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far lower than the nominal. Nevertheless, the addi-
tion of copper has a significant influence on the ceria 
properties. The size of the obtained nanoparticles 
was determined by transmission electron microscopy 
(TEM) and it decreases with the increase of the cop-
per amount from 6 nm for the pure sample to 3.8 nm 
for the 40 mol. % Cu-doped  CeO2 sample. In accord-
ance with the small particle size, the specific sur-
face area, determined from nitrogen adsorption–des-
orption isotherms at 77 K, is in the range of 196 to 
222  m2   g−1. The increase in the copper amount also 
causes the reduction of the band gap, as determined 
by UV–Vis reflectance analysis (UV–Vis DRS), and 
an increase of reducibility, as proven by temperature-
programmed reduction by hydrogen  (H2-TPR).

Keywords Ceria · Nanoparticles · Copper · 
Doping · Hydrothermal synthesis · Nanostructured 
catalysts

Introduction

Ceria,  CeO2, is a lanthanide oxide that has been 
gaining in importance over the last few decades 
because of its favorable properties combined with 
cost-effectiveness due to the abundance of cerium 
in natural resources. Ceria possesses a fluorite type 
crystal lattice with Fm3m space group, which is 
stable from room temperature up to the melting 
point, while its key feature is the capability of a 

Abstract This work brings a thorough investiga-
tion of hydrothermally derived ceria nanoparticles 
doped with copper in a wide range of concentra-
tions:  CuxCe1-xO2, where x = 0, 0.1, 0.2, 0.3, 0.4, 
and 0.5, respectively. X-ray diffraction (XRD) analy-
sis showed no additional phases for all samples up 
to x = 0.4, which exceeds the maximum amount of 
copper incorporated into ceria without the appear-
ance of copper oxide phase reported in the litera-
ture. However, the inductively coupled plasma mass 
spectrometry (ICP-MS) and energy-dispersive X-ray 
spectroscopy (EDS) analyses showed that copper is 
incorporated into the ceria crystal lattice in amounts 
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reversible redox reaction between  Ce3+ and  Ce4+ 
ions without alteration or collapse of the crystal 
structure. During this process, oxygen molecules 
are released to sustain the electroneutrality of the 
crystal lattice forming oxygen vacancies which 
can move within the crystal lattice or re-adsorb 
molecules from the air. High oxygen mobility and 
oxygen storage capacity within the lattice make 
ceria a valuable catalyst in oxygen-related processes 
(Mogensen et  al. 2000; Melchionna et  al. 2020). 
Other beneficial properties of ceria that enable its 
extensive application are high mechanical strength, 
high hardness (7–8 on Mohs scale) comparable to 
silica glass, high thermal stability, and band gap 
value in the UV region (~ 3.16 eV) (Tan et al. 2014; 
Kumar et al. 2013; Borra et al. 2018; Zagaynov and 
Kutsev 2014). Each of these properties, along with 
the aforementioned reversible redox reaction and 
oxygen vacancies formation, opens up possibilities 
for new applications of cerium (IV) oxide. Ceria is 
thus extensively researched and used as a polishing 
agent in optical glass chemical–mechanical polishing 
(Borra et  al. 2018; Wang et  al. 2007; Lucas et  al. 
2015), as solid-state electrolyte or catalyst added to 
the anode or cathode material in solid oxide fuel cells 
(Montini et al. 2016; Sumi et al. 2017; Brown 2011; 
Singhal 2007; Pikalova et  al. 2011, 2016; Kharton 
et  al. 2001), electrode material in supercapacitors 
(Saravanan et al. 2015; Dezfuli et al. 2015; Lokhande 
et al. 2011; Chen et al. 2017; Shishesaz et al. 2015; 
Ramachandran et  al. 2019), as chemical sensor 
(Jasinski et al. 2003), sunscreen ingredient (Yabe and 
Sato 2003), etc. Ceria’s most important application 
is in the catalysis field because of its high reactivity 
in numerous reactions, some of which are of utmost 
importance for environmental protection, such as 
CO oxidation, hydrocarbon and soot combustion, 
 NOx decomposition and reduction, and removal of 
volatile organic compounds (Tang and Gao 2016; 
Ramakrishnan and Naveen 2016; Duplančić et  al. 
2017; Kurajica et  al. 2020). The materials prepared 
in this work are designed for the catalytic application, 
which is why measures of enhancing the catalytic 
activity of ceria were taken into account during the 
experiment design and synthesis.

There are a few well-established methods for 
the improvement of ceria catalytic properties. The 
first one is the reduction of ceria particle size to 
the nanometer scale. Nanomaterials are proven to 

have better properties than their bulk counterparts 
due to the larger surface area to volume ratio. The 
higher energy of surface atoms affects the reactivity, 
morphology, and catalytic activity of nanosized 
materials (Kurajica et  al. 2020; Kurajica and Lučić 
Blagojević 2017). In addition, the energy necessary 
for defect formation is reduced in nanocrystalline 
solids and the consequence is an increased level of 
nonstoichiometry and electronic carrier generation in 
nanocrystalline oxides (Sun et al. 2012). Modification 
of morphology and exposure of crystal facets are 
another way of enhancing the catalytic activity of 
ceria nanocatalyst (Melchionna et al. 2020; Ren et al. 
2017). During the nanocrystal synthesis, different 
crystallographic facets exhibit particular energy 
values and stabilities, which then influence the energy 
necessary for the formation of oxygen vacancies. 
Research done on this subject implies that the 
stability toward oxygen vacancy formation follows 
the order  CeO2 (110) <  CeO2 (100) <  CeO2 (111) 
(Melchionna et  al. 2020; Sayle et  al. 1994; Nolan 
et al. 2005). Catalyst design and synthesis are hence 
focused on achieving specific geometries, like mono-, 
bi-, and tridimensional nanoarchitectures, each of 
them having advantages for a specific application 
(Melchionna et  al. 2020). The third option for the 
improvement of catalytic properties is doping, i.e., 
the incorporation of foreign metal cations into the 
ceria crystal lattice. Incorporated ions, like transition 
metals (Kurajica et  al. 2020) or other rare earth 
metals (Syed Khadar et al. 2017; Spiridigliozzi et al. 
2017), are usually of smaller valence and radius than 
cerium ions. The beneficial influence of doping is the 
introduction of extrinsic defects in the ceria crystal 
lattice, creation of supplementary oxygen vacancies, 
and reduction of the energy barrier for oxygen 
migration, which all leads to the improvement of 
overall ceria properties. In some cases, dopants can 
modify and stabilize the crystallite size and specific 
surface area of ceria nanoparticles, i.e., increase their 
thermal stability, which is of particular importance 
for catalytic applications (Tan et  al. 2013; Liu et  al. 
2015; Lj and Flytzani-Stephanopoulos 1998).

Taking all of the above into account, nanostruc-
tured doped ceria has proven to have significantly 
better performance than its bulk counterpart in many 
applications, ranging from environmental protection 
to energy production. Flower-shaped nanostructured 
Cu-CeO2 catalyst showed outstanding performance 
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and selectivity for  H2 production in the ethanol 
reforming process (Sun et al. 2006; Melchionna and 
Fornasiero 2014). Fu et  al. reported that nanostruc-
tured gold-ceria composites showed high activities for 
low-temperature water gas shift reaction and that the 
activity depends on the size of ceria particles — the 
smaller the particle size, the higher the activity (Fu 
et  al. 2001). Ceria-based nanomaterials are exten-
sively researched as electrolytes in low-temperature 
solid oxide fuel cells due to their enhanced ionic con-
ductivity. This stems from the fact that in comparison 
with conventional microsized polycrystalline solids, 
nanoelectrolytes have a greater contribution to grain-
boundary conductivity (Melchionna and Fornasiero 
2014).

Various synthesis methods for the preparation of 
ceria nanoparticles are known, each possessing its 
advantages and disadvantages (Dahl and Self 2018; 
Du et  al. 2016; Pemartin-Biernath et  al. 2016; Shin 
et  al. 2011; Ansari 2010). In this work, the method 
of choice is the hydrothermal method, because it is a 
simple, affordable, environmentally friendly one-pot 
synthesis method that allows the preparation of nan-
oparticles of high purity, high specific surface area, 
and very small crystallite sizes (Kurajica et al. 2020, 
2016; Sun et al. 2012). In addition, temperatures used 
in this method are lower in comparison to other meth-
ods thus reducing the thermal strain of obtained crys-
tals (Jung et  al. 2008). Our group has been working 
on hydrothermally derived ceria for quite some time. 
We presented a paper regarding the optimization of 
hydrothermal synthesis with the purpose of achiev-
ing a high specific surface area of ceria nanoparticles 
(Kurajica et  al. 2016), after which we characterized 
and tested the prepared ceria for catalytic applica-
tion in the toluene oxidation process (Duplančić 
et  al. 2017). Recently, we presented a systematic 
study of transition metal-doped ceria prepared by 

hydrothermal method. Based on the results of this 
extensive research, we chose to further investigate 
copper-doped ceria, because copper, at concentrations 
investigated, is incorporated into the ceria crystal lat-
tice without the appearance of secondary phases and 
it significantly enhances the catalytic activity of ceria 
nanoparticles (Kurajica et  al. 2020). Copper-doped 
ceria itself is not a novel compound and has been 
the subject of keen interest because copper oxide is 
a well-known and adaptable catalyst active in many 
chemical processes, so the addition of copper into 
ceria was a natural choice (Pemartin-Biernath et  al. 
2016; Aranda et al. 2012; Si et al. 2012). There are a 
lot of papers on hydrothermally doped ceria, but their 
main focus is mostly on obtaining different morphol-
ogies for specific applications (Ren et al. 2017; Zhang 
et al. 2012; Yao et al. 2014). In this work, the aim is 
to give a thorough study of hydrothermally derived 
copper-doped ceria, i.e., to assess the true amount of 
copper that can be incorporated into the ceria crys-
tal lattice via this method, investigate ceria structural 
and compositional changes induced by doping, as 
well as properties important for the potential catalytic 
application.

Experimental

Pure ceria sample and samples doped with 10, 
20, 30, 40, and 50  mol. % of copper were pre-
pared using the hydrothermal method follow-
ing the well-established synthesis procedure: the 
appropriate amounts (Table  1) of hydrated cerium 
sulfate (Ce(SO4)2 ×  4H2O) and copper sulfate 
 (CuSO4 ×  5H2O) were placed in a Teflon-lined stain-
less-steel autoclave with 100  cm3 capacity along 
with 80  cm3 of NaOH solution with a molar con-
centration of 8 mol  dm−3. The autoclave was tightly 

Table 1  Amounts of 
cerium and copper sulfate 
used in the hydrothermal 
synthesis

Sample x(Cu), % n(Ce(SO4)2 ×  4H2O), mol n(CuSO4 ×  5H2O), 
mol

CeO2 0 0.8 0
10Cu:CeO2 10 0.72 0.08
20Cu:CeO2 20 0.64 0.16
30Cu:CeO2 30 0.56 0.24
40Cu:CeO2 40 0.48 0.32
50Cu:CeO2 50 0.40 0.40
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sealed and placed in a temperature-controlled 
oven at 120  °C for 16  h. After the cooling of the 
autoclave in a cold water bath, the obtained prod-
uct was centrifuged at 3500 rpm for 5 min and the 
precipitate was washed with demineralized water 
in an ultrasonic bath. The washing procedure was 
repeated at least three times to make sure the lye is 
completely removed from the sample. The precipi-
tate was afterwards dried in static air at 60  °C for 
24 h and a fine powder product was attained.

Samples were first characterized using X-ray 
powder diffraction (XRD) analysis on Shimadzu 
XRD 6000 diffractometer equipped with a wide-
focus X-ray tube with CuKα radiation and mono-
chromator, operating at a voltage of 40 kV and cur-
rent of 30 mA in a step scan mode between 5 and 
105°2θ with steps of 0.02°2θ and counting time of 
0.6  s. The obtained diffraction patterns give infor-
mation about crystal phases in the samples and 
also enable the calculation of crystallite sizes by 
employing the Scherrer equation (Klug and Alexan-
der 1974):

where D is the crystallite size, k the shape fac-
tor which equals 0.94 for spherical crystallites with 
cubic symmetry, λ the CuKα radiation wavelength 
(0.15405 nm), β is the peak full width at half maxi-
mum corrected for instrumental broadening, while θ 
is the Bragg angle.

High-resolution transmission electron micros-
copy (HRTEM) was used to investigate the mor-
phology of the prepared samples. The samples 
were applied directly on a nickel grid and studied 
using probe Cs-corrected Jeol ARM 200 CF scan-
ning transmission electron microscope with acceler-
ating voltage of 80  kV. The obtained images were 
analyzed with the ImageJ program (Schneider et al. 
2012). Particle size was calculated as an average 
value of 30 analyzed particles. Transmission elec-
tron microscope is also equipped with Jeol Centurio 
100  mm2 SDD detector for energy-dispersive X-ray 
spectroscopy (EDS), which enabled the elemental 
analysis of the samples.

Inductively coupled plasma mass spectrom-
etry (ICP-MS) was used to determine the copper 
to cerium ratios in the samples. Around 5  mg of 

(1)D =

k�

�cos�

each sample were dissolved in 1  mL of concen-
trated  HNO3:HCl (4:1) solution and then diluted 
to a dilution factor of 1:2000 with 3 wt. %  HNO3 
solution. The obtained solutions were analyzed on 
Agilent ICP-MS 7800. The molar ratios of copper 
and cerium were calculated from obtained mass 
concentrations.

To enable the determination of band gap values of 
prepared samples, UV–Vis reflectance spectra were 
obtained using Ocean Insight QE Pro High-Perfor-
mance Spectrometer equipped with an integrating 
sphere for reflectance, while  BaSO4 was used as a 
white reference. The measured spectra were trans-
formed using Kubelka–Munk transformation (Lopez 
and Gomez 2012):

where F(R∞) is the Kubelka–Munk function pro-
portional to the extinction coefficient (α), and R∞ is 
the reflectance of an infinitely thick sample and is 
calculated from experimental data according to the 
relation:

The band gap energy (Eg) was determined by plot-
ting [F(R)hν]n vs. photon energy (hν), which repre-
sents the so-called Tauc’s plot, where n is 2 for direct 
and ½ for indirect electron transition from the valence 
to the conduction band, h is the Planck’s constant, and 
ν is frequency, defined as the quotient of light veloc-
ity and wavelength (Lopez and Gomez 2012). The 
linear region of the obtained curves was extrapolated 
onto the energy axis and the band gap was determined 
from the intersection of the line and the abscissa.

N2 gas adsorption–desorption isotherms were 
obtained on Micromeritics ASAP-2000 at 77  K. 
Samples were previously degassed at 100 °C under a 
dynamic vacuum of 7  mPa to eliminate any surface 
adsorbed residues. Analysis of physisorption data 
was performed using the ASiQWin 5.0 software. The 
specific surface area (SBET) was calculated using the 
Brunauer-Emmet-Teller (BET) equation in the rela-
tive pressure range 0.06 ≤ p/p0 ≤ 0.20. The Gurvich 
rule was applied to calculate the total pore volume at 
p/p0 = 0.97. The nonlocal density functional theory 
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(NLDFT) kernel for cylindrical pores was used to 
ascertain the pore size distribution from the desorp-
tion branch of the isotherms, considering silica as 
model adsorbent and nitrogen at 77 K as adsorbate.

Temperature programmed reduction by hydrogen 
 (H2-TPR) was performed with a Quantachrome auto-
sorb IQ instrument equipped with a thermal conduc-
tivity detector (TCD). The reduction gas consisted 
of a 5 vol.  %  H2 in  N2 mixture with a flow rate of 
30  mL/min. The reduction process was performed 
from room temperature to 600  °C with a heating 
rate of 5  °C/min. The temperature interval was cho-
sen based on the aimed catalytic application in reac-
tions occurring below 500 °C. For each experiment, 
150–200 mg of the corresponding sample were used. 
Bulk CuO was used as a standard for the calculation 
of  H2 consumption.

Results and discussion

Figure 1 shows diffraction patterns of as-prepared sam-
ples of pure and 10, 20, 30, 40, and 50 mol. % copper-
doped ceria. As can be seen, patterns of pure sample 
and samples doped up to 40% of Cu exhibit ceria dif-
fraction peaks (ICDD PDF No. 34–0394) without any 
presence of secondary phases, which implies that cop-
per is incorporated into the ceria crystal lattice. A sam-
ple with 50 mol. % of copper (Fig. 1, inset) shows faint 

peaks for copper (II) oxide (CuO), meaning that 40 mol. 
% is the maximum amount of copper in the hydrother-
mal synthesis batch that yields no additional phases.

Due to diffraction peaks broadness, the meaningful 
calculation of lattice constant was not possible. How-
ever, it appears that no significant shift of diffraction 
peaks with increasing Cu rate could be observed. 
Literature data on the influence of Cu doping onto 
ceria lattice constant are somewhat controversial. 
For example, Liu and Flytzani Stephanopoulos (Liu 
and Flytzani-Stephanopoulos 1996) and Du et al. (Du 
et al. 2016) observed the decrease of ceria lattice con-
stant with the increase of doped Cu amount. On the 
other hand, Si et al. (Si et al. 2012) and Aranda et al. 
(Aranda et  al. 2012) noted the opposite. As nicely 
explained by Si et  al. (Si et  al. 2012), two different 
factors influence Cu-doped ceria lattice constant: the 
substitution of larger  Ce4+ ion with smaller  Cu2+ ion 
on the one side and formation of oxygen vacancies 
due to aliovalent doping and ceria reduction on the 
other side, so it is quite possible that combined effects 
keep the lattice constant unchanged. However, Aranda 
et al. (Aranda et al. 2012) noted that nonlinear change 
of doped ceria lattice constant could be the conse-
quence of incomplete incorporation of copper into 
the crystal lattice of ceria at higher concentrations. In 
order to gain proper insight into the amount of copper 
present in ceria lattice, ICP-MS analyses of prepared 
samples were accomplished (Table  2). Surprisingly, 

Fig. 1  Diffraction patterns 
of samples of pure and Cu-
doped ceria
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ICP-MS analyses showed that the amount of copper 
incorporated into ceria lattice is far lower than nomi-
nal loading. The comparison of our results with lit-
erature sources is hampered by the diversity of syn-
thesis approaches. We found no research completely 
comparable with ours, but in most of them, the maxi-
mum amount of copper that could be incorporated 
into the ceria crystal lattice without the appearance 
of additional phases is in the vicinity of 30  mol. % 
(Pemartin-Biernath et al. 2016; Dziembaj et al. 2011). 
As the hydrothermal method is concerned, the maxi-
mum nominal doping level was up to 20 mol. % (Ren 
et al. 2017; Zhang et al. 2012).

Very broad peaks observed in diffraction patterns 
of all samples indicate very small crystallite sizes, 
which were determined using the Scherrer equation 
and are given in Table 2. Ceria (220) peak was used 
for calculation because the (111) peak was partially 
overlapped and therefore considered not suitable. It 
can be observed that crystallite sizes are indeed very 
small. Although the differences in crystallite sizes 
between the samples are slight, especially taking into 
consideration the error of the applied method, there is 
a discernible trend of size reduction with the increase 
of copper amount in the samples. The obtained 
results match the literature results since most papers 
concerning copper-doped ceria report on the decrease 
of crystallite sizes with the increase of copper con-
centration (Du et  al. 2016; Aranda et  al. 2012; Si 
et al. 2012; Dziembaj et al. 2011; Ansari et al. 2016). 
According to Aranda et al. (Aranda et al. 2012), the 
decrease of ceria crystallite size with the increase of 
copper loading is the consequence of the influence of 
heteroatoms on the ceria crystallization process.

In order to gain further insight into particle size, 
morphology, and elemental composition of the sam-
ples, HRTEM and EDS analyses were performed. 
HRTEM micrographs showed fine nanocrystalline 

agglomerates (Fig.  2), which was expected due to 
the tendency of nanoparticles to reduce their surface 
energy. The nanoparticles have a spherical morphol-
ogy and average sizes somewhat larger than crystal-
lite sizes obtained by the Scherrer equation (Table 2). 
Particles can consist of more than one crystallite, but 
we believe that this is not the case. An argument in 
favor of this hypothesis can be found in the obser-
vation that lattice fringes are spread across each 
individual particle without a change of orientation. 
Lattice fringes observed in samples affirm the crys-
talline nature of obtained nanoparticles. Dominant 
fringes distances determined by image analysis are 
0.31 ± 0.1 nm and 0.27 ± 0.1 nm (Fig. 2a), which cor-
respond to (111) and (200) planes of the cubic fluo-
rite crystal structure of ceria. Average particle sizes 
obtained by HRTEM analysis show a clear trend of 
size reduction with copper increase. Insets in Fig. 2 
show particle size distributions for each sample. It 
can be seen that the pure  CeO2 sample has the wid-
est, while the 40 mol. % Cu-doped  CeO2 sample has 
the narrowest particle size distribution. Therefore, 
the differences between sizes determined through 
Scherrer method and HRTEM occur due to Scher-
rer method shortcomings. Dziembaj et al. (Dziembaj 
et al. 2011) also noted the same discrepancy and con-
cluded that the accuracy of the Scherrer method is 
greater for smaller crystallites. The same conclusion 
can be drawn based on our results.

The absence of secondary phases peaks in the 
diffraction patterns of doped samples, a trend of 
the crystallite and particle sizes reduction and even 
darker shades of brown with increasing Cu concentra-
tion in samples, all point out to the entrance of cop-
per into the ceria crystal lattice, i.e., the formation of 
a solid solution. To further confirm the single-phase 
character of the investigated samples and to give 
insight into the distribution of chemical elements in 

Table 2  Crystallite sizes according to the Scherrer equation, particle sizes obtained by analysis of HRTEM images, and the molar 
ratio of copper according to ICP-MS and EDS analyses for as-prepared samples of pure and Cu-doped ceria

Sample x(Cu)ICP-MS, mol. % x(Cu)EDS, mol. % dXRD, nm dHRTEM, nm

CeO2 0.4 - 3.7 ± 0.1 6.0 ± 1.0
10Cu:CeO2 4.7 1.7 3.5 ± 0.1 4.9 ± 0.5
20Cu:CeO2 7.1 5.1 3.3 ± 0.1 4.3 ± 0.8
30Cu:CeO2 7.9 6.3 3.3 ± 0.1 4.2 ± 0.7
40Cu:CeO2 12.4 11.3 3.2 ± 0.1 3.8 ± 0.5
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the samples, EDS mapping analysis was performed. 
The results are shown in Fig. 3.

The pure sample consists of cerium and oxygen 
ions only, while all of the doped samples show the 
additional presence of copper ions. The distribution 
of mentioned ions in the samples is homogeneous, 
which may serve as additional evidence that copper is 
indeed incorporated into the ceria crystal lattice.

Finally, EDS spectra (Fig.  4) were used to calcu-
late the copper share, the results are given in Table 2.

As can be observed in Table 2, EDS analysis results 
are compatible with ICP-MS, the presence of copper was 
confirmed in all of the doped samples, and the amount of 
copper in the samples increases with the increase of the 
dopant amount. However, same as determined through 
ICP-MS, in all samples copper share is far less than 
nominal.

Based on both methods employed to determine the 
copper-cerium ratio in the samples, ICP-MS and EDS, 
it is safe to say that only a part of copper is incor-
porated into the ceria lattice in the course of hydro-
thermal synthesis. The rest of the copper remained 
in the solution and was eliminated from the samples 
in course of the washing procedure. Although the 
amount of copper in the samples increases with the 
increase of the doping amount, the proportion of cop-
per incorporated to the nominal doping level decreases 
as the copper loading increases. For each  Ce4+ ion 
replacement with  Cu2+ ion one oxygen vacancy 
should arise, and for each defect, creation energy must 
be invested. Vanpoucke et al. (Vanpoucke et al. 2014) 
investigated aliovalent dopants incorporation into the 
 CeO2 lattice using ab initio density functional theory 
(DFT). They found that in the case of Cu-doped  CeO2 

Fig. 2  TEM micrographs and particle size distributions (insets) of pure (a), 10 mol. % Cu (b), 20 mol. % Cu (c), 30 mol. % Cu (d), 
and 40 mol. % Cu (e) doped ceria. Particle size distributions were based on 30 analyzed particles for each sample
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Fig. 3  TEM-EDS mapping for pure (a), 10 mol. % Cu (b), 20 mol. % Cu (c), 30 mol. % Cu (d), and 40 mol. % Cu (e) doped ceria. 
The red color represents cerium, blue represents oxygen, and green represents copper ions distribution in the samples
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defect, formation energy is very high and increases 
with dopant concentration making this system unsta-
ble. It can be seen that the copper content in samples 
with a nominal doping level of 20 and 30 mol. % of 
Cu is very similar, which is also reflected in the crys-
tallite and particle size. However, there is still a dif-
ference in other properties, which suggests that even 
small changes in the amount of copper can alter cer-
tain ceria properties.

Figure  5a shows nitrogen adsorption/desorption 
isotherms of as-prepared samples of pure and Cu-
doped ceria. As can be observed, all of the samples 
manifest similar isotherms, which are classified as 
type IV with H3 hysteresis loops according to IUPAC. 
This type of isotherms is related to mesoporous mate-
rials and indicates the formation of particulate aggre-
gates (Thommes et al. 2015; Sotomayor et al. 2018). 
Figure 5b displays the obtained pore size distributions 
which are very narrow and homogeneous, ranging 
from 2.6 to 2.8 nm for all samples. Porosity param-
eters are shown in Table 3. By comparing the NLDFT 
cumulative pore volume for pores smaller than 5 nm 
(V(≤ 5  nm)) with the total pore volume (Vtotal), it can 
be seen that most of the pore volume originates 
from pores below 5  nm width. Due to small parti-
cle sizes, specific surface areas (SBET) of all samples 
are very high and in the range between 196 and 222 
 m2   g−1. An extraordinary specific surface area usu-
ally results in the interaction between nanoparticles 

Fig. 4  EDS spectra of as-prepared samples of pure (a), 
10 mol. % Cu (b), 20 mol. % Cu (c), 30 mol. % Cu (d), and 
40 mol. % Cu (e) doped ceria

Fig. 5  Nitrogen adsorp-
tion–desorption isotherms 
(a) and pore size distribu-
tions (b) of as-prepared 
samples of pure and Cu-
doped ceria
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and aggregation or agglomeration (Sotomayor et  al. 
2018). Due to the aggregation of particles, as well 
as different polydispersities of the samples (Fig.  2), 
which can result in different porosity of aggregates, 
obtained specific surface areas do not follow the cal-
culated particle sizes. Similar values of SBET signal 

that the Cu content has no substantial influence on the 
specific surface area of ceria.

UV–Vis diffuse reflectance spectra, as well as 
Tauc’s plots for pure and Cu-doped ceria samples, are 
presented in Fig. 6, while the obtained band gap val-
ues are displayed in Table 4. Band gap value for pure 

Table 3  Porosity 
parameters for as-prepared 
samples of pure and 
Cu-doped ceria

Sample SBET,  m2  g−1 V(≤ 5 nm), 
 cm3  g−1

Vtotal,  cm3  g−1 Pore size, nm Fitting error, %

CeO2 204.9 ± 1.2 0.10 0.12 2.7 0.11
10Cu:CeO2 195.9 ± 1.4 0.09 0.12 2.6 0.10
20Cu:CeO2 222.0 ± 0.9 0.11 0.14 2.8 0.12
30Cu:CeO2 210.4 ± 0.9 0.10 0.13 2.8 0.12
40Cu:CeO2 211.0 ± 0.7 0.10 0.13 2.8 0.12

Fig. 6  UV–Vis diffuse 
reflectance spectra (a) and 
Tauc’s plots for direct tran-
sition (b) for as-prepared 
samples of pure and Cu-
doped ceria

Table 4  Band gaps (Eg) extracted from Tauc’s plot for pure 
and Cu-doped ceria samples, and  H2-TPR profile analysis 
results: peak temperature, relative peak area, experimental and 

theoretical  H2 consumption values for pure cceria, Cu-doped 
ceria samples, and CuO standard

Sample Eg, eV T, °C Relative peak area, 
 g−1

Experimental  H2 consump-
tion, mmol  g−1

Theoretical  H2 con-
sumption, mmol  g−1

CeO2 2.97 410 65,870 0.26 0.02
10Cu:CeO2 2.83 220 225,545 0.87 0.28
20Cu:CeO2 2.75 190 249,970 0.97 0.43
30Cu:CeO2 2.76 170 316,074 1.23 0.48
40Cu:CeO2 2.71 141 326,789 1.27 0.77
CuO standard - 289 3,241,066 12.57 12.57
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bulk ceria given in the literature is around 3.16  eV 
(Tan et  al. 2014; Kumar et  al. 2013), which means 
that ceria can absorb UV light. This can also be seen 
from the UV–Vis diffuse reflectance spectra (Fig. 5a), 
where reflectance is low at lower wavelengths for all 
samples, meaning high absorption in that region. As 
can be seen, the obtained band gap value for pure ceria 
(2.97  eV) is lower than the literature value for bulk 
ceria. Due to the quantum confinement of charge carri-
ers in  CeO2 nanoparticles, an increase in the band gap 
value is expected in comparison to bulk ceria (Kumar 
et  al. 2013; Jayakumar et  al. 2019). The decrease in 
the band gap value in our case can be explained by 
 Ce3+ ions on the nanoparticles’ surface and the forma-
tion of oxygen vacancies. Namely,  Ce3+ ions and oxy-
gen defects introduce defect energy states between the 
valence and the conduction band, which cause a delay 
in the direct transition of electrons from O 2p to Ce 4f 
orbitals. The final result is the redshift in the band gap 
(Pop et  al. 2020; Choudhury et  al. 2014). The band 
gap values for doped samples further decrease with 
the increasing Cu concentration, because even more 
defects are introduced into the ceria crystal lattice. 
When a transition metal ion  (M2+) substitutes  Ce4+, 
the number of oxygen vacancies increases to preserve 
the charge neutrality. The two residue electrons further 
promote the reduction of  Ce4+ to  Ce3+ and the lattice 
strain increases. This is then reflected in the electronic 
structure and results in band gap reduction (Kurajica 
et al. 2020; Tiwari et al. 2019). The band gap values 
for doped samples are similar to that of pure ceria and 
they are in the visible region, which is an extremely 
favorable result and opens up possibilities for photo-
catalytic applications. In our previous research, the 
band gap values of ceria doped with 10  mol. % of 
different transition metals were also smaller than the 
pure ceria value (Kurajica et al. 2020). Kumari et al. 
(Kumari et al. 2020) doped ceria with up to 20 mol. 
% of Cu and they also reported on the red shift of the 
band gap with the increase of doping amount.

H2-TPR measurements were conducted to ascer-
tain the reducibility of the prepared copper-doped 
ceria nanocatalysts. The obtained  H2-TPR curves for 
pure  CeO2 sample, copper-doped samples, and CuO 
standard are shown in Fig.  7. The peak maximum 
temperature which corresponds to the maximum rate 
of reduction, the integrated peak area value normal-
ized by weight (denoted relative peak area), as well 
as experimental and theoretical  H2 consumption, are 

presented for each of the copper-doped samples in 
Table  4. Experimental  H2 consumption was deter-
mined from the relative peak area with CuO used 
as a standard. Theoretical  H2 consumption was cal-
culated based on the Cu molar ratios determined by 
ICP-MS analysis. Pure CuO exhibits a broad peak 
centered at around 289 °C (Fig. 7 inset). All copper-
doped samples exhibit a sole peak but at lower tem-
peratures than the CuO standard. This peak becomes 
progressively narrower and higher and shifts toward 
lower temperatures with the increase of the Cu dop-
ing level. Most of the papers in the literature report 
on at least two reduction peaks present in copper-
doped ceria, one corresponding to the reduction of 
highly dispersed surface copper species and the other 
to copper bound in the ceria lattice, i.e.,  CuxCe1-xO2 
structure (Melchionna and Fornasiero 2014; Yen 
et  al. 2012). The single peak in our case compared 
with experimental and theoretical  H2 consumption 
values, as well as overall research results point out to 
the prevalence of one type of reduction. Taking into 
account that the XRD analysis shows that there are no 
secondary phases, at least not in detectable amounts, 
it can be presumed that most of the copper are incor-
porated into the ceria crystal lattice where it is more 
difficult to reduce. Additionally, the particles are very 
small in size with a high specific surface area, so the 
reduction of surface species should be dominant. The 
theoretical values representing the amount of  H2 nec-
essary for the reduction of all of the copper present 
in the samples are lower than the values calculated 

Fig. 7  H2-TPR profiles of as-prepared samples of pure and 
Cu-doped ceria. Inset:  H2-TPR profile of pure CuO
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from the experimental data, which would imply that 
some of the  Ce4+ is also reduced. Most literature 
sources indicate that pure ceria cannot be reduced 
below 300 °C (Fu et al. 2001), regardless of the par-
ticle size, and it usually exhibits two reduction peaks 
centered on ~ 500 and 800  °C (Fu et  al. 2001; Yen 
et  al. 2012). The reduction of  Ce4+ at a lower tem-
perature in copper-doped samples is explained by Yen 
et al. (Yen et al. 2012) as a synergistic effect between 
copper and cerium species which promotes the reduc-
tion of both cerium and copper. The  H2 consumption 
increases with the increasing copper amount. Pure 
 CeO2 nanoparticles exhibit one large peak at 410 °C. 
Since the ICP-MS analysis showed a small amount of 
copper in the pure sample, we calculated the theoreti-
cal  H2 consumption value based on it. The theoretical 
value is much smaller than the experimental  H2 con-
sumption, which confirms that  Ce4+ ions are reduced. 
According to literature, this peak corresponds to sur-
face ceria reduction, while the lower temperature may 
be explained by very small particle size and high spe-
cific surface area, as in the case of copper-doped sam-
ples, which means that there are more surface species 
available for reduction than in the bulk.

Conclusion

Copper-doped ceria nanoparticles were successfully 
prepared by hydrothermal synthesis. XRD analysis 
showed that samples containing up to 40  mol. % of 
a nominal amount of copper exhibit no additional 
phases. However, both the ICP-MS and EDS analyses 
revealed that the actual amount of copper incorpo-
rated into the ceria lattice is far lower than the nomi-
nal loading. Nevertheless, the addition of copper into 
the ceria crystal lattice influences the ceria properties: 
crystallite and particle size, as well as band gap val-
ues, are reduced, while reducibility is enhanced with 
the increasing copper amount. A synergistic effect 
between copper and cerium species promoting the 
reduction of both Cu and Ce is observed. All samples 
exhibit high specific surface areas, which is favora-
ble for potential catalytic applications. The prepared 
materials are quite promising, so future research will 
be focused on the assessment of thermal stability 
and catalytic activity of copper-doped cerium oxide 
nanocatalysts.
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