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over flame-made manganese
doped CuO–CeO2 nanocatalyst for enhanced CO
oxidation performance†

Feng Zhao, ab Shuangde Li, a Xiaofeng Wu,a Renliang Yue,a Weiman Liab

and Yunfa Chen*ac

CuO–CeO2 nanocatalysts with different amounts of Mn dopping (Mn/Cu molar ratios of 0.5 : 5, 1 : 5 and

1.5 : 5) were synthesized by flame spray pyrolysis (FSP) method and tested in the catalytic oxidation of CO.

The physicochemical properties of the synthesised samples were characterized systematically, including

using X-ray diffraction (XRD), Raman spectroscopy, field-emission scanning electron microscopy (FESEM),

Brunauer–Emmett–Teller (BET), X-ray photoelectron spectroscopy (XPS), oxygen-temperature

programmed desorption (O2-TPD), hydrogen-temperature programmed reduction (H2-TPR) and in situ

diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS). The results showed that the

1Mn–Cu–Ce sample (Mn/Cu molar ratio of 1 : 5) exhibited superior catalytic activity for CO oxidation, with

the temperature of 90% CO oxidation at 131 �C at a high space velocity (SV ¼ 60 000 mL g�1 h�1), which

was 56 �C lower than that of the Cu–Ce sample. In addition, the 1Mn–Cu–Ce sample displays excellent

stability with prolonged time on CO stream and the resistance to water vapor. The significantly enhanced

activity was correlated with strong synergetic effect, leading to fine textual properties, abundant chemically

adsorbed oxygen and high lattice oxygen mobility, which further induced more Cu+ species and less

formation of carbon intermediates during the CO oxidation process detected by in situ DRIFTS analysis.

This work will provide in-depth understanding of the synergetic effect on CO oxidation performances over

Mn doped CuO–CeO2 composite catalysts through FSP method.
1. Introduction

The increasing stringent environmental regulations demand
the elimination of CO from automobiles. CeO2 based oxides are
extensively used as the support materials for current automotive
three way catalysts due to their outstanding redox ability and
oxygen storage/release capacity.1 Recently, much attention has
been given to the study of composite non-noble metal catalysts
due to their low price and easily tunable activities, which are
considered to be potential candidates for substituting noble
metals.2,3 Particularly, CuO/CeO2 systems were widely studied
and became promising and effective for CO oxidation.4,5 The CO
oxidation reaction mechanism starts with CO chemisorption at
the CuO–CeO2 interface and formation of Cu+–CO carbonyls. It
has been proposed that chemisorbed CO is oxidized to CO2
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following a Mars van Krevelen mechanism. The adsorbed CO
reacts with lattice oxygen to form the carbon intermediates (e.g.
bidentate carbonate, unidentate carbonate and inorganic
carboxylate). Consequent desorption of the reaction interme-
diates generates CO2 and oxygen vacancies. Finally, the gas
phase oxygen is activated on the CeO2 surface to replenish the
oxygen vacancies.6 The Cu+–CO carbonyls is related to the CO
oxidation rate, and desorption of the carbon intermediates over
CuO/CeO2 catalysts is the slowest step for CO oxidation below
a threshold temperature.7 Moreover, the accumulation of
carbon intermediates on CuO/CeO2 catalysts blocks active sites,
hinders oxygen activation and transport to decrease the cata-
lytic activity.8 The synergistic effect of CuO on CeO2 is believed
to determinate the enhanced catalytic activity in CO oxidation
reactions, which is associated with electron transfer between
the coupled redox cycles Cu+/Cu2+ and Ce3+/Ce4+,2 the increased
number of oxygen vacancies and the higher reducibility at the
nanointerface sites of CuOx–CeO2.9

In order to further increase the catalytic performance of
CuO–CeO2 system for CO oxidation, comparing with mono-
dopant of copper, codoping transition metals into CeO2

framework were considered as an effective way.10,11 Among the
frequently investigated transition metals, manganese was of
particular interest. The addition of Mn to the CeO2 lattice
RSC Adv., 2019, 9, 2343–2352 | 2343
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View Article Online
signicantly improved the surface area, and increased the
concentration of structural oxygen vacancies as well as the
reducibility of the redox pair Ce4+/Ce3+.6,11 Li et al.12 reported
that dopping of Mn into CuO–CeO2 catalyst was favor in the
formation of more solid solution with larger surface area and
the enhanced redox properties of the catalysts, which improved
the selective oxidation of CO in hydrogen-rich streams. Guo
et al.13 found CuO–MnO2 supported in CeO2 synthesized by the
co-impregnation method exhibited excellent CO oxidation
performance amongst Al2O3, CeO2, TiO2 and Y2O3, due to the
strong synergistic effects of active component and ceria
support. Guo et al.14 reported CuO–CeO2 catalysts with Mn
dopping by hydrothermal method, the catalyst calcined at
500 �C displayed the highest catalytic activity with the enhanced
the interaction between CuOx/MnOx species and CeO2 for
selective oxidation of CO in hydrogen-rich gas. As mentioned
above, recent researches mainly payed attention to the correc-
tion of physicochemical properties of doped CeO2 catalysts with
their activity. However, there were rarely literatures reported for
the inuence of Mn dopped CuO–CeO2 catalysts on the inter-
mediates of the CO oxidation reaction, especially on the modi-
cations of the carbon intermediates with adverse effect for the
CO catalytic oxidation on CuO–CeO2 catalysts system.

Furthermore, it is well known that the creations of solid
solution, the display of synergistic interaction, Cu+ species and
oxygen vacancies, which enhanced the catalytic activity of CuO/
CeO2 and related mixed oxides, were strongly subject to the
preparation methods. For example, MnOx–CuO–CeO2 catalysts
prepared with the hydrothermal method had higher activity
than those synthesized with co-precipitation, impregnation and
sol–gel methods, which was attributed to the stronger syner-
gistic interaction between active components and ceria, the
existence of a large number of Cu+ species and Mn4+ species as
well as oxygen vacancies.15 Flame spray pyrolysis (FSP) was
a single-step gas phase synthesis method which was suitable for
preparing composite metal oxides. In the ame, metal precur-
sors experienced high temperature, oxygen-rich environment
and rapid quench, which were favor of resulting in strong
interaction among metal oxides and maintenance of vacancies
and metastable structure.16,17

Consequently, the present work has been undertaken for the
above background. Mn was chosen to modify structural, surface
and redox properties of CuO–CeO2 catalyst via FSP method to
enhance the CO oxidation activity. The nanocatalysts were
characterized by XRD, Raman, BET, FESEM, XPS, O2-TPD and
H2-TPR analysis methods to investigate the inuences of the
synergetic effect among various oxides on the catalytic perfor-
mance. Moreover, themodications of theMn doped CuO/CeO2

catalyst for the intermediates of the CO catalytic oxidation were
revealed by in situ DRIFTS.

2. Experiment
2.1 Catalysts preparation

A ame spray pyrolysis reactor18 was used to prepare Mn–Cu–Ce
oxides nanoparticles with different Mn : Cu molar ratios (0 : 5,
0.5 : 5, 1 : 5 and 1.5 : 5). Precursor solutions were prepared by
2344 | RSC Adv., 2019, 9, 2343–2352
mixing manganese acetate (Mn(CH3COO)2, Fuchen, >99%),
cupric acetate anhydrous (Cu(CH3COO)2, Aladdin, >98%) and
cerium acetate (Ce(CH3COO)3$xH2O, Mackin, 99.9%) into
200 mL propionic acid (C3H6O2, Sinopharm, 99.9%). The
cerium concentration was kept constant at 0.2 M. The nominal
weight loading of CuO was xed at 15 wt% to CeO2. During the
FSP progress, a syringe pump conveyed 5 mL min�1 liquid into
the ame, where it was atomized by 3Lmin�1 dispersion oxygen
to generate spray droplets. The sprayed precursor was ignited by
a premixed supporting ame with a CH4 inux rate of 1.5
L min�1 and O2 inux rate of 3 L min�1. The produced powders
were collected on a glass ber lter with the aid of a vacuum
pump. The catalysts with different Mn : Cu molar ratios (0 : 5,
0.5 : 5, 1 : 5 and 1.5 : 5) were labelled as Cu–Ce, 0.5Mn–Cu–Ce,
1Mn–Cu–Ce and 1.5Mn–Cu–Ce, respectively.
2.2 Catalysts characterization

XRD patterns were obtained with a PANalytical X'pert Pro
diffraction with Cu Ka (40 kV, 40 mA) (2q range ¼ 10–90�; scan
rate ¼ 0.0333� s�1). The Raman spectra were performed on
a RenishawRM2000 Raman Spectrometer with the 532 nm line of
an argon ion laser (objective 50�; acquisitions 10) scanned in the
range 200–800 cm�1. The specic surface area, the pore volume
and the pore size distribution of the samples were determined by
N2 physisorption at �196 �C measured on a Quantachrome
Autosorb instrument. The powders (ca. 100 mg) were previously
outgassed at 150 �C for 5 h to remove humidity. The morphol-
ogies of the samples were recorded using FESEM on a JOEL (JSM-
7001F) instrument. XPS experiments were carried out on an
XLESCALAB 250Xi electron spectrometer from VG Scientic with
monochromatic Al Ka radiation. The binding energies were
referenced to the C 1s line at 284.8 eV from adventitious carbon.
O2-TPD and H2-TPR were performed on a Chemisorb 2920 pulse
chemisorption system, using a thermal conductivity detector
(TCD) (Micromeritics) to record the effluent gas. Prior to O2-TPD,
the samples (50 mg) were treated with 50 mLmin�1 of 5% O2/He
held at 500 �C for 1 h. The samples were then cooled down to
room temperature under the same atmosphere, and subse-
quently ushed by He for 40 min to remove the physisorbed
molecules. TPD was conducted by owing 50 ml min�1 of He
with temperature ramping at 10 �C min�1. In H2-TPR measure-
ment, 50 mg of the sample was ramped from ambient tempera-
ture to 700 �C at the rate of 10 �C min�1 under a gas mixture of
10 vol%H2 in Ar at a ow rate of 30mLmin�1. In situDRIFTS was
measured at a spectral resolution of 4 cm�1 (number of scans ¼
32) on a Fourier transform infrared spectrometer (Bruker, Vertex
70) equipped with an MCT detector and a reaction cell (PIKE).
20 mg KBr power was placed under proper amount of samples,
and a special made steel stick was used to smash the sample to
a at surface. The sample was pretreated at 300 �C in a owing N2

(70 mL min�1) for 30 min to remove contaminants from the
catalyst surface. Aer being allowed to cool to room temperature,
the background spectrum was collected. The samples was sub-
jected to the stream of 1.0% CO, 0.6% O2, balanced with N2 at
a rate of 70 mL min�1, which was the same as the CO reaction
atmosphere.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of the as-synthesized catalysts.
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2.3 Catalytic performance evaluation

The catalytic performances of the synthesized catalysts for CO
oxidation were evaluated, involving a gas mixture consisting of
1 vol% CO, 0.6 vol% O2, and N2 balance. Each sample (70 mg)
was sieved with a 40–60 mesh, mixed with 140 mg of quartz
sand, and loaded in the quartz reactor (i.d., 10 mm) with quartz
wool packed at both ends of the catalyst bed. The total ow rate
was 70 mL min�1, corresponding to a weight hourly space
velocity (WHSV) at 60 000 mL g�1 h�1. The reaction was stabi-
lized for 60 min at each temperature, and the effluent gases
were tested with on-line gas chromatography (Shimadzu GC-
2014) equipped with a ame ionization detector (FID).

The CO conversion (WCO) and the yield of CO2 (hCO2
) were

determined using the equation:

WCO ¼ CCO;in � CCO;out

CCO;in

� 100%

hCO2
¼ CCO2 ;out

CCO;in

� 100%

CCO, in (ppm), CCO, out (ppm) and CCO2, out (ppm) were the
concentrations of CO in the inlet and outlet gas, and CO2 in the
outlet gas, respectively.
3. Results and discussion
3.1 Catalyst characterization

Quantication of surface segregation of different elements
were implemented. Table 1 shows the surface values of Mn/Cu/
Ce of the prepared samples. Aer introductions of Mn, both
the actual surface Mn/Ce (0.58–1.01) and Cu/Ce (1.07–1.49)
ratios of the samples measured by XPS are 10–12 and 3–5 times
larger than the theoretical ratios (Mn/Ce ¼ 0.03–0.10 and Cu/
Ce¼ 0.33) respectively, which demonstrates the enrichment of
Mn and Cu on the surface of CeO2. Meanwhile, we can not
exclude that Mn or Cu ions likely further entrance into the
CeO2 lattice aer incorporation of Mn.

XRD patterns of the prepared samples are exhibited in
Fig. 1. All diffractograms show the typical characteristic peaks
of uorite structure of ceria (JCPDS 034-0394), and also, tiny
peaks of CuO (JCPDS 044-0706) at 35.7� and 39.0� seem to be
present, indicating a small quantities of CuO grains are
Table 1 Physicochemical properties and catalytic activities of the as-syn

Sample

Mn/Cu/Ce
(molar ratio)

Crystal
sizea (nm)

Lattice
parameter (nm)

Su
areNominal XPS

Cu–Ce 0/0.33/1 0/1.04/1 27.3 0.5406 39.
0.5Mn–Cu–Ce 0.03/0.33/1 0.58/1.07/1 29.2 0.5410 35.
1Mn–Cu–Ce 0.07/0.33/1 0.84/1.49/1 30.7 0.5411 44.
1.5Mn–Cu–Ce 0.10/0.33/1 1.01/1.43/1 36.8 0.5404 31.

a Calculated applying the Scherrer formula. b Specic reaction rate of CO

This journal is © The Royal Society of Chemistry 2019
aggregating on the surface of all samples. The absence of Mn
species may be explained that MnOx species are highly
dispersed, or parts of them enter into the Cu–Ce binary oxides
framework to form solid solution.19 The crystal sizes and
lattice parameters calculated for all samples are compiled in
Table 1. Comparing with the Cu–Ce sample (27.3 nm), the
crystal sizes of the Mn-containing samples are gradually
increased from 29.2 to 36.8 nm, which is due to the intro-
duction of foreign cations during high-temperature condition
of FSP readily result in sintering.16 Furthermore, although the
ionic radii of Mn ions (Mn4+, Mn3+ and Mn2+ are 0.056, 0.062
and 0.067 nm, respectively) are smaller than that of Ce ions
(Ce4+: 0.097 nm and Ce3+: 0.114 nm), comparing with the
lattice parameter of the Cu–Ce sample (0.5405 nm), the largest
expansion of the lattice parameter of the 1Mn–Cu–Ce sample
(0.5411 nm) among the Mn containing samples demonstrates
Mn or Cu ions further entering into the CeO2 lattice, and
achieving higher electron density of Ce3+ for the radius of Ce3+

is larger than Ce4+.20 Ce3+ is associated with the defect
concentration, which can promote the oxygen vacancy density
and oxygen mobility.13

Raman spectroscopy provides further information about the
structure of samples (Fig. S1†). The F2g band around 463 cm�1 is
a typical characteristic of CeO2, meaning the oxygen breathing
thesized catalysts

rface
a (m2 g�1)

Pore volume
(cm3 g�1)

Pore
size (nm)

CO oxidation

rb

(mmol m�2 h�1)
T10
(�C)

T50
(�C)

T90
(�C)

4 0.15 11.50 28.04 75 108 187
4 0.16 11.34 0.52 132 149 159
7 0.20 10.74 36.41 66 93 131
3 0.16 12.88 17.78 86 123 171

oxidation at 100 �C.

RSC Adv., 2019, 9, 2343–2352 | 2345
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Fig. 2 (a) N2 adsorption/desorption isotherms curves and (b) pore size distribution calculated from the desorption branch of as-synthesized
samples.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 6

:1
3:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
frequency around the Ce4+ cations.21 The shi of the F2g band
toward low values of all samples is contributed to the presence
of foreign cations into the CeO2 lattice larger than Ce4+.7 In the
Mn–Cu–Ce oxides catalysts, the larger cation than Ce4+ is only
Ce3+. Comparing with the F2g band of the Cu–Ce sample
(459 cm�1), the 1Mn–Cu–Ce sample exhibits the largest red shi
(445 cm�1), indicating the incorporation of 1Mn (Mn/Cu molar
ratio of 1 : 5) renders the most generation of Ce3+. This is
consistent with the XRD results. Notably, another band at
686 cm�1 appeared in the Raman spectra of the 1.5Mn–Cu–Ce
sample is assigned to the structure of aggregated MnOx,22 which
gives the evidence to the sintering agglomeration of the exces-
sive manganese.

In order to investigate the variation of surfacemicrostructure
of the samples aer Mn doping, BET measurement was carried
out. Fig. 2 presents the N2 adsorption–desorption isotherms
and the pore size distributions of the as-prepared samples. The
N2 adsorption–desorption isotherms are attributed to type IV
with an H3-type hysteresis loop, unraveling the presence of
mesoporous, which are further conrmed by the distribution of
pore size (Fig. 2b). With Mn dopping, there are quasi-micro
pores presenting on the Mn–Cu–Ce oxides samples, the 1Mn–
Cu–Ce sample exhibits the best textural properties (the biggest
specic surface area, the largest pore volume and smallest pore
size, as listed in Table 1), which may be ascribe to the cooper-
ative effect between Cu and Mn.23 The ne textural property can
afford more unsaturated coordination sites exposed to enhance
the active oxygen species adsorption.12

The morphologies of the prepared samples are revealed by
FESEM measurement, as depicted in Fig. 3. The 1Mn–Cu–Ce
sample exhibited uniform, spherical and porous structure
(Fig. 3c), which is in good correspondency with the ne textual
properties as observed in the BET characterization. The well
pore structure can facilitate the diffusion of reactant molecules,
thus reducing limitations of interphase mass transfer to
improve the catalytic activity.24
3.2 Evaluation of the catalytic behavior

The catalytic performances of the samples are evaluated as
a function of the temperature from 60 to 240 �C. Fig. 4 shows
2346 | RSC Adv., 2019, 9, 2343–2352
the CO conversion over the as-synthesized samples. Table 1
summarises the catalytic performance, in term of 10%, 50%
and 90% CO conversion (T10, T50 and T90, respectively) as well
as specic reaction r at 100 �C (the rate of CO conversion
normalised with respect to specic surface area of the catalysts
at the temperature of the maximum area of Cu+–CO band of
the catalysts detected at the following in situ DRIFTS section).
Aer introducing Mn into the Cu–Ce sample, the 1Mn–Cu–Ce
sample has more superior catalytic activity with better results
in term of T10 at 66 �C, T50 at 93 �C, T90 at 131 �C and r at
36.41 mmol m�2 h�1 than these of the Cu–Ce sample (T10 ¼
75 �C, T50 ¼ 108 �C, T90 ¼ 187 �C and r¼ 28.04 mmol m�2 h�1),
suggesting the CO catalytic oxidation activity of the Cu–Ce
sample is enhanced by 1Mn dopping (the Mn : Cu molar ratio
is 1 : 5), which maybe attributed to the enhanced synergetic
effect among Mn–Cu–Ce oxides. Additionally, compared to the
CuO–MnO2/CeO2 catalyst prepared by the co-impregnation
method in the previous literature,13 the 1Mn–Cu–Ce sample
prepared by the FSP method is more active, achieving the CO
conversion at similar T10, T50 and T90 with higher WHSV at
60 000 mL g�1 h�1 comparing with 30 000 mL g�1 h�1 of the
former.

The evolutions of time-on-stream of CO conversion at
different temperatures (180, 230, and 280 �C) for the 1Mn–Cu–
Ce sample and the effect of water vapor were further investi-
gated, the results are shown in Fig. 4b. The catalyst keeps full
conversion at 180 �C during the activity test for the rst 16 h. In
the following 9 h stream of CO with the presence of 1.7% water
vapor, it can be seen that water vapor has no negative effect on
the catalyst. Aer removing water vapor for 4 h, and adjusting
the temperature to 230 �C to last 16 h, nally rising the
temperature further to 280 �C to maintain 20 h, CO conversion
remains at 100%, which suggests that the 1Mn–Cu–Ce sample
can stand up to the water vapor and keep the high stability
under certain extent. In the FSP process, the ame temperature
is thought to exceed 1000 �C in the main ame zone.18 Prepa-
ration at high temperature produces an oxide with increased
stability.25 Moreover, the active species–support interactions
oen play a pivotal role in shaping the stability of the
catalysts.26,27
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 FESEM images of as-synthesized samples (a) Cu–Ce (b) 0.5Mn–Cu–Ce (c) 1Mn–Cu–Ce (d) 1.5Mn–Cu–Ce.
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3.3 Surface chemical states

The nature of the synergetic effect of the Mn–Cu–Ce oxides is
related to the valence of different elements. The XPS spectra of Cu
2p, Mn 2p, Ce 3d andO 1s core levels of the samples are shown in
Fig. 5. The Cu 2p core level XPS spectrum is depicted in Fig. 5a.
The one centered at 935.7 eV (Cu 2p3/2) with a shake up satellite
peaks in 949.4–940.3 eV is the characteristic peak of Cu2+, and the
other one centered at 931.9 eV (Cu 2p1/2) is regarded as the
characteristic peak of Cu+ or Cu0.23 Since the peaks of Cu+ and
Cu0 in 2p3/2 region are nearly indistinguishable due to an
Fig. 4 (a) CO conversion over the as-synthesized samples (WHSV: 60 00
activity at different temperatures (180, 230 and 280 �C) with and lack of 1.
¼ 60 000 mL g�1 h�1.

This journal is © The Royal Society of Chemistry 2019
extremely small difference in peak position (BE), hence Cu L3VV
Auger electron spectrum is recorded in Fig. S2,† and deconvo-
luted to main peak at 917.9 eV for Cu2+ and shoulder peak at
913.3 eV for Cu+.28 In contrast, the peak of Cu0 in Cu L3VV Auger
electron spectrum is regularly at 918.7 eV, whereas the current
peaks appear at lower kinetic energy, suggesting there is no
presence of Cu0. The ratio of Cu2+ to Cu is determined according
to percentage of corresponding peak areas, it is observed that
Cu2+ ions are the main Cu species (Table 2), and the 1Mn–Cu–Ce
sample possesses the largest ratio of Cu2+ (83.5%).
0mL g�1 h�1, 1 vol% CO, 0.6 vol% O2). (b) Stability tests of 1Mn–Cu–Ce
7% water vapor mixed in the streamwith 1 vol% CO, 0.6 vol% O2, WHSV
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Fig. 5 XPS spectra of the as-synthesized samples for (a) Cu 2p, (b) Mn 2p, (c) Ce 3d, and (d) O 1s.
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The deconvolution of the Mn 2p3/2 signal is helpful to
distinguish the states of Mn2+, Mn3+ and Mn4+ with binding
energy values of about 640.6, 641.7 and 643.2 eV respectively,29

as depicted in Fig. 5b. Mn3+ species are the most active species
comparing with Mn2+ and Mn4+ in the CO catalytic oxidation,22

and Mn3+ ions are responsible for the catalytic activity in
manganese dioxide where electron transfer between Mn4+ and
Mn3+ ions can take place.30 The 1Mn–Cu–Ce sample has the
largest ratio of Mn3+ (45.0%), as listed in Table 2. Nevertheless,
the 0.5Mn–Cu–Ce sample displays the most ratio of Mn2+

(30.3%) which exhibits the lowest reducibility among Mn
species.

As observed above, Cu and Mn elements are enriched on the
surface of the Mn–Cu–Ce oxides samples, and the 1Mn–Cu–Ce
Table 2 Chemical properties of the as-synthesized catalysts

Sample

Mn (%)

Cu2+/Cu
(%)

Ce3+/Ce
(%) OMn2+ Mn3+ Mn4+

Cu–Ce — — — 81.0 36.0 0.
0.5Mn–Cu–Ce 18.7 37.3 44.1 81.0 35.8 0.
1Mn–Cu–Ce 11.0 45.0 44.0 83.5 37.5 0.
1.5Mn–Cu–Ce 9.9 35.0 55.1 74.0 33.9 0.

a The chemical adsorbed oxygen (the sum of b1 and b2 peaks) desorption

2348 | RSC Adv., 2019, 9, 2343–2352
sample has the highest ratio of Cu2+ and Mn3+ species among
the Mn–Cu–Ce oxide samples. The presence of two Jahn–Teller
ions (Cu2+ and Mn3+) can result in more oxygen defects and
chemically adsorbed O species,23 and facilitate the redox cycles:
Cu2+ + Mn3+ 4 Cu+ + Mn4+ shiing to the right in the CO
oxidation reaction, leading to more CO active adsorbed center
Cu+ to promote the catalytic activity.

The oxidation states of Ce are analyzed by tting the curves
of Ce 3d spectra (Fig. 4c). The lower binding energy peaks
labeled as v (at 882.5 eV), v2 (at 889.6 eV) and v3 (at 898.7 eV)
correspond to Ce4+ 3d5/2, while the higher binding energy peaks
labeled as u (at 900.6 eV), u2 (at 907.7 eV) and u3 (at 916.6 eV) are
characteristics of Ce4+ 3d3/2, the other two peaks labeled as v1 (at
885.6 eV) and u1 (at 903.9 eV) can be assigned to Ce3+ 3d5/2 and
ads Olatt Oads/Olatt

H2-TPR (mmol g�1)

O2-TPD
a

(mmol g�1)
Theoretical
value Actual value

40 0.25 1.63 1.63 1.66 —
36 0.28 1.27 1.69 1.57 0.09
60 0.21 2.90 1.74 1.88 0.24
45 0.28 1.58 1.80 1.73 0.12

in the the O2-TPD results.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 O2-TPD profiles of the as-synthesized samples.
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Ce3+ 3d3/2, respectively.31 The values of Ce3+/Ce are calculated
from the ratio of the Ce3+ species to the total cerium species.
According to Table 2, only the value of Ce3+/Ce of the 1Mn–Cu–
Ce sample (37.4%) is larger than that of the Cu–Ce sample
(36.0%), which is in conformity with the XRD and Raman
results. Moreover, aer dopping the CuO/CeO2 catalyst with
Mn, the largest ratios of Cu2+ and Ce3+ of the 1Mn–Cu–Ce
sample are benecial of the redox reaction: Cu2+ + Ce3+ 4 Cu+ +
Ce4+ shiing to the right, forming more Cu+ species.

The O 1s spectra (Fig. 4d) report peaks which can be readily
tted into three feature peaks, the peaks at 528.9–529.7 eV are
assigned to the oxygen ions in the surface lattice oxygen (Olatt),
the peaks at 530.6 eV are attributed to chemically adsorbed
oxygen (Oads), and the peaks at 531.5–532.7 eV belong to
hydroxyl oxygen (OOH).32,33 With incorporation of Mn, the peak
positions of Olatt of Mn–Cu–Ce oxides samples shi to high
binding energy value (Fig. 5d) due to “O / Cu” or “O / Mn”
electron transfer, which can enhance the instability related to O
species and create active oxygen species (Oc, O2�, and O�).34 The
1Mn–Cu–Ce sample has the largest Oads/Olatt molar ratio than
those of other samples (Table 2). As the oxygen vacancy density
could facilitate the adsorption of oxygen species,35 so the ne
textual properties and the largest ratio of Ce3+ of the 1Mn–Cu–
Ce sample are in good agreement with the largest Oads/Olatt

molar ratio. It seems that for the CO oxidation reaction both the
surface and lattice oxygens play a role.3 Gaseous O2 molecules
are preferentially adsorbed on the oxygen vacancies of the
catalyst surface and subsequently transfer to active chemically
adsorbed oxygen.23 In the meantime, as the supply of gaseous
oxygen may be lacking at the low gaseous oxygen concentration,
CeO2 support will release lattice oxygen to surface oxygen.
3.4 O2-TPD measurements

O2-TPD experiment was carried out to further investigated
oxygen desorption behaviors, as shown in Fig. 6. There are three
kinds of O species desorption peaks presence (denoted as a,
b and g, respectively): a peak below 200 �C is ascribed to the
surface physically adsorbed oxygen. b1 and b2 peaks belong to
the desorption of chemically adsorbed oxygen species. Finally,
the g1 and g2 peaks at high temperature are designated as
desorption of surface lattice oxygen.36 Y2 are the main oxygen
desorption peaks. The Y2 peak at 770 �C observed on the Cu–Ce
sample originates from the lattice oxygen releasing via the
reduction Ce4+ / Ce3+ and Cu2+ / Cu+ / Cu0.37 In compar-
ison to the Cu–Ce sample, dopping with Mn, the Y2 peaks
gradually shi to the lower temperature (746–762 �C), as shown
in Fig. 6, accompanying the presence of the new lattice oxygen
desorption of Y1 peaks with lower desorption temperature (555–
664 �C) and chemically adsorbed oxygen desorption peaks (b1
and b2, 280–481 �C), which provides the evidence that the
mobility of lattice oxygen is improved via Mn substitution. In
the CO oxidation over transition metal doped CeO2 catalyst, the
oxygen vacancies can activate lattice oxygen and enhance
oxygen transportation from bulk to surface of CeO2 lattice to
facilitate CO catalytic oxidation,38 so the 1Mn–Cu–Ce sample
displays the optimal mobility of lattice oxygen for the largest
This journal is © The Royal Society of Chemistry 2019
amount of oxygen vacancies. Meantime, there are two new
kinds of desorption peaks presenting, the b1 and b2 peaks
appearing in the range of 280–481 �C. The 1Mn–Cu–Ce sample
has the largest chemically adsorbed oxygen (0.24 mmol g�1)
among all Mn–Cu–Ce oxides samples (Table 2), which is in good
agreement with the XPS results.
3.5 H2-TPR measurements

H2-TPR experiment was carried out to investigate the effect of
Mn contents on the synergetic effect of the prepared samples,
and corresponding results are shown in Fig. 7 and Table 2. The
maximum reduction peak of the Cu–Ce sample is at 166 �C.
Aer Mn dopping, the maximum reduction peak of the Mn–Cu–
Ce oxides samples all shi to higher temperature, which is
ascribed to the lower reducibility of manganese oxides than that
of copper oxides due to the more negative free energy of
formation of manganese oxides.39 Remarkedly, the shi of the
reduction peak of the 1Mn–Cu–Ce sample is very slightly
comparing with other samples (just from 166 to 171 �C). The H2

consumptions of the samples are calculated and listed in Table
2, the theoretical H2 consumption of the Cu–Ce sample is based
on Cu2+ / Cu0, while the theoretical H2 consumption of the
Mn–Cu–Ce oxide samples calculated from Cu2+ / Cu0 and
Mn4+ / Mn3+ (because Kapteijn et al. reported that Mn3+ /

Mn2+ and Mn2+ / Mn0 came up higher than 380 �C).40 The
actual H2 consumption of the Cu–Ce sample (1.66 mmol g�1) is
larger than that of the theoretical H2 consumption (1.63 mmol
g�1), suggesting not only the reduction of copper species, but
also involving the surface oxygen species of CeO2,41 which
implies the existence of synergetic effect between CuO and
CeO2. Aer Mn dopping, only the 1Mn–Cu–Ce sample exhibits
the larger actual H2 consumption (1.88 mmol g�1) than the
theoretical value (1.74 mmol g�1), and the gap between actual
and theoretical value (0.14 mmol g�1) is distinctly enlarged than
that of the Cu–Ce sample (0.03 mmol g�1), which provides the
unambiguous evidence that the synergetic effect among ceria,
manganese and copper oxides is promoted.
RSC Adv., 2019, 9, 2343–2352 | 2349
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Fig. 7 H2-TPR profiles of the as-synthesized samples.
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3.6 CO and O2 co-adsorption in situ DRIFTS analysis

In order to investigate the inuence of the synergetic effect
amongst the Mn–Cu–Ce oxides on the intermediates of the CO
oxidation reaction, in situ DRIFTS experiments were carried out.
Fig. 8 In situDRIFT spectra as a function of temperature from 25 to 240 �

Ce (b) 0.5Mn–Cu–Ce (c) 1Mn–Cu–Ce (d) 1.5Mn–Cu–Ce.

2350 | RSC Adv., 2019, 9, 2343–2352
Fig. 8 presents the in situ DRIFTS spectra recorded in operando
reaction stream as a function of temperature from 25 to 240 �C
over all samples. There is a single band at 2100 cm�1 band
presenting in all samples. For CuO–CeO2 system, spectral
ranges of 2220–2150 cm�1 and 2160–2080 cm�1 are for CO
adsorption on Cu2+ and Cu+ sites respectively.42 In the report,7

the authors agreed CO species adsorbed on 2100 cm�1 belonged
to Cu+-CO. The presence of Cu+–CO originates from the easy
reduction of Cu2+ to Cu+ by chemisorbed CO,43 also the intensity
of Cu+–CO is related with the synergetic interaction between
CuO and CeO2.28 Fig. 9 shows the area of the Cu+–CO band
monitored under CO reaction conditions for all catalysts as
a function of the reaction temperature. The maximum
temperatures of carbonyl coverage of all samples are at 100 �C.
As the CO oxidation rate is related to the temperature of
maximum carbonyl coverage,7 so the temperature at 100 �C is
used to calculate the CO reaction rate in the above. The area of
the Cu+–CO band obtained with the 1Mn–Cu–Ce sample is the
largest among all samples, which conrms the redox reactions
of Cu2+ + Mn3+ 4 Cu+ + Mn4+ and Cu2+ + Ce3+ 4 Cu+ + Ce4+ are
promoted to shi to the right to form more Cu+ species. The
strong synergetic effect between active sites and support
C under operando CO conditions with as-synthesized samples (a) Cu–

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Integrated area of the Cu+–CO band at 2100 cm�1 as a func-
tion of the reaction temperature from 25 to 240 �C.
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induced by the electron transfer is feasible for improving CO
adsorption to enhance the catalytic performance.26,27

The band in the 1200–1700 cm�1 range is assigned to the
carbon intermediates of CO oxidation on CuO/CeO2 catalyst,7 as
shown in Fig. 8. For the Cu–Ce sample (Fig. 8a), the bands at
1547 and 1372 cm�1 can correspond to formate species,44 and
the 1438 cm�1 band is related with the formation of mono- or
poly-dentate carbonates.45 Interestingly, aer Mn dopping, all
the above bands (1547, 1438 and 1372 cm�1) are disappeared, as
shown in Fig. 8b–d. However, there are some new bands of the
carbon intermediates presence in 1600 cm�1 (hydrogen
carbonate species),45 1583 and 1325 cm�1 (bidentate carbon-
ates),44 1478 cm�1 (the antisymmetric stretching of the terminal
CO bonds in mono- or poly-dentate carbonates or a particular
type of carbonite species)45,46 and 1387 cm�1 (mono- or poly-
dentate carbonates),8 which suggests the specic carbon
species on the interfacial sites of the catalysts are modied by
incorporation of Mn. It is worthy to note that the intensity of the
carbonate-related species detected on the 1Mn–Cu–Ce sample
(Fig. 8c) is rather weaker than that of 0.5Mn–Cu–Ce (Fig. 8b) and
1.5Mn–Cu–Ce sample (Fig. 8d) in all temperature range, indi-
cating less carbon intermediates are formed during the CO
oxidation. Wang et al.47 proposed the strong metal-support
interaction could produce more active oxygen vacancies to
leach oxygen atoms from CO2 and break one of the C]O double
band than form CO3

2�. Additionally, oxygen vacancy and
mobile lattice oxygen could boost the fast conversion of carbon
intermediates between metal and support. Moreover, as the
chemically adsorbed oxygen is more easily desorb than the
lattice oxygen,48 so aer the Cu+–CO reacts with the chemically
adsorbed oxygen to form the carbon intermediates, the
desorption will be more readily. What is more, the ne textual
properties of the catalyst develop a well pathway for active
oxygen and carbon intermediate to transfer. Therefore, we can
deduce the well textual properties, the large amounts of
chemically adsorbed oxygen and oxygen vacancies as well as the
high lattice oxygen mobility, which supported by the strongest
synergetic effect of the 1Mn–Cu–Ce sample may contribute to
This journal is © The Royal Society of Chemistry 2019
less carbon intermediates during the CO reaction to improve
the catalytic performance for CO oxidation.

4. Conclusions

In the present work, the CO catalytic activity of the CuO–CeO2

catalyst was successfully enhanced by dopping with the appro-
priate Mn (Mn/Cu molar ratio of 1 : 5) via FSP method. The
inuence of the synergetic effect of the Mn–Cu–Ce oxides
catalysts on the CO catalytic oxidation was further investigated.
The 1Mn–Cu–Ce sample displayed superior performance than
that of the Cu–Ce sample, which was attributed to well textual
properties, rich chemically adsorbed oxygen and high oxygen
mobility originating from the strong synergetic effect among
various oxides, all these further induced formation of more Cu+

species to adsorb CO and less carbon intermediates during the
CO oxidation progress to enhance the catalytic performance.
Moreover, the 1Mn–Cu–Ce sample exhibited the excellent
stability with prolonged time on CO stream and the resistance
to water vapor.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported by the National Key Research and
Development Program of China (2016YFC0204903,
2016YFC0207100), and the National Natural Science Founda-
tion of China (No. 51672273).

References

1 M. Sun, W. Hu, S. Yuan, H. Zhang, T. Cheng, J. Wang and
Y. Chen, Mol. Catal., 2018, DOI: 10.1016/j.mcat.2017.10.002.

2 M. Piumetti, S. Bensaid, T. Andana, N. Russo, R. Pirone and
D. Fino, Appl. Catal., B, 2017, 205, 455–468.

3 M. Dosa, M. Piumetti, S. Bensaid, T. Andana, C. Novara,
F. Giorgis, D. Fino and N. Russo, Catal. Lett., 2017, 148,
298–311.

4 Y. Bu, S. Er, J. W. Niemantsverdriet and H. O. A. Fredriksson,
J. Catal., 2018, 357, 176–187.

5 X. Gong, B. Liu, B. Kang, G. Xu, Q. Wang, C. Jia and J. Zhang,
Mol. Catal., 2017, 436, 90–99.

6 D. Mukherjee, B. G. Rao and B. M. Reddy, Appl. Catal., B,
2016, 197, 105–115.
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