidation of carbon 
monoxide (CO PROX) were experimentally investigated by 
adding a non-reducible rare-earth element into the ceria sup-
port. Gadolinium-doped cerium oxides were synthesized by 
a combustion method as a support material for the copper–
ceria catalytic system. Various compositions of the catalysts, 
i.e., CuO/Ce1−xGdxO2−δ (x = 0, 0.05, 0.1, 0.13, 0.18, 0.25 
and 0.35), were prepared. The physical, structural, redox and 
surface chemical properties of the prepared catalysts were 
characterized by inductively coupled plasma mass spec-
trometry (ICP-MS),  N2 isotherms, X-ray diffraction (XRD), 
Raman spectroscopy, transmission electron microscopy 
(TEM),  H2 temperature-programmed reduction  (H2-TPR) 
and X-ray photoelectron spectroscopy (XPS) analyses. To 

Electronic supplementary material The online version of this 
article (doi:10.1007/s10562-017-2188-0) contains supplementary 
material, which is available to authorized users.

 * Joongmyeon Bae 
 jmbae@kaist.ac.kr

1 Department of Mechanical Engineering, Korea Advanced 
Institute of Science and Technology, 291 Daehak-ro, 
Yuseong-gu, Daejeon 34141, Republic of Korea

2 Department of Materials Science and Engineering, Korea 
Advanced Institute of Science and Technology, 291 
Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea

3 Department of Mechanical Science and Engineering, 
University of Illinois at Urbana-Champaign, 1206 West 
Green Street, Urbana 61801, IL, USA

4 Advanced Nano Surface Research Group, Korea Basic 
Science Institute, 169-148 Gwahak-ro, Daejeon 34133, 
Republic of Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-017-2188-0&domain=pdf
http://dx.doi.org/10.1007/s10562-017-2188-0


2988 J. Oh et al.

1 3

Graphical Abstract 
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1 Introduction

Due to the increased public interest in environmental issues 
and the need for eco-friendly energy systems, low-tempera-
ture proton exchange membrane fuel cell (PEMFC) systems 
have been widely studied from various perspectives. Most 
commercial PEMFC systems include reformers to produce 
hydrogen from conventional hydrocarbon fuels. The reform-
ing components typically contain the main reformer, which 
is selected among steam reforming, partial oxidation, and 
autothermal reforming reactions depending on the target 
application of the system, and a following water gas shift 
(WGS) reactor is equipped to improve the hydrogen yield 
[1]. After passing through the WGS reactor, the product 
mixture contains 40–75 vol.%  H2, 15–25 vol.%  CO2, 10–15 
vol.%  H2O, 0.5–2 vol.% CO, and  N2 balance [2]. However, 
this mixture is not yet usable in fuel cells because of the 
CO content, which must be diminished to low levels to pre-
vent poisoning the platinum-based anode. Anodes utilizing 
a bi-metallic alloy can tolerate less than 100 ppm CO in the 
mixture [3]. Among the applicable CO removal processes, 
such as CO methanation, pressure swing adsorption (PSA), 
and CO preferential oxidation (CO PROX), CO PROX is 
the most appropriate method to remove CO to achieve a 
desirable level, considering the technical reliability and the 
size of the system.

Several types of catalysts have been developed for CO 
PROX, including catalysts based on precious metals, gold 
and transition metals. Precious-metal-based catalysts, such 
as Pt [4], Pd [5], Ru [6], and Rh [7], have been studied for a 

long time. Particularly, platinum-group catalysts have been 
reviewed since the 1960s and have demonstrated acceptable 
activities and stabilities in appropriate temperature ranges 
[4, 8]. However, these catalysts show severe side reactions, 
such as unwanted hydrogen oxidation and  CO2 methana-
tion for gases containing  CO2 and moisture following their 
intrinsic reaction mechanism [9, 10]. Gold-based catalysts 
have also been studied and present desirable activities 
[11]. Despite their high conversion abilities for CO oxida-
tion, their use is limited because of their high cost and low 
durability in the presence of moisture. In recent decades, 
transition-metal-based catalysts, which are relatively more 
economical than precious-metal- and gold-based catalysts, 
have been studied, such as catalysts based on Co [12], Cu 
[13, 14], and Mn [15]. Among these catalysts, CuO/CeO2 
mixed-oxide catalysts have garnered attention for CO PROX 
due to their excellent performances at desirable temperatures 
between 100 and 200 °C. The CuO/CeO2 catalyst system 
also shows higher selectivity than platinum-group catalysts 
[16] and is more stable under CO PROX conditions than 
gold-based catalysts [17].

Many studies have shed light on the origin of the high 
activity of this CuO/CeO2 system, which is associated with 
strong metal-support interactions, as expressed by the redox 
couple between copper and cerium derived from the follow-
ing equation [13, 18–20]. 

The correlation between the redox equilibrium and cat-
alytic performance strongly indicated that the CO PROX 
reaction follows a Mars-van Krevelen type mechanism [21]. 
Previous researchers have attempted to increase the redox 
ability by introducing other foreign materials into the ceria 
lattice. These dopants can enhance the oxygen storage capac-
ity (OSC) of ceria, thus improving the catalytic activity of 

(1)Ce4+ + Cu+ ⇋ Ce3+ + Cu2+
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the copper–ceria system [17, 22–25]. Wang et al. first tried 
to include a rare-earth dopant inside the ceria lattice for the 
CuO/samarium-doped ceria system and evaluated its CO 
PROX activity [22]. Lin et al. reported a catalyst system 
with a tin-doped ceria support, which exhibited high CO 
conversion at low temperature [23]. Chen et al. revealed that 
incorporating  Zr4+ into the ceria lattice not only enhanced 
the oxygen mobility but also provided enhanced catalytic 
activity [24]. Wu et al. reported that a CuO/Ce0.8Ti0.2O2 
catalyst exhibited the best CO PROX performance among 
other samples with various titanium-doped ceria supports 
[17]. Recently, Cecilia et al. reported that CuO/Ce0.9Zr0.1O2 
showed the best performance among their samples and that 
catalysts containing rare-earth-doped ceria supports also 
exhibited better CO conversion abilities than a pure ceria-
supported catalyst [25].

Foreign-ion doping into ceria supports has not always 
provided positive results for CO PROX. Ratnasamy et al. 
compared CuO/CeO2, CuO/CeO2–ZrO2, and CuO/ZrO2, 
fabricated using a co-precipitation method, among which 
the pure ceria-supported catalyst showed the best perfor-
mance [26]. This type of inferior catalytic activity gener-
ated by  Zr4+ doping was also reported by Ayastuy et al. 
[27]. Martinez-Arias tested the CO PROX activity for CuO/
Ce–M–O2 catalysts (M = Zr, Tb) prepared using a reverse 
micro-emulsion method and reported that the performance 
was not considerably enhanced by the doping [28]. These 
inconsistent results concerning the effects of doping foreign 
ions into ceria may be due to the differences between the 
types of dopant element used in the various studies.

In this context, the exact role of doping in the ceria sup-
port must be revealed by changing the elements and varying 
the ratio of the dopant. Incorporating rare-earth elements 
into ceria can enhance its OSC and the mobility of oxygen in 
the lattice structure [29]. The rare-earth ions in ceria can eas-
ily increase the oxygen vacancies in the lattice and surface, 
and are also known as stabilizers in ceria-based catalytic 
systems [30, 31]. Gadolinium-doped ceria,  Ce1−xGdxO2−δ, 
has been widely used in various applications due to its high 
OSC and its thermal and electrical stability. This material 
has been applied as a catalyst by itself or as a support mate-
rial for mixed metal oxide catalysts in direct CO oxidation 
[30], hydrogen production from various types of hydrocar-
bon fuels [32, 33], methyl mercaptan decomposition [34], 
and solid oxide fuel cells [35]. According to recent reports, 
rare-earth-doped ceria supports for gold-based catalysts 
can enhance the OSC and catalytic activity for the WGS 
[36] and CO PROX [37] processes. However, few studies 
have explored the relationship between the characteristics 
and CO PROX activities of copper catalysts supported on 
gadolinium-doped ceria.

Therefore, in this paper, gadolinium-doped ceria supports 
with various atomic ratios were prepared to investigate the 

effect of doping the CuO/CeO2 catalysts on their character-
istics and CO PROX performances. The support materials 
were synthesized using a combustion method, and the cop-
per contents were physically mounted using an impregna-
tion method. The prepared catalysts were analyzed using 
various characterization techniques to identify the evident 
differences in their physical, structural, redox and surface 
chemical properties. The catalysts were compared under 
industrial CO PROX conditions simultaneously containing 
not only  H2 and CO but also  CO2 and  H2O to evaluate the 
effects of the dopants in the ceria support. Finally, the effects 
of gadolinium doping will be discussed with the results of 
the CO PROX activity to conclude the exact role and effect 
of the foreign dopant.

2  Experimental

2.1  Preparation of the Catalysts

Ceramic oxides,  Ce1−xGdxO2−δ (x = 0, 0.05, 0.10, 0.13, 0.18, 
0.25 and 0.35), were prepared using the glycine nitrate pro-
cess (GNP). Both metal nitrate precursors, Ce(NO3)3·6H2O 
and Gd(NO3)3·6H2O, were supplied by Sigma Aldrich with 
a purity of 99.9%. For the GNP, the precursors were dis-
solved in deionized water (>15 MΩ) to achieve the desig-
nated molar ratio of cerium to gadolinium ions. To gener-
ate the porous support material for the catalyst, glycine was 
added in an excess amount to the nitrates in solution [38]. 
The powder resulting from the GNP was calcined in a muf-
fle furnace under static air conditions at 500 °C for 4 h. The 
final ceramic oxide powders were used as support materials 
for the catalysts.

The copper in the catalysts was added by incipient wet-
ness impregnation on the ceramic supports. Precisely 
measured copper nitrate precursor to prepare the catalysts 
containing 4 wt.% copper was dissolved in deionized water. 
After impregnation, the powders were dried at 150 °C over-
night and calcined at 500 °C for 4 h. The final catalysts were 
labeled CuO/CeO2 and CuO/CGX, where X is the molar dop-
ing ratio of gadolinium in the ceria structure.

2.2  Catalyst Characterization

The elemental compositions of the prepared catalysts were 
measured by inductively coupled plasma mass spectrom-
etry (ICP-MS) using an Agilent ICP-MS 7700S. Before 
the measurements, the powders were pretreated in etha-
nol solution with a microwave to generate well-dispersed 
samples. Nitrogen adsorption/desorption isotherms  (N2 
at 77.3  K) were conducted on a TriStar II 3020 from 
Micromeritics to analyze the Brunauer–Emmett–Teller 
(BET) surface areas. Prior to the measurements, the 
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catalysts were degassed at 200 °C over 5 h under vacuum 
to remove any residual moisture and other volatiles. Pow-
der X-ray diffraction (XRD) patterns were collected on a 
RIGAKU SmartLab equipped with a symmetric Johans-
son Ge(111) curved crystal monochromator to strictly 
show the CuKα1 radiation. The patterns were recorded 
in the 2θ range of 10°–90° at a scan speed of 0.5°/min. 
To match the measured patterns and published data for 
well-known materials, the crystallography open database 
(COD) was used, which provided reference data for fur-
ther analysis [39]. The crystalline size and lattice strain 
for each catalyst were obtained using the Halder–Wagner 
method. Moreover, every diffraction pattern was refined 
using the Rietveld refinement method with the PDXL2 
software package (Rigaku, version 2.6.1.2) to obtain the 
lattice parameters. Raman spectra for the catalysts were 
obtained using an ARAMIS dispersive Raman spectrome-
ter from Horiba Jobin Yvon with a visible laser of 514 nm. 
Transmission electron microscopy (TEM) was conducted 
with an FEI Tecnai F30 S-TWIN transmission electron 
microscope (300 kV) to confirm the crystal structures and 
morphologies of the catalysts. The chemical compositions 
were analyzed using energy-dispersive X-ray spectroscopy 
(EDS). Hydrogen temperature-programmed reduction 
 (H2-TPR) analyses were conducted to examine the redox 
properties of the prepared catalysts using a Micromerit-
ics AutoChem 2920 analyzer. The mass of each sample 
was approximately 50 mg for each measurement. First, 
the samples were pretreated under a flow of 5%  O2 in He 
(50 ml/min) at 300 °C for 1 h, followed by purging with 
pure Ar (50 ml/min) at the same temperature for the same 
duration. After cooling to 50 °C, the sample was exposed 
to 10%  H2 in Ar gas (50 ml/min) for 30 min. Finally, the 
samples were heated to 700 °C at a rate of 10 °C/min 
with the same hydrogen composition. The amount of con-
sumed hydrogen was measured using a thermal conductiv-
ity detector (TCD) and was calibrated using pure CuO as 
a reference (Sigma Aldrich). X-ray photoelectron spec-
troscopy (XPS; K-alpha, Thermo Scientific Inc.) with a 
monochromatic Al-Kα (1486.6 eV) excitation source was 
employed to investigate the chemical bonding nature of 
species (C 1s, O 1s, Cu 2p and Ce 3d) in the sample (base 
pressure: 1 × 10−9 Torr). To minimize the artificial effect 
on the fresh catalysts by the X-ray during the analysis, we 
strictly used the monochromatic excitation source. The 
binding energies of the XPS spectra were calibrated by 
the position of C 1s (284.6 eV) of adventitious carbon in 
the air. High-resolution XPS spectra were obtained using 
an analysis area of 400 μm using a 40 eV pass energy. 
The deconvolution of the XPS data was performed using 
CASAXPS software (Version 2.3.16. U.K) by fitting 
Gaussian–Lorentzian line shapes after subtracting the 
background by the Shirley method.

2.3  Activity Tests for the Prepared Catalysts

The catalytic performances of the prepared samples were 
evaluated in a fixed bed reactor installed in a jacket fur-
nace to maintain a constant temperature. All test experi-
ments were conducted at atmospheric pressure and within 
a temperature range from ambient to 200 °C for dry exper-
iments and from 100 to 250 °C for experiments containing 
moisture in the reactant mixture. To simulate the reactant 
mixture, each gas component, including hydrogen, car-
bon monoxide, carbon dioxide, oxygen and nitrogen, was 
injected using independent mass flow controllers (MFCs). 
All gases were of analytical grade from a commercial 
supplier in South Korea. The water content inside the 
reactant mixture was supplied using a high-performance 
liquid chromatography (HPLC) pump (PrimeLine™) and 
was completely evaporated through a high-temperature 
sand bath before the reactor. The reactor consisted of a 
0.25-inch quartz tube, and two k-type thermocouples were 
located inside the reactor on the top and bottom of the 
catalyst bed. All flow lines connected to the reactor were 
completely sealed with Swagelok tube fittings. The cata-
lyst bed was placed on a glass wool support and located 
in the isothermal zone of the furnace (5–6 cm). The pre-
pared catalysts were crushed to obtain fine granules with 
a particle size from 500 to 850 μm. For each experiment, 
the mass of the catalyst was controlled to be 350 mg, and 
the total flow rate of the gas mixture was fixed at 50 ml/
min to lock the gas hourly space velocity (GHSV) at a 
single value. The composition of the reactant mixture was 
varied for different experimental conditions. To evaluate 
the industrial CO PROX ability, a mixture representing the 
conventional tail gas of a WGS reactor was used, consist-
ing of 1.0% CO (by volume, hereafter), 1.0%  O2, 50%  H2, 
15%  CO2, 10%  H2O and  N2 balance. To investigate the 
oxidation abilities of the prepared samples, the oxygen 
contents inside the reactant were varied, as represented 
by λ values of 1, 2 and 4, defined as the amount of oxygen 
relative to CO inside the reactant mixture: 

Furthermore, dry CO PROX experiments were con-
ducted because moisture content inside the reactant is 
known to inhibit CO removal [40]. The reactant mixture 
was prepared with the same composition as the complete 
CO PROX conditions excluding  H2O.

At every experimental point, the catalysts were stabi-
lized for 1 h before performing the measurements. The 
effluent gases were analyzed using an Agilent 490 micro 
GC system. Two different channels with independent 
TCDs were equipped. Two columns with Molsieve 5A to 

(2)� =
2 × [O2]in

[CO2]in
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separate CO from  O2 and Polar Plot Q to detect  CO2 at the 
ppm level were also prepared on the micro GC system. 
The moisture contents inside the product were completely 
removed through an absorbent tube. After the measure-
ments, the CO and oxygen conversion rates were calcu-
lated using Eqs. (3) and (4), respectively. The oxygen 
selectivity to  CO2 was calculated using Eq. (5). 

3  Results and Discussion

3.1  Elemental Composition Analysis

The precise elemental compositions of the prepared catalysts 
were examined by ICP-MS analysis. The results obtained for 
all samples are provided in Table 1. The atomic percentage 
of gadolinium was gradually increased in the prepared cata-
lysts. Furthermore, the copper content in the catalysts was 
controlled to 4 wt.% within a standard error of 0.09.

3.2  Physisorption Analysis

The nitrogen adsorption/desorption isotherms of the pre-
pared catalysts are provided in Fig. S1. The plots from 
the catalysts with different supports show similar isotherm 
trends. Each plot exhibits a steep increase in adsorption 
at a high relative pressure, which represents the filling 

(3)CO conversion
(

XCO
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[CO]in − [CO]out

[CO]in
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O2 selectivity to CO2
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of the mesopores on the sample surfaces [41]. Numerical 
surface properties, such as the BET surface area  (SBET), 
average pore size and total pore volume, of the samples 
were also calculated from the  N2 isotherm data and are 
presented in Table 1. The average pore sizes of the samples 
are within the range of 7.58–8.93 nm, and the average pore 
volume is 0.113 cm3/g. The pore sizes and volumes seem 
to decrease upon increasing the amount of dopant, but 
big differences were not found among the data. The  SBET 
values are also similar for all the prepared catalysts with 
an acceptable standard deviation. These findings suggest 
that the prepared samples have similar physical adsorption 
ability for catalysis.

Table 1  Elemental 
compositions from ICP-MS 
analysis and surface properties 
from  N2 isotherm analysis

Label Catalyst Cu (wt.%) Ce (at.%) Gd (at.%) SBET  (m2/g) Average 
pore size 
(nm)

Pore 
volume 
 (cm3/g)

CuO/CeO2 CuO/CeO2 4.3 100.0 0.0 35.833 8.93 0.117
CuO/CG0.05 CuO/CeGd0.05O2−δ 4.8 95.5 4.5 38.177 8.24 0.117
CuO/CG0.1 CuO/CeGd0.10O2−δ 4.4 91.1 8.9 41.188 7.84 0.118
CuO/CG0.13 CuO/CeGd0.13O2−δ 4.6 87.3 12.7 33.300 8.75 0.106
CuO/CG0.18 CuO/CeGd0.18O2−δ 4.9 82.3 17.7 39.360 7.96 0.116
CuO/CG0.25 CuO/CeGd0.25O2−δ 4.8 74.2 25.8 36.161 7.65 0.107
CuO/CG0.35 CuO/CeGd0.35O2−δ 4.3 65.3 34.7 36.454 7.58 0.109
Average 37.287 8.23 0.113
Standard deviation 2.252 0.51 0.005
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Fig. 1  XRD patterns for the prepared catalysts: (a) CuO/CeO2, (b) 
CuO/CG0.05, (c) CuO/CG0.1, (d) CuO/CG0.13, (e) CuO/CG0.18, (f) 
CuO/CG0.25, and (g) CuO/CG0.35. The diamonds (filled diamond) 
indicate the peaks of the ceria support, and the asterisks (*) indicate 
the peaks of copper oxide. The inset plot (h) shows a selected region 
presenting marginal shifts in the ceria (111) peak to a lower angle
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3.3  Structural Analysis

The XRD patterns of the samples are presented in Fig. 1. In 
each XRD profile, a typical ceria diffraction pattern is pre-
dominantly observed, and the peaks correspond to the well-
known fluorite cubic structure of cerium oxide. The absence 
of secondary peaks, such as  Gd2O3 on the surface, suggests 
that the aliovalent gadolinium ions have successfully sub-
stituted cerium ions in the lattice and/or that the extracted 
gadolinium oxides are highly dispersed on top of ceria [30]. 
In contrast, copper oxide peaks are clearly observed and are 
marked by asterisks in Fig. 1. These peaks are assigned to 
the monoclinic tenorite structure of CuO [27]. The presence 
of these peaks indicates that copper oxide successfully con-
structs its own structure on the surface of the support. This 
phenomenon clearly demonstrates that copper was physi-
cally mounted on the ceria supports using the impregnation 
method without an excessive high-temperature calcination 
[27]. Other copper species, such as  Cu2O and metallic Cu, 
were not found in the diffraction patterns. However, affirm-
ing that all the impregnated copper on the catalysts is in the 
form of CuO is difficult. Instead, other copper species may 
exist in undetectable amounts of clusters or highly dispersed 
structures on the ceria template.

The inset plot in Fig.  1 shows the patterns within a 
selected 2θ region from 27° to 30° containing the (111) facet 
peak of the catalyst support. All the data in the inset plot 
were normalized to clearly compare the patterns. The (111) 
peak of the samples gradually shifted to a lower angle as the 
doping amount increased. Previous studies have indicated 
that the difference between the effective ionic radii of  Gd3+ 
and  Ce4+ causes this shift [42, 43]. According to the work 
of Shannon, the radius of gadolinium (rGd3+ = 1.053 Å) is 
larger than that of cerium (rCe4+ = 0.97 Å) [44]. Normally, 
larger foreign ions inside the ceria structure relax the lattice, 

which is reflected in the XRD pattern by a shift in the (111) 
peak to a lower angle [45].

To elucidate the structural parameters of the catalysts, 
Rietveld refinements were conducted on the patterns. 
Table 2 shows several parameters obtained by the Rietveld 
analysis. The typical refined patterns for all the catalysts are 
shown in Fig. S2. Along with the observations in the inset 
plot in Fig. 1, the lattice parameter for the ceria support 
gradually increased when the doping ratio was increased. 
The Halder–Wagner method was introduced to calculate the 
lattice strain (ε) using structural parameters derived from 
the Rietveld analysis [46]. Table 2 shows the calculated lat-
tice strain values for the catalysts. As the doping amount 
increased, the ceria lattice strain also gradually increased, 
indicating that the increased amount of gadolinium likely 
generated more lattice defects. The lattice strain inside ceria 
is normally related to the bulk and surface OSC and the 
possible use of the material as an oxidation catalyst [47]. 
These oxygen vacancies generated by the addition of dopants 
and the PROX activity for the catalysts will be discussed in 
a later section. However, no lattice strain was determined 
in the copper oxides via calculations, indicating that CuO 
constructs its own structure on the ceria surface without any 
intervention [48]. The crystallite sizes of ceria and CuO 
gradually decreased when the gadolinium doping amount 
increased, indicating that the particle size of CuO on the 
surface may follow the size of the ceria template. There-
fore, we conclude that the amount of gadolinium in the lat-
tice may determine the final crystallite size of copper oxide 
on the surface, which also agrees with previously reported 
results [49].

Raman spectroscopy is an effective optical technique 
to investigate the structural characteristics of ceramics 
because of its sensitivity to lattice defects inside the mate-
rial [50]. The Raman spectra for all the prepared catalysts are 

Table 2  Structural parameters of the prepared catalysts

The parameters of the catalyst support and copper oxide are separately calculated from the Rietveld refinement
a Values in this column indicate the d-spacings of the ceria support (111) facets
b Values in this column indicate the d-spacings of the CuO (110) facets
c Values in parentheses are the measured d-spacings from the TEM images

Sample χ2 Lattice param-
eter a of ceria 
(Å)

Lattice strain 
of ceria (%)

d-spacing of ceria (Å)a, c Crystallite size 
of ceria (nm)

d-spacing of CuO (Å)b, c Crystallite size 
of CuO (nm)

CuO/CeO2 0.6046 5.4151 0.27 3.127 (3.13) 11.0 2.753 (2.70) 9.2
CuO/CG0.05 0.4809 5.4185 0.33 3.127 (3.11) 8.6 2.751 (2.70) 8.3
CuO/CG0.1 0.5252 5.4229 0.36 3.131 (3.13) 8.9 2.754 (2.73) 7.7
CuO/CG0.13 0.4403 5.4247 0.37 3.133 (3.15) 8.0 2.753 (2.73) 7.2
CuO/CG0.18 0.4303 5.4287 0.41 3.135 (3.15) 7.1 2.753 (2.73) 5.8
CuO/CG0.25 0.5051 5.4354 0.60 3.140 (3.14) 6.5 2.754 (2.71) 5.6
CuO/CG0.35 0.3786 5.4379 0.70 3.142 (3.13) 6.1 2.753 (2.75) 5.3
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presented in Fig. 2. The spectra were obtained in the wave-
length range from 200 to 900 cm−1 using a visible 514 nm 
laser. According to previous literature, this visible Raman 
range is appropriate to observe ceria’s typical  F2g degener-
ate band at 464 cm−1 and the lattice disorder band, i.e., the 
D band for lattice defects, near 600 cm−1 [51]. Each spec-
trum shows a clear  F2g band at approximately 460 cm−1, and 
some spectra exhibit a slight offset from the center due to 
the introduction of the Gd dopant. The  F2g bands reveal that 
the main crystalline structures of the prepared catalysts are 
fluorite cubic structures, which is consistent with the XRD 
analysis [52]. Overall, the D band intensity increased with an 
increasing amount of Gd. This observation agrees well with 
the trend in the lattice strain derived from the XRD analysis. 
According to notation from the literature, the D band con-
sists of two different bands, marked  D1 and  D2 in Fig. 2 [51, 
53]. First, the  D1 band located at approximately 570 cm−1 
indicates that lattice defects were generated by extrinsic 
oxygen vacancies. The  D2 band near 600 cm−1 represents 
defects caused by intrinsic oxygen vacancies [54]. Gener-
ally, the intrinsic vacancies in the ceria structure are created 
by thermal disorder and the presence of  Ce3+ ions, while 
the extrinsic vacancies are generated by the introduction of 
aliovalent ions into the lattice, such as  Gd3+ ions in this case, 
and charge compensation effects [50, 55]. According to Tan-
iguchi et al., the intensity ratio between the  D1 and  D2 band 
reveals the relative concentration between the two types of 
oxygen defects inside the lattice [51]. As clearly shown in 
Fig. 2, the relative intensity of the  D1 band compared with 
that of  D2 increased as the amount of gadolinium increased. 
Moreover, this phenomenon indicates that the dominant 
type of oxygen vacancies inside the ceria lattice changed as 
the gadolinium doping amount increased. Intrinsic oxygen 

vacancies were predominant among the catalysts with low 
doping contents, whereas extrinsic oxygen vacancies were 
more prevalent when the gadolinium content increased.

To finalize the structural analysis, the surfaces of the cata-
lysts were visually examined using TEM. Figure 3 shows 
the TEM images and the corresponding selected area elec-
tron diffraction (SAED) patterns and EDS mapping images 
of selected catalysts. Detailed information for each image 
is provided in the caption of Fig. 3. The remaining TEM 
images and corresponding data are presented in Fig. S3. The 
surface morphologies of all catalysts are visually similar, 
regardless of the doping ratio. The SAED patterns, which 
are presented on the top left of (a) and (c) in Fig. 3, are 
indexed to the fluorite structure, in agreement with the XRD 
results [56]. The visibility of the rings becomes faint as the 
amount of gadolinium increased. In each image, the cerianite 
(111) and tenorite (110) planes were separately detected by 
measuring the crystal spacing (d-spacing) [48]. Associated 
with the XRD results, other copper species, such as  Cu2O or 
reduced copper, were not visually detected on the surfaces. 
Table 2 shows the d-spacing values from the XRD analysis 
and TEM images. A slight increment was observed for the 
series of d-spacings for ceria (111). This finding is related 
to the relaxation effect caused by foreign gadolinium inside 
the ceria lattice [17]. The images in Fig. 3f show the EDS 
mappings of cerium, gadolinium and copper elements on the 
representative catalyst, CuO/CG0.1. These images confirm 
that each element was highly dispersed on the surface.

3.4  Redox Analysis

H2-TPR analysis was conducted to study the redox proper-
ties of the samples and to examine the effect of the extrinsic 
oxygen vacancies on the reducibility of the catalysts. Fig-
ure 4 shows the typical  H2-TPR profiles for the samples. The 
plots in Fig. 4 follow the typical reduction pattern for the 
copper–ceria system, which has been previously reported 
in the literature [57]. The overall reduction patterns of the 
prepared samples clearly appear in a relatively lower tem-
perature region than the patterns for pure ceria [58] and CuO 
[59]. Ayastuy et al. showed that the presence of copper oxide 
on the ceria support can enhance the overall reducibility of 
the catalyst, which is related to the strong metal–support 
interactions [60]. Furthermore, most profiles notably exhibit 
more than one reduction peak rather than a single broad 
peak, unlike that of pure copper oxide. This finding supports 
the existence of more than one reducible copper and/or cop-
per oxide species on the surface of the prepared catalysts, 
generated by the interaction with support [10]. Although 
additional reducible copper oxide species, except CuO, 
were not found by the structural analysis, a small amount 
or highly dispersed reducible copper species existed on the 
surface of the catalysts.
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Fig. 2  Raman spectra for all the prepared samples: (a) CuO/CeO2, 
(b) CuO/CG0.05, (c) CuO/CG0.1, (d) CuO/CG0.13, (e) CuO/CG0.18, (f) 
CuO/CG0.25, and (g) CuO/CG0.35
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Figure 4 is divided into three groups based on the similar-
ity of the profiles. The profiles of (a) CuO/CeO2, (b) CuO/
CG0.05, and (c) CuO/CG0.1 display similar reduction patterns 
with three distinct peaks between 100 and 230 °C, which 
are merged in Fig. 4A. Figure 4B shows the profiles of (d) 
CuO/CG0.13 and (e) CuO/CG0.18. These profiles display 
three ambiguous but separable peaks from 150 to 250 °C. 
Finally, the reduction patterns for (f) CuO/CG0.25 and (g) 
CuO/CG0.35 are presented in Fig. 4C, displaying a sharp 
peak near 250 °C and a broad shoulder on the right side of 
the peak that persists up to 600 °C. The profiles of the three 
catalysts in Fig. 4A display the shape of a typical reduction 
pattern for the copper–ceria system, as previously reported 
[10, 60–64]. The types of reducible copper species that are 
present on the catalyst can be confirmed based on these pat-
terns. Various researchers, such as Avgouropoulos [10], Liu 
[62], Kundakovic [63], and Luo [64], have described the 
typical reduction pattern of copper–ceria catalysts, consist-
ing of three peaks, so-called peak α, peak β, and peak γ 
based on the temperature. Peak α, which occurs at the lowest 
reduction temperature, is associated with finely dispersed 
CuO with a close interaction with ceria. The second peak β 
is a well-known indicator of “bulk-like” CuO particles that 
weakly interact with the ceria support. Peak γ is located 
at the highest reduction temperature and is related to bulk 
CuO with larger particles without the interaction with ceria. 
Pintar et al. also performed rigorous TPR, TPD and TPO 
analyses of the copper–ceria catalysts. The authors found 
that the dominant reduction process at peak α is the partial 
reduction of  Cu2+–Cu+ and that the main reaction at peak β 
corresponds to the partial reduction of  Cu+–Cu0 [61]. All the 
profiles in Fig. 4A show distinct peaks α, β and γ, and each 
peak represents three different types of copper species, in 
accordance with the aforementioned papers. The reduction 
temperatures for each sample and peaks are presented in 
Table 3. Sample (a) shows the lowest reduction temperature 
and exhibits the highest reducibility among the samples. The 
reduction temperature of each peak gradually increases as 
the doping ratio is increased. The shifting and merging trend 
of the peaks are clearly presented in the profiles shown in 
Fig. 4B. Peak β of sample (d) shifted to the higher tem-
perature region and began to merge with peak γ. Based on 
the aforementioned studies, this change is attributed to an 
increased number of copper species that no longer interact 
with surface ceria. This tendency persists for sample (e), 
where peak β is barely separated from peak γ. Wu et al. 
also found that peak β shifted to a higher temperature and 
merged with peak γ as the Ti doping ratio was increased 

[17]. Therefore, this tendency seems to be related to the 
gadolinium content inside the ceria support.

Figure 4C shows the profiles for the remaining samples 
(f) and (g). The profiles show completely different patterns 
than those of the other six samples. Peaks α and β are not 
observed on these profiles. Thus, these samples do not pref-
erentially form the dispersed copper species with a strong 
interaction with the surface ceria. Instead, the profiles exhibit 
a sharp single peak at 235 °C for sample (f) and 246 °C for 
sample (g). The shape of these peaks are fairly similar to 
the pattern of pure bulk CuO [59]. Therefore, these peaks 
correspond to peak γ for samples (f) and (g), indicating the 
presence of bulk CuO clusters that do not interact with sur-
face ceria. The copper species on samples (f) and (g) may 
have fully oxidized in the pretreatment step before the TPR 
analysis, as no interactions exist to prevent the full oxidation 
of the copper species. Another broad shoulder appears on 
the right side of the single peak in both profiles. This broad 
shoulder persists up to 600 °C. Therefore, this shoulder may 
correspond to the reduction of the ceria support, which is no 
longer interacts with copper on the surface. This observation 
suggests that the broad shoulders in Fig. 4C, can be labeled 
as a new peak (peak δ) and are assigned to the reduction of 
ceria support, indicating the separation of copper and ceria.

Table 3 shows the maximum temperature of each peak. 
The reduction temperatures for peak α, β, and γ gradu-
ally shifted to higher temperatures when the doping ratio 
increased. These shifts indicate that the interaction between 
copper on the top and surface ceria gradually weakened as 
the gadolinium content increased. However, peaks α and 
β disappeared when the gadolinium loading exceeded an 
atomic ratio of 0.2. Furthermore, the new broad shoulder 
peak, δ, appeared as an indicator of the separation between 
the surface copper species and ceria. Table 3 also shows 
the relative intensities of peaks α, β, and γ. The values are 
normalized to the intensity of peak β. As the doping ratio 
increased, the intensity of peak α gradually decreased, simi-
lar to the shift of the reduction temperature. Furthermore, 
the relative intensity of peak γ gradually increased, alluding 
a weakened interaction between copper and ceria.

3.5  Surface Electronic Analysis

To determine the effects of the dopants on the catalyst 
surfaces, XPS was used to analyze the surface chemical 
compositions. Table 4 contains the chemical compositions 
of the catalyst surfaces expressed by the relative atomic 
ratio between the copper and rare-earth elements. The rela-
tive copper ratio on the surface gradually decreased when 
the gadolinium doping ratio increased, which is in obvious 
contrast to the elemental analysis results in Table 1. This 
difference of the chemical composition between the bulk 
and surface of the catalyst corresponds to a “metal-burial” 

Fig. 3  TEM images and corresponding SAED patterns for a CuO/
CeO2, b CuO/CG0.05, c CuO/CG0.1, d CuO/CG0.18, and e CuO/CG0.35. 
EDS mapping images of the f CuO/CG0.1 sample and the constituent 
elements Ce, Gd, and Cu

◂
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effect on doped ceria. According to previous literature, 
small metal atoms, such as copper in this case, can pen-
etrate the ceria lattice through the surface and bulk oxy-
gen vacancies [65]. As the amount of gadolinium dopants 
increases, a higher number of surface and bulk oxygen 

vacancies are likely generated and copper elements on the 
surface are likely to be buried through the vacancies.

Figure 5 shows the measured XPS spectra of the Ce 
3d core level and the deconvoluted results of all the sam-
ples. Previous studies have reported detailed descriptions 
of the XPS core level spectra of  Ce4+ and  Ce3+ for  CeO2 
and  Ce2O3, respectively. Moreover, the Ce 3d core level 
contains various peaks due to hybridization between the 
Ce 4f levels and the O 2p levels [66, 67]. The deconvoluted 
peaks indicated by the dashed lines in Fig. 5 correspond to 
 Ce3+ components (Ce  3d9  4f1 O  2p6). The amount of  Ce3+ 
relative to the amount of both  Ce4+ and  Ce3+ was quanti-
fied using the following formula: 

where S(x) represents the area of the deconvoluted peak 
assigned to a component.

Table 4 contains the calculated  Ce3+ ratios of the sam-
ples. The deconvolution of the Ce 3d core level spectra 
shows the coexistence of both 3+ and 4+ species, and 
the amount of  Ce3+ is below 16% in all cases. All XPS 
calculations inevitably assumed that the ratio of chemical 
states is spatially constant within the sample. Therefore, 
the real percentages with regard to spatial variations of the 
atomic ratio of the  Ce3+ and  Ce4+ ions in the sample may 
show slight deviations from the calculated results. The 
portion of  Ce3+ gradually decreased in the catalysts as the 
doping ratio increased. This calculation result suggests 
that the amount of reducible ceric atoms decreased as the 
amount of non-reducible dopants increased. The chemical 
composition of the bulk ceramic around the cerium and 
gadolinium is also represented on the surface of the cata-
lysts. Therefore, the bulk oxygen vacancies confirmed by 
the structural analysis may also be present on the surface 
of the catalysts as surface oxygen vacancies. Notably, the 
decrease of the  Ce3+ ratio is related to a decrease of the 

(6)Ce3+(%) =
S(Ce3+)

S(Ce3+ + Ce4+)
× 100
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Fig. 4  H2-TPR profiles for (a) CuO/CeO2, (b) CuO/CG0.05, (c) CuO/
CG0.1, (d) CuO/CG0.13 (e) CuO/CG0.18, (f) CuO/CG0.25, and (g) CuO/
CG0.35

Table 3  H2-TPR analysis of the prepared catalysts

a Ratio of the intensities of peaks α, β, and γ normalized to the inten-
sity of peak β at a maximum temperature

Sample Tα (°C) Tβ (°C) Tγ (°C) Tδ (°C) Intensitya

Iα:Iβ:Iγ

CuO/CeO2 103.0 120.6 173.4 – 0.58:1.00:0.24
CuO/CG0.05 113.3 133.5 181.0 – 0.46:1.00:0.29
CuO/CG0.1 137.1 153.2 198.2 – 0.40:1.00:0.48
CuO/CG0.13 151.2 173.5 198.7 – 0.38:1.00:1.11
CuO/CG0.18 166.4 205.6 216.5 – 0.17:1.00:1.07
CuO/CG0.25 – – 235.3 258.2 –
CuO/CG0.35 – – 246.1 276.2 –

Table 4  Chemical composition analysis of the catalyst surfaces

a Relative atomic ratio was calculated by the surface chemical compo-
sition data from the XPS analysis

Sample Cu/(Ce + Gd)a Ce3+ (%) Cu2+/
(Cu+ or 
 Cu0)

CuO/CeO2 0.325 15.3 2.51
CuO/CG0.05 0.345 14.6 2.59
CuO/CG0.1 0.315 13.4 1.78
CuO/CG0.13 0.247 12.5 1.55
CuO/CG0.18 0.189 12.4 1.35
CuO/CG0.25 0.158 12.6 0.84
CuO/CG0.35 0.151 12.7 1.05
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strong metal–support interaction with the surface copper 
species, as confirmed by the TPR results, which may affect 
the PROX activities of the catalysts.

The Cu 2p XPS spectra for the samples are shown in 
Fig. 6. Two major XPS peaks for different types of cop-
per species are clearly distinguishable. The higher Cu  2p3/2 
binding energy at 933.2 eV along with the satellite peaks, 
located approximately between 938 and 948 eV, usually 
corresponds to  Cu2+ species in the form of CuO [68]. The 
lower Cu  2p3/2 binding energy at 930.0 eV without the pres-
ence of satellite peaks represents the existence of reduced 
copper species, such as  Cu+ and  Cu0, on the surface [69]. 
Interestingly, the lower binding energy signal of the Cu  2p3/2 

main peak gradually increased as the gadolinium doping 
ratio increased. Additionally, the satellite peaks correspond-
ing to  Cu2+ species greatly decreased as the doping amount 
increased. Table 4 contains the relative ratios of  Cu2+/(Cu+ 
or  Cu0), clearly showing the increasing trend of reduced 
copper species. This trend indicates that the reduced cop-
per species are dispersed and maintained on the surface of 
catalysts, which have a large number of gadolinium dopants, 
even in the oxidative environment. This phenomenon can be 
explained by the concept of “metal-nesting” [65]. If a suf-
ficient number of surface oxygen vacancies exist, physically 
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Fig. 5  Measured and deconvoluted Ce 3d XPS peaks of the samples: 
(a) CuO/CeO2, (b) CuO/CG0.05, (c) CuO/CG0.1, (d) CuO/CG0.13, (e) 
CuO/CG0.18, (f) CuO/CG0.25 and (g) CuO/CG0.35
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Fig. 6  Measured and deconvoluted Cu 2p XPS peaks of the samples: 
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mounted metal atoms, copper in this case, can be locked in 
the vacancies as reduced forms. As the amount of gado-
linium increased among the samples, the number of surface 
oxygen vacancies will increase following the bulk vacancy 
trend. Therefore, small copper atoms can possibly meet the 
surface oxygen vacancies and drop into vacancies. This phe-
nomenon has been previously reported for a copper catalyst 
on a yttrium-stabilized zirconia support [70]. The relation-
ship between the reduced copper species on the surface and 
the PROX activity will be discussed in the next section.

3.6  Catalytic Performance

3.6.1  Effect of Gadolinium Doping on the Complete CO 
PROX Performance

Figure 7 presents the CO conversion (A) and  O2 selectiv-
ity to  CO2 (B) for the complete CO PROX reaction on the 
prepared catalysts. The complete CO PROX environment 
contained 1.0% CO (by volume hereinafter), 1.0%  O2, 50% 
 H2, 15%  CO2, 10%  H2O and  N2 balance. The WGS reac-
tor was normally placed immediately in front of the PROX 
reactor, and its tail gas contained considerable amounts of 
 CO2 and  H2O [71, 72]. Previous studies have also argued 
that the contents of  CO2 and  H2O inside the reactant hinder 
selective CO oxidation [73, 74]. Therefore, examining the 
CO PROX activity under the presence of  CO2 and  H2O is 
important. As presented in Fig. 7a, every profile has a simi-
lar conversion shape following the typical light-off curve 
for the complete CO PROX reaction on the copper–ceria 
catalytic system [14]. Every plot exhibits an increasing trend 
of CO conversion until reaching a maximum value. After 
the maximum conversion is achieved, a gradual decrease is 
observed because of hydrogen oxidation. The oxidation of 
hydrogen requires a higher temperature than CO oxidation 
due to the higher activation energy for the reaction [75].

The negative effect of the introduction of gadolinium into 
the ceria support on the PROX activity is clearly shown in 
Fig. 7a, as a shift toward higher reaction temperatures was 
observed. The temperature region for the maximum  (Tmax) 
and 50%  (T50) conversion both increased as the gadolin-
ium doping ratio increased. This trend is also observed in 
Fig. 7b. The lowest light-off curve and selectivity plot were 
obtained from the sample without any gadolinium content, 
i.e., CuO/CeO2. In terms of the maximum CO conversion 
rate, the CuO/CeO2, CuO/CG0.05, and CuO/CG0.1 samples 
reached above 98% CO conversion at 140–150, 150–160 and 
160–170 °C, respectively. However, the samples containing 
more than 13 at.% gadolinium in their support could not 
reach a CO conversion rate above 98%. For CuO/CG0.35, the 
maximum CO conversion rate reached only 60% at 250 °C. 
This dramatic decrease in the catalytic activity due to gado-
linium doping is also shown in Fig. 7b in terms of the  CO2 

selectivity. Therefore, the introduction of aliovalent cations 
inside the ceria support, such as  Gd3+ in this case, does not 
promote the CO PROX activity, rather this doping deterio-
rates the CO oxidation performance.

The effects of the gadolinium dopants on the physical 
and chemical characteristics of the catalysts were examined 
in the previous sections. The physical adsorption ability, 
which is determined by the  SBET and other pore values, did 
not considerably change among the samples. The dramatic 
change displayed on Fig. 7a likely cannot originate from 
the change of the physical adsorption ability by adding 
dopants. The crystallite size of the copper oxide detected 
on the XRD patterns decreased as the number of dopants 
increased. Normally, we can assume that the small size of 
the metal oxide species benefits the adsorption ability for CO 
oxidation, because the copper metal species are known as the 
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adsorption site for CO. However, the overall trend of Fig. 7a 
is in complete contrast to the trend of the copper oxide par-
ticle size. Therefore, we conclude that the CO adsorption, 
regardless of being a physical or chemical process, is not 
a rate-determining step for the CO PROX reaction on the 
copper–ceria system.

As the amount of gadolinium inside the ceria lattice 
increased, the bulk oxygen vacancies in the catalysts also 
increased, as shown by the structural analysis. The increment 
of the lattice strain, d-spacing and D band in the Raman 
spectra confirmed this well-known phenomenon. Thermody-
namically, the number of surface oxygen vacancies changed 
with the number of bulk oxygen vacancies to maintain the 
defected structure of ceria [55]. Therefore, we can assume 
that a higher number of surface oxygen vacancies forms on 
the samples with a large amount of gadolinium, than the 
samples with a small amount of dopant. Based on the CO 
conversion trend in Fig. 7a, the surface oxygen vacancies do 
not help PROX on the catalysts. We can conclude that the 
extrinsic surface oxygen vacancies, generated by the arti-
ficial foreign dopants, may not actively participate in the 
CO PROX reaction. Still, there is a possibility that that the 
intrinsic surface oxygen vacancies, generated by the reduc-
ible  Ce4+ ions, are beneficial for CO PROX.

The redox couple between copper and ceria described by 
Eq. (1) is well known as the essential equilibrium for the CO 
PROX reaction [48]. Based on the TPR results, various types 
of reducible copper species are observed for the samples 
containing small numbers of gadolinium dopants. However, 
as the amount of gadolinium increased, the number of types 
of reducible copper species decreased, and finally, only one 
single reduction peak was observed for the samples (f) and 
(g). This trend indicates that the interaction between cop-
per and cerium by the exchange of oxygen or electrons is 
greatly decreased when non-reducible foreign dopants are 
inserted into the ceria lattice. The non-reducible intruders on 
the surface of ceria may hinder the metal–support interaction 
between copper and cerium. Consequently, the number of 
interacting species decreased, and separation between cop-
per and ceria was observed. This trend was also confirmed 
by the Ce 3d XPS analysis. The relative ratio of  Ce3+ gradu-
ally decreased when the doping ratio increased. This hin-
dering effect by the dopants is clearly observed in Fig. 7a. 
Therefore, we conclude that the extent of the redox couple 
between the reducible copper and cerium is essential for the 
CO PROX activity even under the presence of  CO2 and  H2O.

Based on the surface analysis by XPS, two important 
characteristics were observed by analyzing the effect of 
the surface oxygen vacancies; “metal-burial” and “metal-
nesting” effects [65]. These two characteristics related to 
copper on the surface of samples critically deteriorated the 
CO PROX activity. First, the absolute atomic amount of cop-
per is diminished on the surface. In Table 4, the relative 

copper ratio on the analyzed area gradually decreased as 
the doping amount increased, indicating that the number of 
copper atoms compared to rare-earth elements decreased by 
an effect of the foreign dopants. Comparing the results of 
the bulk elemental analysis in Table 1, the absolute amounts 
of copper inside the catalysts are not changed, rather the 
surface copper species diminished when the doping ratio 
increased. This observation may correspond to the small 
copper atoms penetrating the surface of the gadolinium-
doped ceria and burying inside the ceria lattice. Sanchez 
et al. explained that the surface oxygen vacancies can pro-
vide an open pathway for the penetration [65]. Therefore, 
we conclude that the absolute amount of exposed copper 
species on the surface decreased when the gadolinium dop-
ing ratio increased, affecting the final CO PROX activity of 
the catalyst. Second, stable, reduced copper species on the 
surface are not beneficial to the CO PROX activity. Based 
on the Cu 2p core level XPS spectra, the amount of  Cu2+ 
species decreased and reduced copper species in the form of 
 Cu+ or  Cu0 increased. Dow et al. reported that small base-
metal atoms, such as copper in this case, can be stored inside 
the surface oxygen vacancies via a phenomenon called the 
“metal-nesting” [65, 70]. During the XPS analysis, any pre-
treatments, such as reduction at high temperature, were not 
performed. Therefore, “metal-nesting” is the only explana-
tion for the increment of the reduced copper species over 
the oxidized species. Moreover, we can conclude that these 
stable reduced copper species are not beneficial to the CO 
PROX activity. Based on several previous reports,  Cu+ spe-
cies are considered chemisorption sites for CO oxidation 
[20, 48]. However, even if the reduced copper species serve 
as reaction sites for CO PROX, the mechanism proceeds 
when the reduced copper species are functional and highly 
interactive with the surrounded cerium atoms. Once the cop-
per species are nested inside the surface oxygen vacancies 
in a stable form, re-oxidizing and extracting these species 
from the vacancies is difficult [65]. Therefore, the surface 
oxygen vacancies generated by the introduction of the for-
eign dopants are not beneficial and even deteriorate the CO 
PROX activity by forming nested copper species.

To compare the catalytic activities of the samples in dif-
ferent oxidation environments, complete CO PROX tests 
were conducted with varying λ values for selected sam-
ples. Figure 8a confirms that complete CO conversion is 
not fully accomplished in an oxygen deficient environment 
(λ = 1). However, in Fig. 8b, under oxygen sufficient condi-
tions (λ = 4), the temperature range for 100% CO conver-
sion increased for the CuO/CG0.1 sample. These conversion 
profiles are consistent with typical mixed metal oxide cata-
lysts according to the Mars-van Krevelen mechanism [19]. 
Although the amount of oxygen inside the reactant mixture 
was changed, the differences of the CO conversion ability 
between the samples were not affected. These results again 



3000 J. Oh et al.

1 3

confirm that the negative effect of the introduction of gado-
linium on the surface is strongly related to the surface redox 
couple and the amount and types of surface copper species.

3.6.2  Effect of Gadolinium Doping on the Dry CO PROX 
Performance

Figure 9a shows the CO conversion curves for the samples 
under dry CO PROX conditions, and Fig. 9b shows the  O2 
selectivity to  CO2 under the same experiments. The dry CO 
PROX conditions consisted of the same reactant mixture 
excluding the moisture content. Normally,  CO2 and  H2O 
contents in the reactant mixture are considered hindrances 
for the CO PROX reaction. In particular, large amounts of 
absorbed molecular water have a blocking effect, preventing 
the reactants from accessing the catalytic active sites [73]. 
Compared with the results shown in Figs. 7a and 9a clearly 
shows that the hindrance from moisture is eliminated. The 
overall temperature region for the light-off curves decreased. 

The CuO/CeO2 to CuO/CG0.1 samples had relatively wide 
temperature windows for 100% CO conversion under these 
conditions. The windows for the samples were 120–160, 
130–170 and 130–160 °C for CuO/CeO2, CuO/CG0.05 and 
CuO/CG0.1, respectively. Moreover, CuO/CG0.13 exhibited 
100% CO conversion at 155–170 °C; however, this sam-
ple only reached 90% CO conversion under the complete 
CO PROX conditions. This overall enhanced catalytic trend 
indicates that CO oxidation occurred more easily in the dry 
environment without moisture, corresponding to the previ-
ously reported hindrance effect of  H2O. The selectivity trend 
in Fig. 9b is also consistent with the conversion data.

The negative effect of gadolinium doping on the CO con-
version is also shown on the results obtained under the dry 
CO PROX experiments. As the doping amount increased, 
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the CO PROX activity decreased. This trend is also apparent 
in the selectivity plots. The discussion in the previous sec-
tion comparing between the structural, redox, surface chemi-
cal properties, and CO PROX activity is apparently consist-
ent with these experiments under dry conditions. Gamarra 
et al. reported that deactivation of the CuO/CeO2 system for 
CO PROX by  H2O in the reactant mixture is based on the 
presence of undissociated water molecules on the surface 
in the low-temperature region [73]. Therefore, the negative 
effects from the dopant are also valid in the experiments 
under dry conditions after removing the blocking effect of 
the water molecules. Moreover, we may conclude that the 
surface oxygen vacancies generated by the dopants are not 
beneficial to remove moisture on the surface.

4  Conclusions

CuO/Ce1−xGdxO2−δ samples were synthesized using 
a combustion method and impregnation with various 
amounts of gadolinium to investigate the effect of dopants 
inside ceria on the CO PROX reaction. The physical, 
structural, redox and surface chemical properties of the 
catalysts were characterized by several analytical tech-
niques. Negative effects of the gadolinium dopants inside 
the ceria lattice on CO PROX were found. Four consider-
able findings, based on the physical and chemical char-
acterizations, related to the influence of the gadolinium 
dopants on the CO PROX activity were found. First, the 
adsorption ability of the catalyst was not significant to 
the CO PROX activity. The physical adsorption ability 
was controlled regardless of the number of gadolinium 
dopants; however, considerable differences between the 
CO conversion abilities among the samples were observed. 
Second, extrinsically generated surface oxygen vacancies 
were not beneficial to the CO PROX reaction. Although 
the CO PROX reaction followed the Mars-van Krevelen 
mechanism, the CO PROX activities were not promoted 
when the extrinsic oxygen vacancies increased. Third, the 
efficiency of the redox couple on the surface between cop-
per and cerium was essential for the CO PROX activity. 
The presence of non-reducible gadolinium on the surface 
critically deteriorated the formation of  Ce3+ and reduc-
ible copper species interacting with cerium on the sur-
face, affecting to the CO PROX activities. Finally, the 
extrinsic surface oxygen vacancies consume the active 
copper species on the surface by burying and nesting. By 
surface analysis, the absolute number of copper species 
was shown to diminish, and the relative ratio of reduced 
copper species increased when the amount of gadolinium 
doping increased. These observations correspond to cop-
per atoms on the surface penetrating through the surface 
oxygen vacancies and storing in the vacancies as a stable 

reduced form. Therefore, the surface oxygen vacancies 
do not promote the CO PROX reaction. Based on these 
four findings, we conclude that the introduction of foreign 
dopants, gadolinium in this case, has a negative effect on 
the CO PROX activity.
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